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Preamble

The machining and manufacturing of natural stone and of stone-like construction materials are expanding
businesses. Concrete drilling and sawing companies as well as granite and marble machining businesses are
facing increasing demands for their products and services.

Additionally, there is a need for basic scientific research concerning tool materials, manufacturing process
and the interaction between the tool and the work piece material. Therefore, the cooperation and interaction
between stone processing and tool producing companies is of great importance. This conference addresses
experts from industry and research to present and discuss current developments around the machining and
the processing of stone and concrete in industrial applications, as well as the progress in the development of
tool materials and surface engineering. Beside this there is a special focus on mechanisms of abrasion and the
development of abrasion resistant materials.

The conference is organized by the Institute of Materials Technology (LWT) of the Ruhr-Universitdt Bochum,
The Institute of Materials Engineering (LWT) of the TU-Dortmund and the Institute of Production Engineering
and Machine Tools (IFW) of the Leibniz Universitdt Hannover.

Bochum, November 2015

Prof. Dr.-Ing. Werner Theisen
Head of the Institute of Materials Technology

Ruhr-Universitdt Bochum
Bochum, Germany
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Numerical simulation of fatigue crack propagation in
WC-Co hardmetal

Utku Ahmet Ozden, Keng Jiang, Alexander Bezold, Christoph Broeckmann
Institute for Materials Applications in Mechanical Engineering (IWM) RWTH Aachen University,
Augustinerbach 4, 52062, Aachen, Germany
Tel: +492418099537, u.oezden@iwm.rwth-aachen.de

Jose Maria Tarrag6, Alvaro Mestra, Luis Llanes
Departament de Ciéncia dels Materials i Enginyeria Metalltrgica (CIEFMA), ETSEIB, Universitat
Politecnica de Catalunya, Avda. Diagonal 647, 08028, Barcelona, Spain

ABSTRACT

WC-Co cemented carbides (hardmetals) are a group of composite materials exhibiting outstanding
combinations of hardness and toughness. As a consequence, they are extensively used for highly
demanding applications, such as cutting and drilling tools, where cyclic loading is one of the most
critical service conditions.

A numerical study of the mesoscale fatigue crack growth in WC-Co is here conducted. Within this
context, a model based on a continuum damage mechanics approach was implemented in
commercial solver Abaqus/Explicit for simulating the crack propagation in the material. Separate
damage laws, based on brittle failure and fatigue, were used for describing the mechanical
response of WC and Co phases, respectively. Material parameters for the carbide phase were
taken from literature, whereas those for the metallic phase were experimentally determined in a
model binder-like Co-base alloy, i.e. one with a composition representative of the binder phase
within a commercial hardmetal grade.

In order to validate the approach used, a numerical model based on a real damaged microstructure
was generated. It is found that proposed model is capable of capturing damage evolution with
cyclic loading in WC-Co, as numerical results reflect satisfactory agreement with real crack pattern
resulting from experiments.

KEYWORDS

WC-Co; Hardmetals; Finite Element Method (FEM); Continuum Damage Mechanics (CDM);
Fatigue; Crack propagation; Microstructure.

INTRODUCTION

WC-Co cemented carbides, also referred to as hardmetals, are one of the most widely used
composite materials because of their exceptional combination of hardness, strength and wear
resistance. Main reason behind it is the quite different, but complementary, mechanical properties
exhibited by their two interpenetrating phases: a hard, brittle (elastic) ceramic phase (WC) and a
soft, ductile (elasto-plastic) metallic one (Co). Strength degradation of cemented carbides under
cyclic loads is a phenomenon known since the early 1940s [1]. Since then, extensive and
systematic research conducted by different groups worldwide has allowed to establish that
hardmetals are fatigue-sensitive [2]. In general, a tradeoff between monotonic (fracture strength
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and toughness) and cyclic (fatigue strength and crack growth resistance) properties is discerned
with increasing binder content and carbide grain size, pointing out the compromising role of the
ductile binder as the toughening- and fatigue-susceptible agent in these materials. However, to the
best knowledge of the authors, most of the work published regarding fatigue of these materials has
mainly concentrated in experimental approaches (e.g. Refs. [3-6]). On the other hand, although
some numerical studies dealing with microcrack initiation and propagation in WC-Co materials are
found in open literature, they are completely limited to mechanical response under monotonic
loading [7,8].

Following the above ideas, it is the main focus of the present study to simulate the mesoscale
crack propagation in WC-Co under cyclic loads, using finite element (FE) method. In this study, a
model based on a continuum damage mechanics (CDM) approach, together with an element
elimination based simulation technique, was used to describe the crack propagation in the
material. In this regard, brittle and ductile damage laws were implemented for WC and Co phases
respectively. The material parameters for WC are taken from literature. Meanwhile, the material
parameters for the metallic phase are experimentally determined from the mechanical response
exhibited by a model binder-like alloy. It permits to identify parameters for defining accurate
plasticity and damage models in the metallic phase. Details of these works are provided elsewhere
[9]. Finally, aiming to validate the developed approach, a numerical model based on a real
damaged microstructure is generated, and the results of the two studies are compared.

1. EXPERIMENTAL WORK

In order to conduct fatigue crack growth (FCG) experiments, hardmetal samples specific for the
current study were produced. A material containing a relatively high carbide content was preferred
for industrial relevance. Accordingly, an experimental grade, referred to as “E10”, was produced by
Ceratizit S.A. Basic microstructural, physical and mechanical characteristics for the material
studied are listed in Table 1.

Table 1. Basic microstructural, physical and mechanical characteristics of the E10 grade.

wcC wcC Vickers WC grain Elastic Poisson’s  Density
wt. %  vol. % Hardness size Modulus - E  ratio-v  (g/cm®)
(HV) pum (GPa)
E10 89.9 83.5 1190 2.09 582.3 0.224 14.5

FCG samples were produced such that chemical composition of the binder within the composite
was as close as possible to that exhibited by the referred model binder-like alloy [9]. They were
then machined and ground into prismatic specimens having dimensions of 45x10x5 mm.
Longitudinal surfaces were polished up to mirror-like finish, in order to avoid residual stresses
induced by previous grinding stages. Samples were then single-edge notched (SENB) by electrical
discharge machining. It was followed by notch tip sharpening using a razor blade impregnated with
diamond paste. The resulting notches had dimension of ~2 mm length with a tip curvature of ~8

pum (Fig.1).

In order to nucleate a sharp crack out of the notch tip, cyclic compressive loads were first applied
on the specimens by means of a standard four point bending setup. Stable crack growth was
observed during cyclic compression, with nucleated cracks being arrested after an extension of
~30 um. However, it is already known from literature that, after cyclic compressive loading, residual
tensile stresses might occur in the vicinity of the notch due to the cyclic plasticity during unloading

10
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from the maximum compression [10]. This was overcome by further propagation of the
microcracks, under cyclic tensile loading, such that they could be extended far from the region
close to notch tip [11]. This was done by imposing a stress intensity range just above to the
expected threshold one, about 7.2 MPa.m¥? for a hardmetal microstructure similar to the one
exhibited by E10 specimen [11], to avoid unstable crack extension. FCG rate measurements were
divided into certain number of steps with respect to number of cycles. After each step, crack length
was measured and the max/min applied loads were recalculated in order to maintain a
constant AK. Microcracks were propagated during 50,000 cycles. Image sequence of the above-
mentioned process: notching, crack nucleation and stable crack growth in the near threshold
regime is shown in Fig.2. A series of samples were successfully cracked, and growth behavior of
these microcracks was used for implementing the numerical simulation procedure.

L 45mm
W 10mm{ i - il R~ 8um
|
I_I‘L\\\: ~2mm
Tomm || | A
Notch

Fig.1. Schematic representation of the E10 test specimen.

Since specimens were through-thickness notched, microcrack formation was observed on both
sides of the specimen. Based on detailed SEM imagery, microcrack profile of the sample on both
sides was obtained. Microcracks of 226 and 433 pm, running on front and back surfaces of the
sample, were recorded. Crack paths in the SEM mosaics are highlighted Fig.3.

As observed from the images, microcracks follow almost a linear pattern, without any branching.
However, a detailed inspection indicates that there exist several breaks in the cracks paths. There
are a couple of possible explanations for such finding. First, samples were placed in the SEM
chamber right after the experiment, without any further surface treatment. Therefore, it is quite a
challenge to track the crack path within the binder phase, since the crack pattern mainly diminishes
in the background. Second, there is a strong possibility that in-between breaks, crack path is still
continuous, but below the surface. Furthermore, since the intensity of the breaks increases mainly
at the end of the path, it is possible that crack paths at those regions were not fully developed,
resulting then in partial crack patterns. Nevertheless, for each case it was possible to track
uninterrupted microcrack patterns, feasible enough for direct comparison with findings from the
numerical studies.

Although the microcracks were observed on both surfaces, only the microcracks running on one
side of the specimens were selected for the simulation. Cleanness of the notch region and the
microcrack profile for the numerical modelling was the major criteria for the selection. In this
regard, the back surface of the sample was selected for the simulations.

11
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Microcrack/

50 um h | 50 ym
Fig.2 Fatigue precracking of E10 notched specimen, (a) notch generation by EDM (~200 um), (b)
sharpening of the notch by the razor blade (~8 um), (c) nucleation of the microcracks under cyclic
compression (reverse bending), and (d) propagation of the microcrack under cyclic tension (tensile
bending).

C

kS

433 pm

G A T pr :
Fig.3 Microcracks observed on the front and back surfaces near the notch region for the

experimental specimen (AK = 7.2 MPa.m"?, N = 50,000).
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2. NUMERICAL METHODOLOGY

Both phases of the material were modeled based on a CDM approach with quite distinct damage
laws. Based on this approach, elements are either degraded or removed from the model as soon
as certain damage criteria are met, and both lead to a degradation of global stiffness. Similar
techniques have also been applied by other researchers [12]. Implementation of this technique
required material models for both phases to be developed as user defined material subroutine
(VUMAT) in the commercial software Abaqus 6.12 [13]. Solutions were then calculated in the FEM
solver Abaqgus using an explicit scheme, in order to overcome numerical divergence problems.

A relatively simple damage law based on the maximum principal stress (s;) was recalled for the
brittle carbide phase. The corresponding linear elastic constitutive equation is defined by
generalized Hooke’s law:

o=C¢ Q)

where o, £ and c¢¢ are the second order stress tensor, strain tensor and fourth order elasticity
tensor respectively, and o, is defined in 2D plane stress as:

(Oxxt0yy) Oxx—O0:
o = )y [y kg, @

where o,,, o,,, oy, are the normal and shear components of the stress tensor. Based on the above
law, within the subroutine damage for the WC grain is triggered as soon as the critical failure stress
value is achieved (s, = ,.). Thus, the element is eliminated from the global stiffness matrix in the
next sequential step.

Material properties such as the elastic modulus (E) and poison’s ratio (v) for the WC were derived
from literature. However, to the best knowledge of authors, an exact value of the maximum critical
strength for a single carbide grain is not available in open literature. Moreover, it is known that
tungsten carbide crystals are highly anisotropic [14]. WC-Co composites with very high carbide
content (90-95 wt. % WC) may reach transverse rupture strength values up to 4000 MPa [15].
Therefore, being the most relevant, this value was adopted as an averaged single value for the
maximum critical principal stress (g,.) for the WC phase. Material parameters for this ceramic
phase, to be later used for the simulation, are given in Table 2.

Regarding the metallic binder, a non-linear damage law based on accumulated plastic strain was
defined. In CDM, formulation of the constitutive equations for strain and damage characterizes the
plain material itself, without any volume or surface discontinuity. Hence, the damage parameter b
can be defined as the surface density of microcracks and microvoids when only isotropic damage
is considered:

_ 85
D= 5s 3

where §s, and s are the damaged and total surface areas respectively. Thus, considering a
homogenized response within a single element, the “effective stress” is defined as the stress acting
on the resisting area, i.e. §5 = 65 — 6S,.

In the case of isotropic damage under uniaxial loading, without the closure effect of microcracks in
compression, the mean value of the microstresses is simply given by the force equilibrium as [16]:

~ ag
7= @ ()
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where D is the scalar damage parameter, and ¢ and & are the actual and effective stresses
respectively. The effective yield function based on a non-linear combined hardening law is defined
as:

f=(6_a)eq_R_0-y (5)
where a, g,, R are the back stress, the yield strength and the isotropic hardening stress
respectively. Evolution of « with plastic strain (e,) may be described by a function including the
hardening modulus ¢, the dynamic rate of backstress y and the plastic strain itself, according to
[17]:

a= ]%(1 —e V%) 6)

Considering a material subjected to J, flow theory, thus (5) can be explicitly written as:

Ha_@:\E@g-ﬁp@g-ﬁp-R-% (7)

In this equation, 5/ and «f; are the deviatoric part of the effective and backstress tensors, and the
associated plastic flow is given by:

E= & +§ (8)
R OF .
&= o€l 9)

. 2. .
eﬁé = /Espzsp (10)

where ¢, &, &, are the total, elastic and accumulated plastic strain rates, and ég’; is the equivalent
(accumulated) plastic stain rate, respectively. The full damage constitutive equation for the Co
phase is derived from [18], and defined in the user subroutine as follows:

nt . . !
D:&ﬂ%'ﬁ%>° (11)
0, if not
where
r= F2qRy
2E (12)

2
R, =2(14v)+3(1-2v) ("—”)
3 Oeq

being r the energy density release rate, R, the triaxiality function, £ the elastic modulus, v the
Poisson’s ratio, o, the hydrostatic stress and o, the equivalent stress. Here the variables » and H
are two material parameters which depend on temperature. Since temperature has no effect on the
current study, both parameters were set to unit values. Similar to the case for the carbide phase,
damage for the metallic one is triggered as soon as the critical damage parameter is achieved
(b = b.), resulting in the elimination of the element from the global stiffness matrix in the next
sequential step.

Material properties for the Co phase, required for the simulation, were mainly derived from the

experiments conducted with the referred representative binder alloy [9]. Various test specimens
were produced from the alloy and material parameters such as the elastic modulus (E), yield stress

14
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(gy), hardening modulus (C), and the dynamic rate of the backstress (y) were determined from
standard tensile and cyclic load experiments. The value for the Poison’s ratio (v) and the critical
damage parameter (D.) were taken from literature (Table 2).

Table 2. Material properties for the WC and Co phases.

Material  E (GPa) v(-) gy (MPa) C (GPa) v () D, o1 (MPa)
WC 70009 02419 - - - - 4000
Co 22728 0.3 683.07 52.38 151.64 0.318 -

3. MULTISCALE SIMULATION

For the numerical simulation, a multiscale approach was preferred. In this regard, initially the FCG
specimen (macroscale) was simulated analogue to the experimental setup. In order to simulate
fatigue crack evolution, a certain section of the specimen’s microstructure (mesoscale) was
modelled. Dimensions of this section were chosen based on the computational capacity and
robustness of the model. The link between the two scales was conducted by a simplified sub-
modelling approach. Since the original orientation of the microcrack surface is already known, the
global stresses derived from a single critical element were mapped over the later generated
microstructure model. By doing so, a direct link between macro- and meso-scales was generated.
The implementation of the selected approach is described below.

A macroscopic numerical model was initially generated. It was done on the basis of the
experimental E10 specimen (see Fig.1) and testing conditions. In high cycle fatigue experiments,
samples are submitted to very low external loads and the stress caused by these loads do not
exceed the macroscopic yield limit at any material point. Therefore, plasticity was neglected for the
model, and the linear elastic material parameters (E and v) for the WC-Co were used (Table 1).
The model was simplified based on the symmetric nature of the sample and the test setup. The
resulting model was composed of 286,225 first order linear elastic hexahedral elements (Fig.4)

2.5 e

(a) 380N o

Symmetry defined 1mm

/ for the half section

Symmetry defined
for the thickness

Line of
support

A,

Fig.4 FE model based on the SENB specimen, (a) standard four-point bending configuration, (b)
critical hexahedral element for calculating the global stresses.
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A single static solution was conducted for the maximum and minimum loads applied on the
specimen. Since the applied load over the specimen was cycled with a constant load ratio of 0.1,
only the maximum applied load of 1520 N (380 N due to quarter model) was applied on the
macroscopic model. As expected, the stress state from the hexahedral element located on the
edge of the micronotch was observed to be critical (Fig.4b). Therefore, assuming a stress state
unified over the single element, the stress tensor components for this single element were
extracted. However, in order to decrease the excessive computational demand, a 2D plane stress
simplification was used for the microstructural model. It is known that plane stress elements are
suitable for simulating surface cracks [20]; thus, only the surface microstructure of the sample was
modeled. Based on the orientation of the 2D surface over the hexahedral element, only the global
stress components acting over the surface (Z,y, Zyy, Z,,) Were mapped to the microstructural
model. From the single integration point of the critical element, values of 437.3 MPa, 114.4 MPa
and 97.9 MPa were calculated for the Z,,, Z,,, Z,, respectively.

For the modelling of the microstructural model, sections of the SEM images were used.
Considering numerical efficiency and complications in model generation, the model was limited to
a size of 65x65 um. The average element size used was calculated to be 0.3 um for optimum
performance; hence, microscopic details below this threshold value were omitted. However, in
some critical regions (especially where crack propagation was observed) such details were kept by
local enrichment in the mesh. The existing microcrack was deleted from the model, and the
microscopic forces derived from the global stress components were applied over the two edges of
the model. In order to initiate the microcrack in the correct position, a few elements were deleted to
create an initial crack of ~2.5 ym. For the conversion of the global stress components to the
microscopic forces, a unit thickness for the model was assumed. For the other edges of the model,
simple symmetric boundary conditions were defined (Fig.5). Similar to the experimental testing
conditions, cyclic loading was defined as following a constant sinusoidal frequency and under a
load ratio of R = 0.1. The predefined material properties were applied for the WC and Co phases
(Table 2).

P o 52 PN = o s AT

'.ﬁ"’" 2N A, e PRI s 5”‘5

b S{ SRR 0§ 4V ‘J‘si. LW 2 2 R

W A CAR P e A

s BV o wodtn (]

& B PRI T

e & XA G SR 7 d ‘é
.'\.,.';-:‘ 3 l‘ y

S en L4

m?‘ a0

SR LU o ,

. = j - 5

s"‘.f:‘ % 2 g s r e Y 8 By 3
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TR ‘ g ‘_\4_ N~ o - ey

V.:J;‘ 3R .. < ;. ?“-,-'vi gy < 10 “m Z
AN N A ) BN — X vy

Fig.5 Microstructural FE model and the corresponding boundary conditions, based on the SEM
images near the notch region.

4. RESULTS AND DISCUSSION

Based on the simulation results, cyclic evolution of the microcrack was successfully observed
within the microstructural model. It is shown in Fig. 6 as a series of sequential images. The
microcrack propagates in a stable manner, from the initially defined crack position, up to 330
cycles. As the crack reaches a carbide boundary, the stress level ahead of the crack tip is required
to be higher than the defined damage criterion (o,.) to observed rapid crack propagation through
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the WC phase. This extension generally occurs in a single cycle, as expected from the perfectly
brittle material definition implemented for the WC phase. On the other hand, as the crack reaches
the Co phase, its propagation is controlled by the cyclic accumulation of plastic strain. Further
stable crack propagation combined with sudden jumps as the crack meets and overcomes a
carbide boundary finally lead to unstable crack growth (Fig. 7). As highlighted before, recent
observations in literature indicate degradation (or even inhibition) of toughening mechanism for the
Co phase as the driving force for subcritical FCG in hardmetals [6], and this is also captured by the
model.

cycles, (d) 332 cycles.

The range of the stable crack growth in the model is relatively shorter than the one experimentally
discerned. Although it was initially attributed to the overall dimensions of the mode, later studies
indicated that size of the model has minimum influence within the stable crack propagation regime.
Hence, the observed discrepancy could be rationalized on the basis that assumption done on the
brittle response for the WC phase may not correctly reflect the physical nature of this material. In
this regard, it is known that certain amount of plastic deformation is also evidenced within the WC
particles [21]. This might delay the propagation of the crack during fatigue. Furthermore, it should
be recalled that load control was applied during the experiment in order to guarantee stable growth
of the crack up to a certain length. However, such a control over the load was not conducted for
the numerical simulation, since the model is relatively small in dimensions. Implementation of load
control conditions within larger models, in order to increase the range of stable crack growth, is
considered as further research actions.

A comparison between the real and the simulated crack patterns is provided in Fig. 8. For the sake
of clarity, both crack paths are highlighted on the real microstructure. The results of the simulation
reflect excellent agreement with the experimental findings in the short/stable crack growth region.
A relatively fair agreement is observed for the unstable crack growth part. However, it has to be
indicated that the number of cycles to failure should not be considered in a quantitative manner,
since those values are strongly affected by the element size and the overall size of the model.
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Nevertheless, it may be pointed out that model does qualitatively capture a fracture pattern similar
to that observed in a real cyclic loading experiment.
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5. CONCLUSION

In this study, a numerical model based on results obtained from real experimental tests was
generated. Main goal behind it was to simulate the microstructural evolution of a fatigue crack in a
WC-Co hardmetal. In this regard, a finite element model based on a continuum damage mechanics
approach was implemented in commercial solver Abaqus/Explicit for simulating crack extension in
the material. Separate damage laws, based on brittle failure and fatigue, are implemented for the
WC and the Co phases respectively.

Although a small section of the experimental model was considered, the model is found to be
capable of capturing the cyclic evolution of the simulated crack pattern. Moreover, satisfactory
agreement between the real and the simulated crack paths were observed.

For the sake of simplicity and computational efficiency, the model excludes many other physical
aspects of the fatigue phenomena within WC-Co materials. However, even it is somehow simplified
the model was able to capture a realistic fatigue crack propagation behavior for the material
studied. In this regard, the model is considered to be valid for conducting comparative studies
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based on artificial microstructures. This will be quite useful for evaluating the influence of different
microstructural parameters on the FCG performance of hardmetals.
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ABSTRACT

Diamond tools are widely used in drill tools, wire saws or circular saws to machine very hard
materials such as concrete or natural stone in the construction as well as extractive industries. The
mechanical and physical properties, such of these materials call for high requirements concerning
the diamond tools. In particular, the bonding between the diamond particles and the metallic binder
is an essential criterion for the tool quality. It is known that the type and strength of bonding is
influenced by the diamond-metal interaction that occurs during the sintering process. Depending
on the element used as a metallic binder, different thermally induced chemical reactions between
the diamond and the metallic matrix take place. These reactions are (1) carbide formation, (2)
graphite formation, and (3) inert behavior. However, there is still a high demand concerning the
research of the diamond-metal interaction influenced by a carbide forming element.

In this work, chromium as a carbide-forming element was used as a doping agent in order to
increase the diamond retention in diamond tools. The elements iron, cobalt and nickel were
selected as single metallic components due to their catalytic influence on the graphitization of
diamonds; whereas three metallic matrix systems were additionally doped with 15% chromium.
The samples were sintered by hot pressing. Furthermore, half of the samples were thermally
treated in order to ensure a stronger thermal induction of the interfacial reactions. In order to
analyze the bonding behavior of the diamonds in the metal matrix, the samples were broken and
the interfacial area was analyzed by means scanning of electron microscopy. These experimental
studies show an influence of the carbide-forming doping agent on the diamond-metal interaction.

KEYWORDS

Diamond tools, interface reactions, diamond retention, diamond-metal composites, metal diamond
interface, SEM - analyses

1. INTRODUCTION

The unique combination of properties makes diamonds attractive for numerous applications.
Besides their extreme hardness, diamonds are also characterized by their high thermal
conductivity and low thermal expansion as well as by their chemical resistance to most materials.
Due to these properties, diamonds are a popular cutting material and widely used for materials
processing in the industry [1]. The machining of concrete or natural stone places high demands on
the cutting tool. These demands are fulfilled by diamond impregnated cutting tools on the basis of
metal matrix composites such as drill bits, wire saws or circular saws [2] [3]. Thus, diamonds
provide an abrasive effect on the workpiece, while the metal matrix ensures an optimal diamond
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bonding and assures an ideal grain protrusion [4]. Furthermore, diamond impregnated tools
provide a self-sharpening behavior as new diamonds are gradually exposed to the surface of the
segment simultaneously to the metal matrix wear [5].

Generally, powder metallurgical production techniques are used and well established to fabricate
diamond grinding segments. Vacuum sintering and hot pressing processes belong to these
procedures and are mainly used for the batch production of diamond impregnated cutting tools.
The vacuum sintering process consists of two successive steps: cold pressing and sintering, while
the hot pressing process combines compaction and sintering in one step at lower temperatures.
Furthermore, hot pressing requires a shorter process time and achieves higher density values and
is therefore the widely used technique to manufacture diamond segments in the diamond tool
industry [3].

However, tool performance strongly depends on the bonding between the diamond particles and
the metallic binder, which in turn is influenced by the sintering parameters as well as by the
alloying system of the metal matrix. On the one hand, the sintering parameters, in particular the
temperature and time influence the bonding between the diamond particles and the metal matrix
component negatively as the degradation of the diamonds into the graphite is thermally induced.
However, the degradation can be inhibited by hot pressing due to the lower temperature and
shorter process time required. On the other hand, the metallic binder has an influence on the
diamond-metal interaction because of the carbon reactivity of its components. Furthermore, the
chemical composition of the metallic binder has an influence on the interface between the diamond
and the metal matrix. It is known that the carbon reactivity of transition metals in the 4" period of
the periodic table increases with its number of electron vacancies in d-orbitals. Elements with fully
assigned d-orbitals (e.g. Cu, Zn) are inert to carbon, while elements with minor occupied d-orbitals
(e.g. Cr, Ti) are carbide formers. However, elements with medium occupied d-orbitals (e.g. Co, Fe)
show a catalytic effect on carbon [7] [8]. In addition, carbon reactivity of binder metals in diamond-
metal composites has been verified by means of scanning electron microscopy and X-ray
diffraction in a recent work [9]. It was observed that diamond degradation is linked with the
formation of graphite and can be reduced by using elements with minor occupied d-orbitals.
Furthermore, the formation of a carbide layer on the diamond surface was only induced by
chromium.

As a consequence of the chemical reactivity of the metal matrix compaosites, three different
bonding behaviors between diamond and metal were observed in previous investigations: (1)
carbide formers induce a carbide formation and cause a strong bonding between carbon and
metal; (2) elements with a catalytic effect on carbon lead to graphitization and diamond
degradation occurs. The diamond retention is debilitated due to the graphite layer on the diamond
surface; (3) an inert behavior takes place when no chemical reaction occurs, leading to a
mechanical bonding of the diamond within the metallic binder.

It is therefore expected that the tool performance improves and the diamond retention is
strengthened when doping the metal matrix with carbide forming metals. It was already observed
that a reduction of the graphitization and an intensification of the carbide formation take place
when metallic binders such as Fe, Co or Ni were doped with the carbide-forming element Cr [10].
This behavior is influenced by the formation of the chromium carbide structures Cr;C, and Cr;Cs
[9, 10]. In Fe or Co metallic binders, the amount of graphite decreases with an increasing Cr
content, while a reduction of the graphitization in Ni matrix systems only occurs with a 15 % Cr
content [10]. However, a correlation between the diamond-metal-interaction and the diamond
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bonding has not been investigated yet, although the diamond retention is an important criterion for
the tool performance. For this reason, it was the aim of this work to analyze the influence of the
metal matrix components on the bonding behavior of diamonds.

2. EXPERIMENTAL PART
2.1 Hot pressing of diamond impregnated segments

In order to investigate the influence of the metal matrix composition on the diamond bonding
behavior, four diamond-metal powder mixtures were used. The elements Fe, Co, as well as Ni
were selected as single metallic components due to their catalytic influence on the graphitization of
diamonds. Furthermore, the three metallic components were additionally doped with 15 mass% of
Cr as carbide forming element. The metal matrix compositions were pre-mixed with 10 vol-%
synthetic diamonds (SDB1055: 40-50 mesh). An overview of all diamond-metal-composites used in
this work is listed in Table 1.

Table 1: Composition of diamond-metal-composites used

Matrix Metallic element [mass%] (grain size) Diamond
system Fe(25um) Co(0,9um) Ni(5um) Cr(45um) content [vol.%]
Fe 100 - - - 10
FeCr 85 - - 15 10
Co - 100 - - 10
CoCr - 85 - 15 10
Ni - - 100 - 10
NiCr - - 85 15 10

The diamond-powder-mixtures were sintered by the use of a hot press (Dr. Fritsch CSP 100,
Germany). All diamond segments were sintered at a pressure of 136 bar for 180 s at a maximum
temperature of 1100 °C in an atmosphere consisting of nitrogen. The two component metal
matrices were sintered at the same temperature in order to analyze the effect of the carbide
forming element on the diamond retention with the same conditions as the single component metal
matrices.

2.2 Thermal post-treatment

A thermally induced graphitization as well as a correlated degradation of diamonds might not occur
due to the short processing time during hot pressing according to the Arrhenius equation which
describes the temperature dependencies of chemical reactions. In order to ensure a thermally
induced chemical reaction between the diamond-metal-interface, half of the hot pressed diamond
segments were subsequently thermally post-treated. For this purpose, all diamond segments were
heated in a vacuum furnace (Leybold Torvac, Germany) at 1100 °C for 120 min. The heating
process with its heating rates and holding periods are visualized in Fig. 1.
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Fig. 1: Heating process of the post-treatment

2.3 SEM investigations

In order to analyze the diamond retention, the diamond segments were mechanically broken and
SEM investigations of the both fractured surfaces were performed. All samples were coated with a
thin layer of gold to ensure a good image quality of the electrically nonconductive diamonds.
Scanning electron micrographs were realized by means of a field emission SEM (Jeol JSM-7001F,
Japan). Fig. 2 shows exemplary both fractured surfaces of a Fe diamond segment after being
mechanically broken.

L 2 AR

a) 3._ "dlamonds b) vacancies -

Fig. 2: Fractured surfaces of hot-pressed Fe-based diamond segments

3. RESULTS AND DISCUSSION
3.1 Hot pressed diamond segments

Fig. 2 and Fig. 3 show the fractured surfaces of Fe- and Co-based diamond segments. The
diamonds are completely pulled out of the matrix and remain bonded on one site of the fragment.
The counterpart shows the vacancies where the diamonds were bonded before. Furthermore, the
diamond particles are not fully embedded as they are partially unattached due to a small gap
between the diamond and the matrix. The reason for this behavior can be explained by a slight
diamond degradation, which is clearly visible on the close up of the diamond surface as presented
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in Fig. 4 (a) and (b) for both metallic matrices. The damage to the diamond structure is mainly
observed at the corners and edges of the diamonds.
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Fig. 3: Fractured surfaces of hot pressed Co-based diamond segments

The hot pressed Ni diamond segments expose a similar bonding behavior as the Fe- and Co-
based samples. After being mechanically broken, the diamonds remain entirely embedded on one
side of the fragment while the vacancies are visible in the counterpart. A slight formation of
graphite on the diamond surface can also be observed in Fig. 4 (c). As a consequence, diamond
grains are not completely mechanically bonded due to the graphite layer and a small gap between
the diamond-metal-interface.

Even if the short process time of the hot pressing process should inhibit a diamond degradation, a
slight diamond degradation occurred by using Fe-, Co- and Ni-based metal matrices due to their
catalytic effect on carbon. Besides a minor degradation on the diamond surface, mainly the corners
and edges were damaged. Therefore, the diamond particles are not fully embedded into the
metallic binder, but rather detached to a certain degree as a result of the graphite layer.

~diamond
degradation

. diamond / Rk X '--diamun_d
Fe degradatipn S e % degradation

Fig. 4. Close-up of the dlamond metal-interface of hot pressed (a) Fe- based diamond segments,
(b) Co-based diamond segments, and (c) Ni-based diamond segments

However, the diamond retention is strengthened by the addition of Cr to the Fe- and Co-based
matrix as shown in Fig. 5 and Fig. 6, respectively. Although the diamond segments were broken,
the diamonds remain embedded in their position and fractured across the fracture area. The
remaining diamond fragment is also fixed tightly in the counterpart of the segment. Still, a few
diamond patrticles of the Fe samples are not fractured but rather surrounded with a layer and
bonded to the metallic matrix of the fractured surface, as visible in Fig. 5. A close-up of the
diamond-metal-interface of FeCr- and CoCr-based samples reveals that the diamonds are
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completely surrounded by the binder, as shown in Fig. 7 (a) and (b). This bonding behavior
indicates an improved embedding. This is due to the reduction of graphitization and an
intensification of the carbide formation induced by the addition of Cr [9].

ffacturg,d A ' fractured
dlamoﬁds\ oot /diamonds -

FeCr~ - FeCr
[Ermb)

fractured i;_;.._.__“
' diamond

Fig. 7: Close-up of the dlamond metal mterface of hot pressed (a) FeCr-based dlamond segments
(b) CoCr-based diamond segments, and (c) NiCr-based diamond segments

Such a strong bonding as presented with FeCr- and CoCr-based matrices is not observed with
NiCr samples. After the mechanical fracture, the diamonds remain unbroken on one side of the
fragment while its vacancies are marked on the counterpart, similar to the single metallic
components, yet with the difference that the diamond particles are fully bonded to the metallic
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binder without any gap. Fig. 7 (c) shows the diamond-metal-interface of NiCr-based diamond
segments. In comparison to the FeCr- and CoCr-based diamond segments, the diamond retention
was weaker. This behavior can be explained with a previous work, which observed a reduction of
graphitization by adding 15% Cr to Ni-based matrices although a formation of a carbide structure
was not observed [10]. Therefore, no carbide formation occurred but rather a mechanical bonding
of the diamonds.

3.2 Thermally post-treated diamond segments

The fractured surfaces of post-treated Fe- and Co-based samples are shown in Fig. 8 and Fig. 9.
The diamond particles remain in one part of the fractured surface, while the vacancy of the
diamond particles are marked on the counterpart of the diamond segment. The surface of the
diamond shows a strong diamond degradation, whereas a reaction product, most probably
graphite [9], remains in the vacancies after breaking the segment, as visible in Fig. 9. Furthermore,
the gaps between the diamond and metallic binder are larger compared to the hot pressed Fe- as
well as Co-based samples. These features indicate a stronger graphitization during the thermal
post-treatment which can be explained due to the high temperatures as well as the strong catalytic
effect of Fe and Co. The catalytic effect causes an allotropic transformation of the diamond into
graphite and is observed as black dots on the diamond surface as seen in Fig. 9.

dtamond

by

F|g 9 Fractured surfaces of thermaIIy post-treated Co- based dlamond segments
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The post-treated Ni-based samples do not show such a strong graphitization of diamond grains as
Fe and Co. However, the diamonds are slightly degraded as they present a rough surface which
indicates a graphitization. In addition, a large gap between the diamond and matrix is also visible,
as shown in Fig. 10. The diamonds of Ni-based samples are not as strongly degraded as the
diamonds of Fe- and Co-based samples, which can be explained due to the stronger catalytic
effect of Fe and Co.

T~ diamonds

\

vacancies

a)

Fig. 10: Fractured surfaces of thermally post-treated Ni- based diamond segments

Fig. 11 and Fig. 12 show the fractured surfaces of thermally post-treated FeCr- and CoCr-based
samples. The diamond particles are surrounded by a shell-like structure which is cracked and
partially torn off. This shell-like structure indicates the carbide formation that occurred during hot
pressing and remained after the thermal post-treatment. However, the diamond retention of post-
treated FeCr- and CoCr-based samples is not as strong as after hot-pressing. The post-treatment
might have caused the diamond degradation due to the high temperatures, releasing the strong
diamond-carbide-bonding. However, the shell-like carbide layer protects the diamond from a
stronger degradation as there is no graphitization visible.

Fig. 11: Fractured surfaces of thermally post- treated FeCr-based dlamond segments
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Fig. 12: Fractured surfaces of thermally post-treated CoCr-based dlamond segments

A shell-like carbide formation surrounding the diamond patrticles is not observed with NiCr-based
diamond segments. This confirms the results on hot-pressing as there was no indication for the
formation of carbide structure as well. However, the diamond bonding is stronger than with single
Ni-based diamond segments as the diamonds are tightly embedded into the matrix. Apparently,
15% of Cr content inhibits also the graphitization process and maintains the mechanical bonding of
the diamond particles during the thermal post-treatment.

Fig. 13 Fractured surfaces of thermally post-treated NiCr-based dlamond segments

4. CONCLUSION

Even though the process time of hot pressing is short, single component matrices with elements
with a catalytic influence slightly degrade the diamond particles. By additionally doping 15% Cr to
the metallic matrix, the diamond degradation is inhibited. Furthermore, an indication for the
formation of a carbide structure is seen with FeCr- and CoCr-based diamond segments due to the
strong diamond bonding.

A thermally post-treatment causes a strong degradation of the diamonds impregnated with Fe- and

Co-based matrices. The matrices doped with the carbide former do not show any indication for a
strong degradation. Furthermore, a shell-like carbide structure is visible in the case of the FeCr-
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and CoCr-based diamond segments. However, the diamond retention is not as strong as after hot
pressing due to the thermal post-treatment.
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ABSTRACT

Core drilling with diamond impregnated segments is a common process for the machining of
concrete or reinforced concrete. These materials are characterised by their structure consisting of
various components. This inhomogeneity influences the cutting process due to changing process
forces or varying chip formation. Therefore an analysis regarding the material separation of the single
components (cement stone, aggregates like basalt, steel as reinforcement) as well as of the
compound materials is necessary. As a basis to analyse the core drilling process and in order to
gain detailed knowledge concerning the material separation process of reinforced concrete and its
components, scratch tests with single diamonds and varying process strategies were conducted. In
analogy with the core drilling process, circular grooves were produced. For the scratch tests steel,
cement stone, basalt, high performance concrete and reinforced concrete were used as sample
materials. One test series was conducted on a machining centre with the focus on process forces
under varying process parameters such as cutting velocity or feed speed. Further experiments
focused on the analysis of the development of the scratches due to repeated scratching. For this
microscopic investigation a tribometer in combination with a large-chamber scanning electron
microscope was used.

KEYWORDS

scratch test, diamond tool, single grain diamond, material removal, reinforced concrete, concrete,
process forces, large-chamber scanning electron microscope

INTRODUCTION

Reinforced concrete is a construction material consisting of concrete as a mineral component and
steel as a reinforcement. Regarding the machining of this composite material the diverse
characteristics of material separation of each constituent have to be investigated in order to analyse
grinding processes as e.g. core drilling. The material removal process in grinding metallic materials
is characterised by elastic and plastic deformation and chip formation [1]. In contrast scratch tests
revealed that chip formation in stone is a consequence of cracking, while also plastic deformation
occurs [2]. Regarding concrete differences between the cement and the included aggregates are
relevant additionally [3, 4].

Conducting scratch tests with single grain diamonds in order to simplify complex grinding processes
is an often used method to examine the characteristics of material separation. Concerning the
scratch tests conducted in this research the core drilling process using drill bits with several diamond
impregnated segments is the underlying machining process. Therefore tests on a machining centre
were performed with a specific kinematic derived from the core drilling process. Moreover, with the
aim of obtaining detailed and comprehensive knowledge concerning the material separation of the
examined high-strength concrete and reinforced concrete tests were carried out on the composites
in addition to the separate components. Material separation of the single constituents was also
analysed by force-controlled, iterative scratch tests performed in a large-chamber scanning electron
microscope.
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1. MATERIALS AND SET-UPS FOR EXPERIMENTAL TESTS

As the basic material for the experimental investigations a concrete categorised as C100/115 in
DIN EN 206 due to its compressive strength was used [5]. Hence, it belongs to high-strength
concretes [6]. As the cement component CEM | 52,5 R HS/NA was used, whereas the concrete
included sand and basalt in different particle sizes as concrete aggregates. Also reinforced concrete
was analysed. These samples contained a part out of steel (1.0577) in analogy to a reinforcement.
In addition to the concrete samples the material separation of the single materials is considered as
well. Therefore samples out of steel (1.0577), basalt and cement stone were utilised separately. In
this paper, the analysed cement stone consisted of cement and sand grains. In contrast to the
analysed high performance concrete C100, basalt was no component. For both kinds of scratch tests
round samples with a ground surface were used.

Scratch tests in a large-chamber scanning electron microscope

One kind of scratch tests was carried out using a tribometer in a large-chamber scanning electron
microscope (MIRA XI). The tribometer is used for pin-on-disk tests [7] and was modified for the
conducted scratch tests. On the basis of an iterative process strategy the tests enable to analyse
the development and changes of the scratches as a result of repeated scratching qualitatively by
SEM pictures. An overview of the test set-up and the process principle illustrated by a schematic
drawing are shown in figure 1.

Test set-up in the large-chamber SEM Principle of tests with tribometer

lnormal force F,

| /S < rotational
sample motion

—

Fig. 1: Set-up with tribometer in a large-chamber SEM

For these scratch tests synthetic diamond grains (Element Six, SDB 1055) with a varying particle
shape were used. The rotational and therefore cutting motion was realised by a rotating sample
holder driven by a stepper motor as illustrated in figure 1. The normal force F, for scratching was
Fn = 1.7 N and the cutting speed was about v = 0.2 m/s. The scratch tests were interrupted every
second turn till nmax = 20 rotations were passed in order to investigate the changes in the trace
generated by scratching. A secondary electron detector was employed to take SEM pictures at a
defined area of the sample each time. The resulting image sequence allows the qualitative,
microscopic analysis of the scratches.

Scratch tests conducted on a machining centre

Additional scratch tests with another process strategy were conducted on a machining centre (IXION
TLF 1004) in order to analyse the resulting process forces (normal force F, and tangential force F:)
depending on the feed speed vs, the cutting speed vc and the workpiece material. Information
concerning kinematics, tools and varied process parameters for the tests are shown in figure 2. In
contrast to the above mentioned scratch tests, dressing diamonds (CVD-diamond, Dr. Kaiser
Diamantwerkzeuge) with a regular geometry were used. These diamonds have a pyramidal shape
with a point angle of o = 110°. Conducting the scratch tests the tools were aligned in the way it is
shown in figure 2.
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Process kinematics SEM pictures - Single diamond tools

feed motion

4

scratches _

rotational
motion

/

dressing diamond \‘sample
(fixed)
Process parameters
tool cutting speed v, feed speed v; total depth a,,
) V., =40.5 m/min
CVD-q?mond V., = 117 m/min V;, = 2.0 mm/min 4 =0.080 mm
pyramide Vy; = 193.5 m/min V;, = 9.5 mm/min e

point angle o = 110°

V., =270 m/min

Fig. 2: Kinematics, tools and parameters for scratch tests on the machining centre

Through an eccentric position of the fixed diamond tool relative to the centre of the sample annular
scratches were realised. On each sample up to twelve scratch tests with different diameters
(d = 32...54 mm) were carried out. The varying diameter is not taken into account as an input value
for the analysis of the measured process forces. Due to the rotation of the sample and the feed
motion a helical path results which is comparable to the kinematics of the core drilling process with
diamond impregnated tools. Whereas tests were performed with varying cutting speed v. and feed
speed v;, the total depth for the scratch tests aiw: = 0.080 mm was invariable. Because of the
inhomogeneity of the materials and the short process time of each scratch test, the sampling rate for
the measurement of forces was set to f = 200 kHz. Moreover, a light barrier was implemented. Its
signal was recorded simultaneously to the process forces during scratching. Hence, it is possible to
identify the dependence of the position of the sample and the process forces. This is especially
relevant for the detection of the effects resulting from the steel reinforcement in reinforced concrete.

2. RESULTS OF EXPERIMENTAL TESTS

Qualitative analysis of scratches due to scratching in a large-chamber scanning electron
microscope

In order to point out qualitative differences in material separation between the components of the
analysed high-strength concrete C100 and reinforced concrete respectively, results of the iterative
scratch tests conducted in the large-chamber SEM for steel (1.0577), basalt and cement stone are
represented in figure 3. SEM pictures of the scratches after n = 10 turns and n = 20 turns in different
magnifications (overview, detail) are shown to demonstrate the development of the scratches after
different process steps. Additionally, there are microscopic pictures of the resulting scratches after
Nmax = 20 turns and SEM pictures of the particular diamonds used because of their differences in
particle shape. In the SEM pictures the cutting direction is given with respect to the relative motion
of the diamond to the rotating sample. Furthermore, in figure 4 some exemplary details of scratches
in cement stone and basalt after n = 10 turns are shown.
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Fig. 3: Scratches in steel, basalt and cement stone after repeated scratching
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The scratch in the analysed steel shows a kind of burr at the edges of the scratch
(cf. fig. 3, n = 10 turns, detail) due to plastic deformation. After n = 20 turns some traces exist within
the scratch which indicate that material was pushed to the outer edge of the scratch. These traces
are also observable in the microscopic picture and they point out the ductile characteristics of the
examined steel. The irregular surface conditions of the scratch after n = 20 turns are influenced by
the repeated scratching. In basalt the resulting scratch is not visible as good in the SEM pictures as
the scratch in steel owing to the appearance of the surface of the basalt sample in the SEM. The
edges of the scratch cannot be defined exactly. Nevertheless, the processes of material separation
can be discussed based on the pictures. There are parts of the scratch appearing comparatively
smooth with compacted material (cf. fig. 4). This is a consequence of deformation processes [2].
Such areas are observable after n = 10 turns as well as after n = 20 turns, but in different forms
whereby the change of the scratch as a result of further scratching is shown. Areas with fractured
material occur as well, what is underlined by the microscopic picture of the scratch and demonstrates
brittle material behaviour of the basalt. In the SEM pictures concerning cement stone the structure
consisting of sand grains and cement becomes evident. The scratch in pure cement is more uniform
compared to the above shown basalt. These resulting differences between cement and aggregates
— basalt in this case — based on the force-controlled, iterative tests correspond to results of scratch
tests conducted on different kind of concrete [3, 4]. The detailed SEM pictures of cement stone after
n = 10 rotations in figure 4 additionally show separated material next to the scratch. Moreover, after
n = 20 rotations there are detachments of material recognisable in cement. In sand grains the scratch
is less distinct compared to cement and the material seems to fracture. Furthermore, material chips
occur in the analysed transition area after multiple scratching as a result of cracking.

Tool: Synthetic diamond Material: varied
SDB 1055 Normal force F,: F,= 17N
Grit size:  40/50 US mesh Cutting speed v,: v, = 0.2m/s

Jleseg
3U0]S Juswa)

Fig. 4: Details of scratches on basalt and cement stone

The results of the scratch tests conducted in a large-chamber scanning electron microscope point
out the qualitative differences of scratching the single components. The influences of the single
constituents and the composites on the measured process forces are discussed in the following
paragraphs based on the second test series.

35



Kipp, M.; Kansteiner, M.; Biermann, D.
Scratch Tests with Single Diamond Tools on Reinforced Concrete and its Components...

Process forces depending on cutting speed and feed speed

On the basis of scratch tests carried out on a machining centre with pyramidal CVD-diamonds the
process forces for five investigated materials were analysed. In figure 5 force data for the materials
steel, basalt, cement stone and the composite concrete C100 are shown. Due to the fact that the
influence of the steel part requires a particular analysis the process forces resulting by scratching
the reinforced concrete are discussed separately. The tangential force F; and the normal force Fj
are analysed depending on varying cutting speeds v. and feed speeds vi, whereas the influences of
different diameters for the tests and different dressing diamonds were not taken into account. The
normal force F, has the same direction as the feed motion and the force F; is tangential to the
rotational motion of the sample in the contact area. For the analysis and the comparison of the forces,
the average force in the time period of a process time between t=0.35 s und t = 0.36 s was calculated
based on smoothed force data for each test. This leads to different covered scratch distances which
were analysed for varying cutting speed. In figure 5 the mean value of four scratch tests for each
combination of cutting speed v; and feed speed vs is shown. Moreover, the minimum and maximum
average forces out of the four considered tests are marked. Regarding the results presented in
figure 5 concerning steel, it has to be mentioned that because of irregular force signals for low cutting
speeds, the force data is only shown for v¢3 = 193.5 m/min and v¢4 = 270 m/min.

The data presented in figure 5 reveals higher normal forces F, than tangential forces F; for all
parameter combinations and analysed materials which is underlined by an adapted scaling in the
diagrams for the particular force components. For all cutting speeds, there is a distinctive influence
of the feed speed vi on normal and tangential forces which does not depend on the different
materials. Both, the normal forces and the tangential forces are higher for vi2 = 9.5 mm/min than for
vi1 = 2 mm/min. This is generated by an increased feed rate f and therefore a larger area of the
pyramidal diamond that is in contact with the material. This results in a higher chip cross-section.
Scratch tests by Apmann on different types of concrete and steel showed that this has a strong
impact on the resulting process forces [4].

Concerning the variation of the cutting speed v, there is a trend of decreasing forces with increasing
cutting speed, especially for vi = 9.5 mm/min. As an exception the normal forces scratching cement
stone have to be mentioned (cf. fig. 5, vi = 9.5 mm/min). Lower forces for higher cutting speeds are
influenced by the decreasing feed rate f with increased cutting speeds due to the helical process
strategy of the conducted scratch tests. Regarding this, it has to be mentioned that the radius
influences the feed rate as well wherefore the effect of cutting speed is superimposed. Comparing
the different materials there are no distinctive differences between the mineral materials. Just for
cement stone the process forces are marginal higher than those measured for basalt and
concrete C100 for the majority of parameter combinations. Nevertheless, the absolute difference is
low. On the other hand, scratching the steel leads to higher process forces than scratching the
mineral materials in the analysed parameter range. In this case the different scale has to be
emphasized. An exception are the tangential forces for the lower feed speed vi1 = 2 mm/min. They
are on comparable level with the tangential forces for the mineral materials.
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Fig. 5: Normal and tangential forces in dependency of feed speed and cutting speed
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To illustrate why the mean values for the forces in scratching the analysed steel were merely
calculated for the higher cutting speeds v in the considered range, two exemplary developments of
the force components F, and F: during scratch processes for two different cuttings speeds
(ve1 = 40.5 m/min, vca = 270 m/min) are contrasted in figure 6. Due to the set feed speed of
vi2 = 9.5 mm/min and the total depth a. = 0.080 mm the calculated process time for both cuttings
speeds is t = 0.51 s.

Tool: CVD-diamond Cutting speed v,: v,= varied moriginal force data
pyramidal, o = 110° Feed speed v, v,= 9.5 mm/min mMsmoothed force data
Material: Steel (1.0577) Process cooling: without
500 , 500
v, = 40.5 m/min v, = 270 m/min
< N < N
18 ) 1N
3 300 M 3 300
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Fig. 6: Process forces for steel depending on cutting speed v,

There are clear differences in the force signals comparing forces for the varying cutting speeds. For
Ve,1 = 40.5 m/min an irregular force signal with several peaks and discontinuities results. In contrast,
for vc4a = 270 m/min the rise of the force components is nearly linear with increasing process time
and scratch depth respectively. This increase is generated owing to the increasing area of the
diamond tool that is in contact due to the helical process strategy. Such a steady increase of forces
does not exist for the shown force signals for v¢ 1 = 40.5 m/min. The irregular development of process
forces during the scratch process at low cutting speeds might result as a consequence of irregular
chip formation processes or friction. Furthermore, the possibility of some kind of build-up edge has
to be taken into account. Nonetheless, comparing the development of the two analysed force
components, they are similar, whereas the normal force F, is higher than the tangential force Fi, as
also mentioned discussing figure 5. Despite of irregular force signals for a low cutting speed, the
absolute force data can be compared. The absolute values of the two force components are higher
for the low cutting speed than for v = 270 m/min. This again might be affected by the larger feed
rate at lower cutting speeds due to the defined helical path of the diamond tool, but also the above
mentioned effects may have an influence.
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The steel part in reinforced concrete has a special impact on the process forces. In order to discuss
this influence qualitatively, in figure 7 two exemplary force developments for scratch tests on
reinforced concrete for different cutting speeds v¢ and in this case constant feed speed v; are shown
analogous to figure 6.

Tool: CVD-diamond Cutting speed v_: v = varied moriginal force data
pyramidal, o = 110° Feed speed v; v,= 9.5 mm/min msmoothed force data
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Fig. 7: Process forces for scratching reinforced concrete
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The influence of the transition from the mineral material component to the metallic component is
directly evident in tangential force signals for both presented cutting speeds. For v¢c4= 270 m/min
the transition results in high force peaks or kind of pulse as exemplary marked in figure 7. For the
lower cutting speed v¢ 1 = 40.5 m/min scratching the steel part causes longer periods with positive,
increased tangential forces. In consequence of the chosen helical process strategy and the constant
feed speed vi the number of passing the steel part is reduced for lower cutting speeds. In the shown
scratch test for a cutting speed vc = 40.5 m/min the steel part is scratched three times as marked in
the tangential force signal. Comparing those three periods, there is an increase of tangential force
amplitudes with longer process time owing to a rise of the active cross section of the pyramidal
diamond tool by the increased depth. The transition from mineral to metallic is less significant and
not immediately obvious in the signals of the normal forces F,. Nevertheless, using the additional
information generated due to the use of a light barrier reveals the influence of the steel part even in
normal forces. In the area of scratching steel there exists a period with comparatively high normal
forces and less fluctuation of the force signal than mostly recognised in the signal of mineral material
components. Unlike to former test results comparing process forces for concrete and reinforced
concrete [8], in this case the influence is observable in the smoothed force data in the form of small
peaks (cf. fig. 7, vc = 270 m/min) as a consequence of an adjusted evaluation method.
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3. CONCLUSION

In order to analyse the material separation of reinforced concrete with different approaches the
results of two series of scratch tests with single grain diamonds and different objects of investigation
were presented. The scratch tests conducted in a large-chamber scanning electron microscope
allowed to analyse the qualitative differences concerning the characteristics of the scratches on
steel, basalt and cement stone after multiple and iterative scratching on the basis of microscopic
SEM pictures. Those scratch tests were carried out with a constant normal force and cutting speed
using a tribometer.

Another kind of scratch tests was used to investigate the process forces. Regarding this the
influences of varying feed speeds and cutting speeds were considered. The results showed that the
feed speed has a strong effect on the force components for each investigated material. Whereas a
higher feed speed leads to increased process forces, the increase of the cutting speed mostly causes
decreasing forces. Comparing different force signals scratching steel exclusively reveals strong
differences in the force development depending on cutting speed. Whereas high cutting speeds
result in nearly linear increasing forces, low cutting speeds lead to irregular force signals. Concerning
reinforced concrete the impact of the integrated reinforcement is obvious in the tangential force
signal. But also in the normal force an impact of the steel is recognisable. Varying cutting speeds
influence the signals as well. Aiming to analyse the influence of the steel in reinforced concrete on
the process forces in more detail, further scratch tests on reinforced concrete with a higher amount
of steel must be conducted.

The conducted scratch tests regarding the analysis of the material separation of the high-strength
concrete and the reinforced concrete showed different loads and scratching conditions of the
diamonds depending on the material. In contrast to the mineral constituents, for which forces are
comparable, scratching or grinding the steel is challenging what is recognisable in core drilling as
well. Therefore it is a need to adjust diamond tools and parameters to meet the particular
requirements. Further tests could be conducted with varying diamonds (e.g. geometry, rake angle)
with the aim of identifying possibilities to reduce process forces and to enhance the performance of
core drilling tools.
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ABSTRACT

The combined removal of steel and concrete during the removal of building structures is still
a challenge due to the different material properties and the resulting requirements on the cut-
ting tool. In this paper the authors will present a methodology, and its results, for enabling a
milling process for the machining of reinforced concrete. To identify the different mechanisms
taking place during cutting of the two materials concrete and steel, the machining of these
materials were studied separately. The aim of this investigation is to identify the dominant
wear mechanism and the process factors influencing the resulting cutting forces. Afterwards
the observations and conclusions will be assigned to the cutting of the material compound.
As influencing variables the size and form of the cross-section and the cutting speed were
investigated. Furthermore the benefit of a tool coating in milling concrete and reinforced con-
crete was investigated.

KEYWORDS

REINFORCED CONCRETE; MILLING;, PROCESS FORCES; TUNGSTEN CARBIDE
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INTRODUCTION

In Germany the nuclear phaseout was resolved and hence, the dismantling of reactors for
power generation already started and will continue for the next decades. A big advantage in
the direct dismantling is a selective dismantling procedure in which the contamination can be
removed by eliminating only a small part of the surface structure. In the next step the pre-
dominant part of the building can be recycled. This procedure offers the potential to reduce
the amount of nuclear waste and thus the costs of dismantling. For example, in the nuclear
plant Obrigheim only 600 t of the total amount of 143,000 t reinforced concrete have to be
disposed as nuclear waste [1]. A central element of this strategy is the identification of con-
taminated areas and thus the local removal of reinforced concrete. In principle the processes
and tools for the removal of concrete as well as for cutting pure steel are available. The com-
bined removal in contrast is still a challenge due to the different material properties and the
resulting requirements regarding the cutting tool. Furthermore, in areas with cracks or out-
breaks in the building structure a removal has to take place. Techniques are available for the
removal of concrete as well as for cutting pure steel. The combined removal is still a chal-
lenge due to the different material properties and the resulting requirements on the cutting
tool.

A promising approach is the application of a dry milling process [2]. Because of its low price
and its performance in machining steel, tungsten carbide is chosen as cutting tool material.
However, findings of the processing of steel cannot be transferred to the processing of con-
crete. Concerning the material properties of steel and concrete the load spectrum on the
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tools differs. Hence, these materials have different demands on process specifications and
cutting tool properties, a process and tool development has to take place.

1. OBJECTIVES

With regard to this aim a classification of existing removal situations was carried out and cor-
responding concepts were provided. Hence, the situations were classified by the amount of
steel in the present working area and their position to the free surface. This classification de-
livers information about the most important removal situation, affecting the requirements re-
garding the tool and process specifications. The cutting tool and process design concerns
different cutting tool materials to improve tool performance, avoid spontaneous tool fracture
and increase tool life time.

In the presented application cutting forces are of special interest because a mobile system is
planned to be used and thus the process forces have to be handled. The system should em-
power the operator to realize removal of reinforced concrete in areas, which are difficult to
reach. The process forces are a consequence of the contact conditions of tool and work-
piece. Hence feed per tooth f,, depth of cut a, and cutting speed v, were varied and their ef-
fect on the specific process forces will be analysed. These investigations were executed re-
garding the initial tool wear. Here the wear mechanisms are important to get information
about the demands to the tool-material specifications. Referring to this tool features the effect
of a coating on the used tungsten carbide was included in the investigations.

2. EXPERIMENTAL SETUP

The experiments are carried out on a vertical 3-axis milling machine type Heller PFV 1. The
milling forces are measured with a Kistler 3-component dynamometer type 9255C. In order
to analyse the resulting cutting forces and tool wear during cutting reinforced concrete, the
different components of the material compound will be cut individually. The investigations in
this study are conducted with a single tooth face mill with a diameter d = 40 mm. The con-
crete is composed of cemented stone and aggregates with a maximum size of 8 mm, respec-
tively 32 mm. For the experiments on pure steel S355 J2+N is used as work piece material.
The concrete percentage in the reinforced concrete work pieces is made with the same spec-
ifications. The reinforcement rods are out of BSt 500S with a diameter of 32 mm.

In this study the depth of cut a, and the feed per tooth f, are varied. With these parameters
the cross-section of undeformed chip and the direction of the applied forces will be varied.
The cutting speed is varied in a range from v, = 80 - 300 m/min. All investigations are
conducted with full immersion.

To identify the influence of a coating of the milling tools on the wear behaviour, the experi-
ments were carried out with one tungsten carbide grade, with and without coating. A
TiCN + Al,O; multilayer coating was applied. All used indexable inserts have the geometry
specification RDMT 2006 MO. They have a round geometry, with a diameter of 20 mm. All
experiments are conducted with two repetitions. The wear of the cutting inserts is analysed
with a Keyence VHX 600 video microscope and a scanning electron microscope (SEM).

3. MECHANICAL LOAD IN MILLING STEEL AND CONCRETE
PROCESS FORCES
In Fig.1 the process forces for one spindle revolution during machining steel and concrete is

presented. For both materials the same process parameters were used. As depicted in Fig. 1
the process forces during milling steel in feed and feed-normal direction are 300 % higher in
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contrast to concrete. Further, the process forces in steel exhibit a distinctive progression over
the complete revolution. The maximal feed force occurs for the highest uncut chip thickness
hmax at a feed motion angle of 90°. During cutting of steel the forces in feed and feed-normal
direction are higher than the passive force component. Due to the ductile separation mecha-
nism less friction occurs.

In contrast to steel the process forces in cutting concrete oscillate with the tool-revolution.
Considering all experiments the force during cutting concrete in passive direction has a max-
imum at an arbitrary point during the revolution. This fact can be explained by the stochastic
allocation of aggregates in the material. The feed and feed normal force are half the amount
of the passive force. This can be explained by the theory about the separating mechanism in
brittle materials. This mechanism proceeds in two steps. During the first step the material is
pushed out of the kerf. In this step the mechanical load on the tool is low, because concrete
withstands tensile strain to a minor degree [3, 4, 5]. Afterwards the material separation takes
place under the cutting edge. At first the material is charged under compressive stress, this
leads to high process forces in passive direction. If this material is released under the cutting
edge, critical tensile strength occurs in the material and leads to brittle material failure behind
the cutting tool [6].
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Fig. 1. Process forces during one tool-revolution

INFLUENCE OF CROSS-SECTION

Process forces are limited due to the stiffness of the used machine structure. Therefore the
specific forces needed to machine one increment of the cross-section are of special interest.
Based on the process forces the material removal can be increased. From this follows an in-
crease of the productivity of the process.

In cutting processes of ductile materials inserts with a rectangular cross-section of unde-
formed chip are often used. For the cutting of mineral materials, cutting inserts with a round
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geometry are advisable because they do not possess corner radius r,. On the corner radius
the contact area between tool and workpiece can be very small and hence, increased
stresses occur. This leads to rapid tool fracture [7]. Following the application of round cutting
inserts, the uncut chip thickness varies along the cutting edge (Fig. 2). Based on the cutting
insert radius r,, the working cutting edge angle k changes along the cutting edge radius. The
working cutting edge angle increases from 0° from the tool centre point to maximum value at
the depth of cut. The uncut chip thickness rises similar from h, = 0 mm over the effective un-
cut chip thickness he to a maximum value h;. Thus the cross-section of undeformed chip de-
pends on the feed direction angle ¢, the cutting edge angle k and the feed per tooth f, and is
calculated by equation (2). Referring to Kdhler [8] the effective width of undeformed chip D
(3) and the effective uncut chip thickness hg (4) can be calculated from the geometric rela-
tions in the cross-section of undeformed chip. The effective cutting edge angle ke« within this
point can be achieved in the same way by equation (5) [9].
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Fig. 2 Overview of the face milling process with round cutting inserts
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In the following section the influence of the previously described parameters het und bey On
the process forces will be discussed for the two materials steel and concrete. For evaluation
the maximum forces per revolution are calculated und averaged over all recorded revolutions
at full immersion. Fig. 3 shows the dependence of specific cutting forces and cross-section
dimensions for milling experiments. This data was recorded in experiments carried out with
coated carbide tools on concrete with aggregates up to a size of 32 mm. The higher the ef-
fective uncut chip thickness is, the lower are the specific forces in each direction. The effec-
tive width of cut has no influence on the specific forces. The effective uncut chip thickness heg
is mainly influenced by the set feed per tooth f,. The effective chip width b can be varied by
different values for the depth of cut a,.
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Fig. 3 Influence of cross-section geometry in milling concrete

Milling experiments were conducted with the same tool specification on steel (Fig. 4). For the
parameter he; the same declining correlation could be found. The forces, in contrast to the
milling of concrete, are rising linearly with increasing bey due to negligible influences on the
chip formation.
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Fig. 4 Influence of cross-section geometry in milling steel

However, concerning the overall forces for the concrete machining process (Fig.5), minor in-
fluences by varying the feed can be observed. This can be explained by the chip formation.
Additionally, the cross-section of undeformed chip A leads to negligible influences on the
process forces due to the secondary separation process. This material separation process is
only related to the effective chip width by, because this process takes place under the cutting
edge. The forces F; have a linear relationship to bes. The cross-section is proportional to the
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effective chip width, too. For this reason the effective chip width has no influence on the spe-
cific forces in Fig. 3.

Furthermore the process stability can be increased for higher values of the feed per tooth.
This can be seen by the reduced deviation in process forces between the repetitions repre-
sented by the error bars in Fig. 5. An increase of the feed per tooth enlarges the uncut chip
thickness and the mechanical load is spread over a larger area. As a consequence the risk of
tool fracture is reduced and thus the increase in process forces is prohibited. This statement
is valid for the machining of pure concrete.
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Fig. 5 Process forces in steel and concrete for different size of cross-section
INFLUENCE OF CUTTING SPEED

Besides the cross-section, the cutting speed is a significant factor for machining ductile mate-
rials. With increasing cutting speed the cutting forces can be reduced, furthermore the
productivity of the process increases. The resulting process forces are shown in Fig. 6 with
respect to the cutting speed. In steel the process forces show the known trend due to the
variation in cutting speed. The process forces decrease with increasing cutting speed [10].
The dependency of the process forces in steel regard to the thermal softening of metals dur-
ing the cutting process since the temperature increases with the cutting speed. During milling
concrete this trend can’t be observed. The measured forces deviate with the set cutting
speed. For brittle materials like concrete the thermal softening is negligible. Therefore no re-
lationship between the cutting speed and the process forces was expected. This was shown
by Apmann for grinding of concrete, too [11]. However, with increasing cutting speed v, the
impact on the tools is increasing. Consequently the risk of tool failure rises. This tool failure
provides an explanation for varying process forces over the range of investigated cutting
speeds.

The conducted investigations regarding the process parameters during machining steel and
concrete show that for the right choice of cutting parameters, there is a conflict of objectives.
High cross-section is beneficial regarding milling of concrete. In contrast for the machining of
steel this is limited by the resulting overall forces. Because of increasing tool wear, when
higher cutting forces are applied, cutting speed should be set lower than 100 m/min in con-
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crete. While machining steel the process forces can be reduced with cutting speeds larger
than 100 m/min.
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Fig. 6 Process forces in steel and concrete for different cutting speeds

4. WEAR MECHANISM

The SEM-micrographs in Fig. 7 present the resulting wear in concrete, after a feed travel I; of
50 mm, and in steel, after 250 mm. It can be seen that the wear mechanism in steel and
concrete differs.
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Fig. 7 Wear mechanism of the used tools in concrete and steel

In concrete the wear is a result of the mechanical load which follows in chipping on the cut-
ting face. The flank wear follows from abrasion due to the cement dust in this area [7]. The
initial wear of the coated tool increases after first coating failure due to the increased friction
between tool and work piece. The observed tool wear mechanism in steel belongs to thermal
damage. Here a larger difference between the coated and uncoated tool can be determined.
The coated tool exhibits only micro cracks along the cutting edge. However, the uncoated
tool shows crater wear with a width of about 200 pum.

5. TRANSFER OF THE FINDINGS TO THE MILLING OF REINFORCED CONCRETE

The experiments in reinforced concrete were conducted in cuts parallel to the reinforcement
rods. Parameters in steel are the same used in concrete before.

Each parameter set was carried out with cutting direction from steel into concrete and once
from concrete into steel. First of all it can be ascertained that the measured during the cutting
of the compound Fig. 8 are higher than in the basic materials Fig. 1.

In concrete it can be shown that it is beneficial to increase the cross-section A-, because the
process forces stay nearly constant and the risk of tool failure is decreased. This circum-
stance can’t be used in the same way for the machining of the material compound. As pre-
sented in Fig. 8, the overall forces raise about 100% if the feed per tooth is increased from
0.5 mm to 1 mm per revolution due to the part of machined steel. An increase in process
forces can also be assigned to the contact sequence concrete-steel because of cement par-
ticles getting into the kerf. Due to this, especially the passive force for the steel part is in-
creased by about 300 % caused by the increased friction and the consequential tool-wear on
this part of the cutting tool.
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Fig. 8 Process forces in milling reinforced concrete

An increase in cutting speed is, as shown in Fig. 6, a possibility to reduce the process forces
in machining ductile materials due to a significant reduction in strength with increasing pro-
cess temperature. This effect can’t be used for the machining of reinforced concrete, as the
tools underlie rapid wear. The rapid tool wear leads to high process forces. Fig. 9 shows the
tool wear for different cutting speeds and the coated and uncoated tool exemplarily. By ap-
plying a cutting speed of v. = 180 m/min sudden tool fracture occurs. The coating is already
removed in the contact area after 200 mm feed travel. However, the uncoated tool shows a
higher maximum flank wear width. This can be explained by the hardness of the coating and
thus increasing resistance against abrasive wear. The contact area is six times larger due to
the flank wear and steel is adhered to the tool surface. At this point the passive forces reach
a level of about 12-14 kN. Tools with this kind of wear condition often failed immediately
when applied after this point. The reason for this wear is, that the cutting edge first becomes
mechanically damaged through chipping when it gets in contact with the concrete. Then, as
known from literature, processing ductile material with blunt tools causes high process forces
and in consequence of the large contact area a lot of heat is generated on the flank face.
These conditions lead to steel adhesions on the flank face, like it can be seen on the right
part of Fig. 9. This material is torn away from the flank face and the wear increases further.
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Fig. 9 Tool wear mechanism in machining reinforced concrete

6. CONCLUSION AND OUTLOOK

This study deals with the fundamentals regarding milling of reinforced concrete with tungsten
carbide tools. The usage of tungsten carbide tools exhibit benefits with respect to the tool
costs in comparison to cBN or PCD tools. In addition tungsten carbide tools have a lot of ap-
plications in the machining of ductile materials. For the machining of brittle materials, such as
concrete, the capabilities are not known. For this purpose cutting experiments were carried
out on concrete, steel and finally reinforced concrete. According to the mechanical load the
following conclusions can be drawn:

Increasing the cross-section leads to constant process forces and constant resulting initial
tool wear for the machining of concrete. For the machining of steel the process forces de-
crease with an increase in cutting speed. These two effects offer the opportunity to reduce
the tool load if only one material will be machined. The experiments in reinforced concrete
show, that larger cross-section results in higher process forces due to the steel. Higher cut-
ting speeds lead to rapid tool failure due to the concrete. From there the smallest investigat-
ed cross-section and the lowest cutting speed are advisable for the machining of reinforced
concrete.

Nevertheless the used tools underlie fast tool wear. This wear results in sudden tool failure
even after short processing time. For this reason the tools have to be further developed for
this application. To reduce the abrasive wear the usage of other tool coatings could be ad-
visable. The major factor is the chipping of the cutting edge, this can likely be reduced by
higher fracture toughness of the tungsten carbide and a stronger adherence of the coating to
the base material.

For the ongoing investigations an approach with different process parameters for the differ-
ent materials in the compound will be pursued. For this purpose an online and an in advance
process monitoring has to be applied. Furthermore the amount of the part of machined con-
crete should be reduced to increase the tool life time. For this reason a second machining
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process will be installed. This process should operate in advance and expose the steel instal-
lations.
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ABSTRACT

Research has shown that it is possible to machine natural stone materials using end
mill cutters with geometrically defined cutting edges as they are used in metal cutting
processes. The milling process can be used as an energy efficient alternative to the
well-known grinding processes. A study of Fraunhofer IPK investigates the cutting
process for Postaer Sandstone and Carrara Marble using an end mill cutter. A high
speed video camera was used in order to analyze the cutting process. The produced
stone particles (“chips”) were sorted according to their size distribution and the
resulting surface roughness was measured in order to identify possible influences of
different cutting parameters. For the study, the depth of cut a,, the feed per tooth f,
and the cutting speed v, were varied. For the influence on the surface roughness,
results show that all three parameters have a significant influence when machining
marble. For the machining of sandstone, no significant influence has been identified.
The distribution of sandstone particles after the milling process is independent from
the cutting parameters as well, only the depth of cut shows an influence for marble.
The high speed videography of the cutting process shows obvious differences
between the two investigated natural stone materials. The chip formation for Carrara
Marble is a rather continuous process whereas for sandstone the cutting process is
rather random and can hardly be influenced by altering the process parameters.

KEYWORDS

Stone Milling, influence of cutting parameters, end mill cutter, high speed video
analysis, particle distribution analysis, Postaer Sandstone, Carrara Marble

INTRODUCTION

In recent years many researchers have investigated the cutting process for natural
stone machining. Most of the work is based on the use of abrasive diamond tools as
they are mainly applied for the cutting of natural stone. The most well-known and
referenced work in this area is the work of Wagner [1] who divides the chip formation
process into two different steps, stating that the cutting process leads to crushed
material on the one hand and discontinuous chips on the other hand. Clausen and
Meding [2] use single grain diamonds and perform scratch tests to investigate the
cutting process which they divide into three different process steps. The primary chip
formation occurs in front of the cutting edge where micro and macro-cracks occur
due to the compressive stresses induced by the diamond grain. They state that the
cutting process depends on the grain size and the mineral distribution of the
workpiece material. For fine grained materials a plastification of the surface occurs
under the diamond. The plastified zone is then separated from the surface. This step
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is called secondary chip formation. For coarse materials, the secondary chip
formation is characterized mostly by transcrystalline cracks. The cutting process
model of Tonshoff and Asche [3] is almost the same as Clausen’s and Meding’s.
The main difference is the use of a diamond cutting wheel and a coolant instead of a
single diamond grain. Reichenbacher [4] also states that the cutting process of
natural stone materials is characterized by a primary and secondary chip formation
process. Except Tonshoff and Asche, who use a rotating tool, all of the authors use
single diamond grains or tools to perform linear scratch tests. This paper aims to
contribute to a better understanding of the cutting process and the influence of the
cutting parameters when using a rotating end mill cutter for the machining of natural
stone.

1. EXPERIMENTAL SET UP

Two different natural stone materials were selected for the tests: Postaer Sandstone
and Carrara Marble. Postaer Sandstone is a sedimentary rock and is mainly used for
facade elements of buildings [5]. Carrara Marble, a metamorphic rock, is one of the
most well-known natural stone materials in the world. Besides its use for sculptor
work and monuments, it is often used as decorative flooring or tiles [6].

A 3-axis milling machine was used in all test presented in this paper. A single bladed
end-mill cutter with a diameter of 16 mm was used to investigate the influence of the
cutting parameters on the particle size distribution of the chips. After each test run,
the particles remaining in the working area of the machine were collected and
separated according to their size by using a sieve shaker. Six different sieves with
grit sizes of 600 pm, 150 pm, 125 pm, 100 ym, 75 pum and 50 pum were used.
Remaining, smaller particles were collected in a pan. For the tests, the cutting speed
v, the feed per tooth f, and depth of cut a, were varied according to table 1. An
orthogonal design was used to define the values of the parameters and a regression
analysis allowed identifying significant and insignificant influences of the parameters.
The value a = 1.28 was calculated based on the criterion for an orthogonal design
according to Kleppmann [7]. The design of experiments leads to a total of
48 different factor combinations. Each of the factor combinations was tested three
times. In order to analyze the results, a factor was introduced which allows to
compare the size distribution of the stone particles. The factor is called particle size
factor (PSF) and is calculated based on the percentage of mass distribution
multiplied by the grit size for each sieve. The lower the factor is, the higher the
percentage of small particles is and vice versa. For the video analysis, a high speed
video camera using a frame rate of 1000 frames per second. Besides the single
blade end mill cutter, other tools have been tested in order to find out if the tool
geometry and cutting material have a noticeable influence on the cutting process. All
tests are performed without coolant in order to be able to separate the particles and
to record the cutting process clearly.

Table 1: Parameters and parameter values

Parameter value
Parameter
-a=-1.28| -1 0 1 a=1.28
A: cutting speed v, m/min 53.78 62.8 | 94.2 | 125.6 134.62
B: feed per tooth f, mm 0.13 0.15|0.225| 0.3 0.32
C: depth of cut a, mm 0.86 1 1.5 2 2.14
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2. PARAMETER INFLUENCE ON THE SURFACE ROUGHNESS

After each test, the roughness of the machined surface was analyzed with a tactile
surface measuring device. The roughness average Ra is used to rate the influence
of the parameters. The Ra value is the arithmetic average of the profile heights of
the surface and hence is hardly influenced by peaks within the measurement
distance. This allows investigating the influence of the parameters rather than the
influence of the material structure.

In order to identify parameters with a significant influence on the roughness of the
natural stone surfaces, regression coefficients and confidence levels were
calculated. The results for both Postaer Sandstone and Carrara Marble are shown in
figure 1.
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Fig. 1: Regression coefficients for the surface roughness for Postaer Sandstone (left) and
Carrara Marble (right)

According to the results of the regression analysis, no significant influence of the
cutting parameters on the surface roughness value Ra can be identified for milling
Postaer Sandstone. That means a specific manipulation of the resulting surface
roughness by altering the milling parameters is not possible. When looking at the
results for each parameter combination, the surface roughness seems to be
completely independent from the parameters within the investigated range. It is more
likely the material influences the results. In several cases, large holes on the surface
can be observed. These holes occur when single quartz particles break out of the
surface as a result of the milling process.

For Carrara Marble, all three parameters have a significant influence on the surface
roughness. The regression analysis shows that the value of the roughness average
can be minimized by using low cutting speed v., high feed per tooth f, and a low
depth of cut a,. The influence of all three parameters is linear within the investigated
range.

3. PARTICLE DISTRIBUTION ANALYSIS

The stone patrticles are collected from the working space of the machine after each
test run. Figure 2 shows the particles of a test run with Postaer Sandstone for the
different sieve sizes. Particles mostly look the same for each sieve. For the large
sieve > 600 um most particles show a footprint area of about 1 mmz, but individual,
significantly larger particles with a footprint of up to 1 cm x 1.3 cm have been found.
A representative image for the particle distribution of marble is given in figure 3.
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Fig. 2:  Particle distribution for Postaer Sandstone

Fig. 3: Particle distribution for Carrara Marble

When comparing the particles in the figures, they look similar besides the fact that
two materials with different properties have been used. The macroscopic analysis of
the particles with sizes > 600 um shows some differences. When milling sandstone,
whole material grains are removed from the workpiece. The patrticles are literally
pulled out of the surface. For marble, most of the large resulting particles have a
rather two-dimensional shape, the process seems to work more like a chipping
process.

The results of the regression analysis for the cutting parameter influence on the
particle size factor PSF are shown in figure 4. For Postaer Sandstone, no significant
influence has been found, though the feed per tooth shows a tendency to influence
the PSF when further increasing it beyond the value that has been used as
maximum within this study. When machining marble, parameter C, the depth of cut,
has a significant influence on the PSF. Moreover the surface roughness and the
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PSF seem not to be linked to each other, as the roughness is influenced by all three
parameters and the PSF just by one. The influence of the depth of cut on the PSF is
linear, that means a low value for a, leads to smaller particles and a high value to
larger particles.
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Fig. 4: Regression coefficients for the particle size factor for Postaer Sandstone (left) and
Carrara Marble (right)

4. HIGH SPEED VIDEOGRAPHY

The following figures are snapshots from the high speed videos that were recorded
during the test runs. For each parameter combination, small and larger particles are
removed from the workpiece. The occurrence of larger particles seems to be
random, no correlation with the cutting parameters can be identified. This verifies the
previous results regarding the surface roughness and the particle size distribution:
The cutting process for milling Postaer Sandstone depends on the material
properties and its grains rather than on the cutting parameters. Figure 5 shows an
example of the cutting process for Postaer Sandstone. Snapshots were taken at the
beginning and after 10 ms and 20 ms. Most of the resulting particles are small-sized,
but after 10 ms a pull-out of a significantly larger particle can be seen. The large
particle has a footprint area of roughly 4 x 2 mmz2.

a) 0 ms b) 10 ms

Fig. 5: Snapshots of the machining of Postaer Sandstone

Figure 6 shows exemplary snapshots from the cutting process of Carrara Marble.
The images support the results of the particle distribution analysis. On the one hand,
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small, “dusty” particles occur during the whole process and on the other hand rather
two-dimensional chips can be found. The chips usually do not occur directly at the
cutting edge but mostly just in front of it and in some cases behind the cutting edge.
The reason for that might be that the cutting forces lead to compression stress within
the workpiece material. If the stresses are too high, material failure occurs and the
chips are removed from the workpiece material in front of the cutting edge. In case
of the chip formation right behind the cutting edge, a resilient material behavior
seems to be a possible reason for the chip formation.

a) 0 ms b) 5 ms c) 10 ms

Fig. 6: Snapshots of the machining of Carrara Marble

5. SUMMARY AND CONCLUSIONS

The results show that the cutting and hence the chip formation process for the
milling of natural stone materials mainly depends on the workpiece material. For
Postaer Sandstone, which can be characterized as a coarse grain material, the
cutting process is rather random. The tested parameters, cutting speed v., feed per
tooth f, and depth of cut a, show no significant influence on the chip formation. The
material removal depends on the grain composition which leads to a pull out effect of
whole grains due to compressive stresses induced by the tool. A repeatable
machining of Postaer Sandstone is not possible for the tested parameters. Even
when a test with a defined parameter set up is repeated, the results concerning the
surface roughness and the PSF may differ strongly. The high speed videography
shows that the process leads to two different kinds of particles and hence confirms
the cutting process models by the authors mentioned in the introduction of this
paper.

When machining the fine graining Carrara Marble, test results are repeatable and
the cutting parameters show an influence on the roughness and the particle size
factor. To reach a low surface roughness, a low cutting speed and depth of cut
should be used in combination with high feed per tooth. A low depth of cut a, also
helps to produce rather small chips. The formation of large chips occurs mainly at
the edges of the workpiece and can be reduced by slot cutting. Stone materials are
natural materials, hence their properties differ from material to material or even
within the same material. The results show that using end mill cutters for machining
and especially shaping of natural stone materials is an effective way for a fast near
net shaping of workpieces. Suitable cutting parameters and machining strategies
have to be investigated beforehand for each workpiece material.

59



Uhlmann, E.; Manthei, M.

Analysis of the Cutting Process for Milling of Marble and Sandstone Using Single-...

REFERENCES

[1]
[2]
[3]

[4]
[5]

[6]
[7]

Wagner, H, 1971, Der Mechanismus der Spanentstehung beim Zerspanen von
Gesteinen, Rock Mechanics, Heft 3, 159-174

Clausen, R, Meding, M, 1994, Untersuchung zum Spanbildungsprozess bei
Gestein, Industrie Diamanten Rundschau 4 (1994), S. 224-227

Tonshoff, H.K, Denkena, B, Apmann, H.H, Asche, J, 2013, Diamond Tools in
Stone and Civil Engineering Industry — Cutting Principles, Wear and Application.
Machining of Natural Stone Materials, Uetikon-Zurich

Reichenbacher, 2010, Trennen mineralischer Werkstoffe mit geometrisch
bestimmten Schneiden, Universitat Kassel

Borner, K.; Hill, D., Die grol3e Enzyklopadie der Steine.
URL: http://www.abraxas-stone-experts.com

Mdller, F, 2001, Gesteinskunde, Ebner

Kleppmann, W, 2011, Taschenbuch Versuchsplanung, Hanser

60



Analysis of the material removing mechanism for an automated chiselling approach

Dipl.-Ing. G. Steinhagen
TU Dortmund, Institut fir Produktionssysteme (IPS), Leonhard-Euler-Str. 2, 44227 Dortmund
gregor.steinhagen@ips.tu-dortmund.de

Univ.-Prof. Dr.-Ing. Bernd Kuhlenkétter
2Ruhr-Universitat Bochum, Lehrstuhl fir Produktionssysteme (LPS), Universitatsstr. 150,
Gebaude IC 02/739, 44801 Bochum
Kuhlenkoetter@Ips.rub.de

ABSTRACT:

The European stone industry was exposed to great competition during the last years. However the
European market is still the most important one for natural stone products. Especially traditional
artistic processing techniques are very expensive due to the high personnel requirement. Thus
automation becomes interesting for economic reasons. To process individually designed stone
products it is planned to use a robot mounted tool.

One of the issues to achieve this goal is the analysis of the material removal to get repeatable
results. We analysed different manual techniques used for sandstone surfaces in a first step and
measured the movement of the chisel with a high speed camera system. We chose two techniques
for further analysis and designed a first mechanical testbed to achieve repeatable kinetic energies.
The material removal was analysed with the camera. Thus we are able to see the movement of the
chisel and the flow of the removed material.

With this knowledge the analysis of relevant material and process properties will be shown as well.
Furthermore, this paper discusses the relevant result parameters which define the optical quality of
the surface. Combining these data it is possible to analyse the working parameters of an
automated system which is able to process various sandstones with individual surface geometries.

KEYWORDS

Artistic Stone Production; Traditional Stone Processing Techniques; Analysis of Handcraft;
Material Removal with chisel

INTRODUCTION

The European Stone market has the highest per capita consumption of stone products. However
the European industry has seen bigger competition over the last years. High personnel costs drive
companies to apply more automation to their processes. Especially the application of industrial
robots with their flexibility and large workspace are promising for the stone industry. Yet surface
finishing with traditional techniques is still mainly manually applied. They are physically demanding,
require training and skills and the process is slow. Thus the personnel costs make large surfaces
expensive. Other technologies are used to finish stone products or imitate traditional techniques
such as milling [1] and waterjet-cutting [2], [3].

The approach to imitate traditional techniques with other tools has not the same optical quality then
the original techniques. Therefore, an application to tasks such as restauration is not yet done. The
approach of the research presented in this paper is to analyse traditional processing techniques
and design a robot mounted tool based on these to produce surface qualities that are similar to
original techniques. However, many parameters have to be estimated. There is a high amount of
different techniques which developed in centuries. They differ in applied tools, tool handling,
required skill of the mason and the applicability to different stones.
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Different stones show different material behaviour for the techniques. Stone manufacturers usually
use many different stones. Thus, the combination of techniques and stones changes often. The
masons adapts to different stones both by experience and controlling his results visually.
Sometimes masons make even trial hits to adjust to a stone. This is not possible in automated
process. Therefore, it is necessary to analyse the material removal behaviour of traditional
techniques to apply the right amount of hitting energy for each stone.

There are analyses of scratching tests for estimating the compressive strength [4], analysis of the
brittleness of stones [5] or the application of Schmidt hammers which do not have a sharp tip [6].
But the combination of an energy impulse to a chisel tool and its material removal in a stone has
not been analysed to our knowledge. In the literature only anthropological analysis of manual
techniques can be found [7]. [4] shows furthermore that there is a ductile and a brittle mode of
material removal in stones. Both modes can be seen in our results and will be further described.

In this paper we describe a first selection of analysed techniques (section 1), the description of the
guality aspects of traditional stone surfaces (section 2), the design of a preliminary testbed and the
analysis of the material removal mechanism (section 3) and the analysis of process parameters
which are relevant for the process (section 4).

1. TRADITIONAL STONE PROCESSING TECHNIQUES

Traditional artistic stone processing techniques evolved over a long period of time. Thus many
different techniques and patterns of techniques can be found especially on historic buildings but
also in new applications. Masons use traditional elements to finish surfaces and create individual
stone products. Furthermore, there are local deviations in some techniques and the combination
with different natural stones results in a high amount of different techniques and variations for
different materials.

Therefore, we did a preliminary selection of technigues, which were both promising to automation
and economic usage. We chose four techniques which are tooling, aligned tooling, punching and
bush hammering. All these techniques are typically applied to sandstone. Because of this all
presented analysis are only made with sandstones. We will give a short description of the
techniques, and explain how the tool interacts with the stone. A detailed analysis of the automation
of these techniques can be found in [8].

We first analysed the manual techniques using a high speed camera system GOM Pontos HS
Figure 1. With this System, we were able to analyse the movement of the tools and the velocity of
the hammer right before the impact and thus estimate the kinetic energy applied to the tool for the
different techniques.

Figure 1: High speed camera system GOM Pontos HS (1) and stone specimen (2)
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Tooling:
Tooling is a common technique for traditional surface processing. A drove chisel and a mallet are

used for making a groove pattern. The breadth of the drove chisel can be up to 200 mm. The
mason positions the chisel on the surface at an angle of about 45° and hits it with the mallet but
gives the chisel a rotation that the chisel edge leaves the material after the hit. This results in
rounded grooves which are characteristic for this technique (Figure 2). The automation of the
movement is challenging but manageable. The material removal for the manual technique is in the
ductile mode since only fine grain is removed from the stone. The estimated energy from the
manual experiments was 19.46 J for a 76.2 mm chisel on Réttbacher Sandstein.

Figure 2: Examples of tooling (left four hits) and aligned tooling (right four hits)

Aligned tooling:

This technique is a variation of the normal tooling. The main difference is that the chisel does not
leave the material after the hit. It moves down in a straight line with only little rotation of the chisel
and results in triangular formed grooves (Figure 2). This variation is applied when there is not
much space and the chisel cannot leave the stone. The material is removed in the ductile mode for
small grooves. When the grooves are deeper it is also possible that chips start to break out of the
edge of the groove. The removal of this technique will be shown in detail in section 3. The energy
level is similar to normal tooling.

Punching:
The punching we analysed was performed with a hammer and a punch. There are different

possibilities to apply this technique. One characteristic is if there is only one singular hit or if there
are consecutive hits (Figure 3). The first is called point punching and the second is called line
punching. Furthermore, regarding to the force applied to the punch one can distinguish between
fine punching and rough punching. The energy was estimated with 23.99 J for rough punching.
When performing line punching the first chisel hit drives the punch in the material with a steep
angle and the consecutive hits use a flatter angle and drive the punch sideways. Thus a line
pattern is achieved. The material breaks out in rough chips in the brittle mode. Therefore, the
predictability of the material removal is very low. Thus, consecutive hits are not possible to
automate since the positioning of the chisel for the single hits is hot manageable without scanning
the results each time. This is not reasonable for economic reasons. Only point punching with one
hit can be an option for automation since the chisel has to be positioned on the surface once and
individual formed surfaces making use of the unpredictable material behaviour are acceptable in
artistic stone processing.
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Figure 3: Line punching on a sandstone surface

Bush hammering:

The Bush hammering tool has a head with a pattern of tips. The number and size of these tips can
vary. A number of 9 to 36 tips in a square pattern are normal sizes. The tool head can be mounted
at a normal hand held hammer or to a pneumatic hammering tool. The movement is perpendicular
to the stone surface. Since the kinetic energy is low compared to the other techniques (1.14 J) and
there are a number of tips, the penetration of the stone is only shallow. The energy was estimated
for a pneumatic tool. The surface is processed by moving over the surface and roughing it (Figure
4).

Figure 4: Bush hammered surface on sandstone

For the further automation we chose tooling since the results achieved on this way can be adapted
to automate other techniques. However, for getting a general idea of the process of material
removal, the simple movement of aligned tooling was analysed first to apply the results to regular
tooling. In this paper the results regarding aligned tooling will be shown.

2. QUALITY ASPECTS OF TRADITIONAL STONE TECHNIQUES

The techniques described above are all used to produce decorative surfaces. They do not achieve
any further technical function. Therefore, the optical appearance is the main criteria a surface is
assessed with. As described above we first analysed tooling and aligned tooling in the project. The
main characteristics of a aligned tooling groove are the width, the breadth and the depth. The
breadth of the groove is the same as the chisel breadth. The depth and the width are both defined
by the material behaviour, the applied energy, the angle of the chisel edge and the angle the tool is
set on the surface.
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However, the visual appearance is most defined by the width and the breadth since the depth is
not so easy to estimate for the human eye. Only large differences can be directly be seen in the
depth, where changes in the width are much more visible. Furthermore, the changes can be easier
estimated than the absolute value of the width. Thus, the repeatability of results is more interesting
than absolute precision.

As described above in aligned tooling at distinct depth there is a transition from ductile to brittle
mode in the material removal. When the brittle mode appears larger chips break out of the edge of
a tooled groove. This behaviour is a problem when surfaces with a close groove patter should be
processed. For other surfaces the mason or designer has to decide whether this is desired optical
effect or not.

Another possible defect in surface processing appearing in automated processing is an oblique
groove (Figure 5). In the manual process the mason adjusts the chisel edge with the feeling of his
hand to the stone surface. An imitation of this behaviour with a force torque sensor would be very
expensive. Furthermore, the stones used in this process are previously milled. But there can be
variations from the planned part and the resulting product. Therefore the robot path planning is
programmed on scanned mesh files of the stone. Furthermore, a previously developed approach
for measuring the position of the stone product is applied in the project [9].
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Figure 5: Oblique chisel grooves resulting from misalignment of chisel and stone surface

3. DESIGN OF PERLIMINARY TESTBED AND VIDEO ANALYSIS OF MATERIAL REMOVAL

When performing the manual experiments, we realised that the different hits of the masons had
different energy levels and also the starting angle of the chisel may vary. But for an efficient design
of experiments a higher repeatability and a precise adjustable angle of the tool is required. Since
the robot mounted tool was designed parallel to the first experiments we designed a simple
mechanical mechanism (Figure 6). Two springs can be compressed to a distinct level and a sledge
with a hammer plate can be released with a pneumatic cylinder. The mechanism is robot mounted
and can thus be positioned and oriented on the surface for different experiments. By knowing the
mass of the sledge and its velocity we know the kinetic energy applied to the chisel. The velocity in
respect to the spring compression was calibrated with the GOM camera system. Thus, effects like
friction of the bearings are accounted for.

To get an idea of the material behaviour in the stone we positioned the chisel on the edge of the
stone and filmed the process of hitting the chisel with the high speed camera. We measured
aligned tooling with an angle of 45°. In the left part of Figure 6 is a picture of the chisel in the
material. One can see that the materiel is removed in a stream of grain in the ductile mode. When
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the chisel reaches a certain depth the edge of the groove start to break out and the removal or the
material changes to the brittle mode.

Figure 7: Highspeed camera picture of the chisel in stone (left) and relevant angles of tooling (right)

The geometric parameters that can be altered are the angle of the chisel edge a and the angle of
the tool in respect to the surface . This results in the angle

a
y=180°-f-3 (1)

of the groove in the material. The material is removed through a channel in front of the chisel. This
channel results in the angle 6. This seems to be a material specific value, but has not yet been
analysed in detail. The first analysed values are the depth d and the width b of the groove which
are shown in Figure 7. Resulting from this is also the Volume V of the removed material with

V=l— 2)

with | the breadth of the chisel. These values were further analysed and the results are shown in
the next section.
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Figure 8: Depth d and width b of a chisel groove

4. RELEVANT PROCESS PARAMETERS OF THE TECHNIQUES

To analyse the relevant parameters of the process in respect to their results we performed two
different experiment series. The tools which were used had a breadth of | = 25.4 mm and an angle
of a = 62.5°. The other chisel had a breadth | = 50.8 mm and an angle of a = 64°. The angle 8 was
chosen with 45° according to the manual technique. For each tool a test series with ten different
kinetic energy levels was done. For each level three punches were performed.

For the tests a set of different sandstones were used. The data of the different sandstones we
used for the experiments presented in this publications are given in Table 1. The compressive
strengths reach from 49.5 MPa to 100.4 MPa so the experiment behaviour in respect to the
compressive strength can be analysed. All experiment series were performed on each stone.

Table 1: Material data for the analysed stone types

Stone Type Compressive Strength Porosity Mean grain size
[MPa] [%] [mm]
Leistddter Sandstein 49,5 19,8 0,1-0,3
Steigerwald Quarzit 96,8 12,2 0,2-0,3
Neckartdéler Hartsandstein 100,4 14,6 <0,3
Udelfanger Schilfsandstein 55 Not available Not available
Sander Schilfsandstein 57.3 18.1 0.18-0.3
Mainsandstein weifs grau 78.3 15.5 0.2-0.6

In Figure 8 the results of the chisel with | = 25.4 mm and a = 62.5° can be seen on Mainsandstein
weild grau. One can see that beginning at the third series of hits the breakout of bigger chips starts
to emerge. The grooves of the single experiments were measured with a coordinate measurement
machine (Wenzel LH 54). We measured each groove with 3 different measurement lanes. Figure 9
shows an example of a measured groove. There are differences in the single lanes. Thus, a mean
value was reckoned for all single hits.
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Figure 9: Resulting grooves Mainsandstein weifd grau with | =25.4 mm, a = 62.5° and B8 = 45°
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Figure 10: Three measuring curves of a groove

One can see that the relevant process data cannot be directly extracted from these measurements.
Therefore, the curves were flattened. First the values of the surface were corrected to a mean
value. When the depth value falls under a certain value the edge of the groove is detected. The
threshold value depends on the stone since the pore size is different for the stones. However, the
error of this flattening is small compared to the overall depth.
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Figure 11: Comparison of original measured curve and flattened curve
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Figure 12: Flattened curves of Figure 9

From these curves the values of d and b were extracted. The depth d was reckoned from the
deepest value to the mean value of both surface ends. Each single stroke was combined to mean
value. It has to be noted that not all the values could be extracted since in the brittle mode in some
experiments too much of the edge broke out and the original size of the groove could not be
measured. When it was possible the size of the groove was also estimated in the brittle mode.
Figure 12 to Figure 14 show the values of d, b and V in respect to E,, of the chisel hit.
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Figure 13: Values of d over the Ein
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Figure 14: Values of b over the Exin
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Figure 14 shows that there is a linear correlation between the Volume of removed stone V and the
kinetic energy Ey;, applied to the chisel. The inverse gradient can be given as the specific kinetic
energy necessary for removing material. Table 2 shows this value for each experiment series. One
can see that the values differ from the compressive strength of the stone and are higher than that
value. This is because the friction of the chisel in the stone could not be measured directly and
some of the kinetic energy dissipates during the hit. Also one can notice that the values for the
large chisel are all higher than the values for the small chisel. The reason for this is not yet
estimated. The values for Neckartéler Sandstein are much higher compared to the other values.
For chiselling of stones also the ductility of stones has an effect. Thus, not only the compressive
strength is a relevant parameter. The relevant stone properties have further to be investigated.

Table 2: Analysed Material Values for different stones and chisel experiments

Stone Type Compressive Intrinsic energy Intrinsic energy
Strength [MPa] measured with measured with
o =45° 8= 62.5° a =45° 8= 64° and
and /=25.4 mm /=50.8 mm
[MPA] [MPA]
Leistddter Sandstein 49.5 157.9 192.2
Steigerwald Quarzit 96.8 258.1 375.5
Neckartdler Hartsandstein 100.4 696.4 722.3
Udelfanger Schilfsandstein 55 145.0 199.3
Sander Schilfsandstein 57.3 129.6 170.5
Mainsandstein weif8 grau 78.3 261.7 385.1

5. CONCLUSION

We presented different traditional stone processing techniques. We build a preliminary testbed to
apply repeatable energy levels to a chisel and analysed the material removal for a selected
technique with a highspeed camera. Furthermore, the correlation of applied kinetic energy and the
Volume of the removed material was analysed and a material parameter for the different kind of
stones and chisels estimated. However, it differs for the different chisel sizes and the values are
not directly comparable to the compressive strength.

There is yet no analysis of energy dissipation during the hit and friction of the chisel in the material.
All these parameters are still part in the material value. Therefore, the transferability of the results
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to other mechanisms has to be analysed. Also the material properties besides the compressive
strength like the ductility of stones can be further investigated. Furthermore, the influence of the
angle B should be analysed. The angle 8 can also be further detailed but is at the moment not
considered relevant to the process.

The next step will be the analysis of a mechanism which allows the imitation or the regular tooling.
The implementation of an automated tool will furthermore allow performing more experiments in a
shorter time.
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ABSTRACT

Monowire block cutting machines can be used for natural stone block squaring operations and slab
cutting operations from natural stone blocks. The efficient use of these machines reduces
operating costs by ensuring less diamond wire wear and longer wire life at high speeds. The
purpose of this study is to develop cuttability chart for real marble sample based on unit wear and
unit energy in monowire cutting system and also perform cutting optimization. For this purpose, the
full automatically servo controlled monowire cutting system which can cut blocks in three
dimensions were developed in Hacettepe University Mining Engineering Department. Cutting
experiments were performed at different wire rotation speed (peripheral speed) and wire downward
movement speed (cutting speed) on the real marble block which was transported to the laboratory.
A cuttability abacus in monowire cutting system taking into consideration the unit energy
consumption during cutting operation and unit wear on diamond beads was developed with Design
Expert 7.1 software for real marble sample by using the results obtained.

KEYWORDS

Monowire cutting; diamond wire; marble; wear; energy; optimization.

INTRODUCTION

Diamond wire cutting machines are indispensible machines used in several stages ranging from
marble block production in natural stone quarries to the final product in processing plants. Today
these machines are widely used in natural stone quarries and have evolved continuously in line
with the consumers’ demands so far and have opened a new era in natural stone mining [1, 2].
Generally, the diamond wire cutting method is used in natural stone quarries and decorative
cutting tests, cutting and lifting basic construction structures, railway bridges, old concrete
chimneys and dams [3].

The process of reducing large or irregularly shaped blocks produced in natural stone quarries to
commercial size or arranging randomly sized blocks into cube or rectangular parallelepiped shapes
is called ‘block sizing’ or ‘squaring’. Various machines are used in the squaring process on blocks
taken from quarries where marble and limestone production is performed [4]. One such machine is
the mono-wire block cutting machine, which is important for sizing natural stone blocks and of slab-
sawing from the blocks.

In plants where cutting processes are performed, the aim is to manufacture products of the desired
guality at the lowest possible cost. The most important performance parameters affecting the
economy of mono-wire block cutting are the energy consumed and the wear of diamond beads
during cutting. Wear is important as it decreases cutting efficiency and reduces wire life [3].
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Until today, many researchers have studied the machine parameters used in cutting and the
properties of the material to be cut. Some researchers investigated wire structure and the number
of beads on the wire [2-3], the dimensions of the marble block to be cut [5-6], cutting geometry [2,
7], bead structure [2, 6-10] and diamond wire cutting [11-13].

Although there are several studies about diamond wires in the literature, the number of studies
about mono-wire cutting machines is limited. Researchers investigated effective parameters on
cutting; [4, 14-16]; cutting hard materials [14, 17-18]; bead shape, structure and type [15-16, 19-20]
and bead wear [4, 19, 21].

When the studies on mono-wire cutting systems are assessed, it is understood that there are no
computer-controlled precision machines and that no cutting optimization has been performed on
the basis of unit wear and unit energy values. Therefore, the cutting performance in mono-wire
cutting machines should be analyzed in detail depending on operating parameters. This type of
work is only possible with a computer-controlled precision machine. This study aims to investigate
the effect of wire rotational speed (peripheral speed) and wire descending speed (cutting speed)
on cutting performance parameters (i.e. unit wear and unit energy) in real marble cutting.
Furthermore, using the obtained results, it is also intended to create cuttability charts and perform
cutting optimizations for real marble sample on the basis of unit energy and unit wear values.

To achieve these goals, a computer-controlled, fully automatic cutting machine was initially
developed in the Mining Engineering Department of Hacettepe University. Some experiments were
then performed with a fully automatic, computer-controlled mono-wire block cutting machine on
real marble sample selected from natural stone quarry located in Turkey. Subsequently, the effects
of wire peripheral speed (PS) and cutting speed (CS) variations on cutting performance
parameters were investigated. On the basis of a statistical analysis of the obtained data, cutting
charts were created and optimum cutting points were determined by considering the unit wear and
unit energy for real marble sample. A lack of this type of optimization work in the natural stone
industry means that rocks in these facilities are not cut using the proper parameters. With this
study, it was intended that the appropriate cutting parameters would be determined for the rock to
be cut.

1. EXPERIMENTAL STUDY

1.1. Mono-wire Block Cutting Machine

Mono-wire block cutting machines can be used for squaring natural stone blocks and slab-cutting
processes on the blocks. In facilities where these cutting processes are performed, the aim is to
manufacture products of the desired quality for the lowest possible cost. With these machines,
cutting is performed using diamond wire. The use of diamond wire in the mono-wire cutting
process ensures a low degree of diamond wire wear and a longer wire life while helping to perform
cuts at high cutting speeds, thus reducing the cutting costs. Therefore, when this machine was
designed, it was equipped with various sensors and measuring devices.

The designed and manufactured mono-wire block cutting machine (Figure 1) was composed of
four main units:

e Mechanical unit
e Hydraulic unit
e Electrical and electronic unit

e Automation unit
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The mechanical unit comprised eight motors and a gearbox that provided movement to the wire. A
wagon and bridge system and screw shafts provided the up-down motion system for the pulleys.
The hydraulic unit consisted of a hydraulic motor providing power and a cutting deck to move
around the wire axis. A tensioning system applied tension on the wire. The electrical and electronic
units included load cells, vibration gauges, a flow metre, bridge termination switches (to terminate
the movements of the wagon and bridge) and a control panel. The automation unit comprised a
computer that provided automatic control of the mono-wire cutting machine [4].

Fig. 1 General view of the mono-wire block cutting machine.

1.2. Methodology

The purpose of this study was to develop cuttability charts on the basis of unit wear and unit
energy observed during the cutting of Mugla Lilac real marble block with a computer-controlled
mono-wire cutting system and optimize the cutting process. Therefore, the cutting of real marble
sample brought from Mugla was performed with the mono-wire cutting machine operated at
different peripheral speed (PS) and cutting speeds (CS). Cutting angle values of the wire-driving
pulleys were constant. Cutting charts were formed on the basis of the energy consumed during
cutting and the wear that occurred on the diamond beads in the cut and at optimum cut points that
were determined according to unit wear and unit energy. Some physical and mechanical properties
of the sample used in the study determined according to ISRM [22] are given in Table 1.

Table 1. Physical and mechanical properties of Mugla Lilac

uwv AP UCs TS IS BAR
(g/cm® | (%) | (MPa) | (MPa) | (MPa) | (cm*/50cm?)
2.73 0.23 | 89.1 8.5 3.0 13.26

UWV: Unit Volume Weight; AP: Apparent Porosity; UCS: Uniaxial Compressive Strength; TS:
Tensile Strength; I1S: Impact Strength; BAR: Bohme Abrasion Resistance

At the beginning of the study, the parameters to be set during the cutting operations were
determined. In this context, the peripheral speed and cutting speed values used in previous studies
(from the literature), the speed values of machines used in industry and the limits of the machine
developed for this study were considered. As a result of these investigations, a 25-35 m/s interval
was chosen as the wire rotation speed and a 10—-20 mm/min interval was chosen as the cutting
speed. In the tests performed in this study, the operating parameters used were applied according
to the layout shown in Figure 2.
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Peripheral Speed (m / s)

Cutting Speed (mm/min)

Fig. 2 Peripheral and cutting speed values at which the cuts were performed.

The cutting parameters given in Fig. 2 were used in mono-wire cutting experiments. In the cuts, a
CC250/4 coded spring manufactured by the HRK firm and a 12 m long, plastic-coated diamond
wire were used (Figure 3).

Lo

5.
.

Fig. 3 Image of the diamond wire used in the experiments. ]

Machine parameters measured during all cutting processes:
¢ Reaction cutting force in the x-direction in both pulley guides (N)
e Reaction cutting force in the y-direction in both pulley guides (N)
e Tension in wire (MPa)
e Electrical Power (W)
e Vibration of wire (Hz) (in x- and y-directions)

e Water consumption (I/min)

Reactional cutting forces during cutting were measured using load cells. An energy analyser was
used for instantaneous energy measurement during cutting, vibration metres were used to
measure vibrations on the diamond wire and a flow metre was used to measure the amount of
water used. The average amount of water used in cuttings was kept constant between 6 and 8
I/min during the cutting tests. The tensioning piston of the tensioning pulley was stressed up to 1
MPa, and this value was kept constant for all cuts. The width of the rocks cut was 1 metre. Cuts
were made for 45 min.
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2. STATISTICAL ANALYSIS

Within the scope of this study, Design Expert 7.1 was used for data analysis and for determining
the optimum points of peripheral and cutting speed values for Mugla Lilac real marble sample.
Design Expert 7.1 [23] is a widely used program which was developed for the experimental
optimization process and which can effectively design the experiments in the most suitable way
according to different methods. After making the experiments based on the design selected and
entering the results obtained in the program, it derives the most suitable equations for dependent
variables (response) and can realize the determination process of the optimum points by means of
the derived equations. Identifying the optimum working points and the estimated results obtained
as a result of the experiments made on these points is possible with this program. For building the
models, interpolation method was used [24].

2.1 Design Summary

Before initializing the statistical analysis, information that reflects the properties of each variable
regarding the factors and response was analyzed. This information is composed of the data such
as mean and standard deviation for describing the frequencies about the variables and also
definitions of the methods and models to be used in modeling studies. The design properties used
in this study are demonstrated in Table 2 and the descriptive statistical data regarding factors and
response are shown in Table 3 and 4, respectively.

Table 2. Statistical design properties of study.

Study Type Initial Design Design Model Runs
Factorial D-optimal, Point 2FI (two-factor 30
Exchange interactions)

Table 3. Descriptive statistical analysis of the factors.

Low High Mean Std.
Actual Actual Dev.

Peripheral Speed (PS) m/s Numeric  25.00 35.00 30.13 3.57
Cutting Speed (CS) mm/min  Numeric  10.00 20.00 15.00 3.42

Factor Name Unit Type

Table 4. Descriptive statistical analysis of the responses.

Response Name  Units Obs Analysis Min. Max. Mean Std. Model
Dev.
Unit Energy (UE) kWh/m* 30 Polynomial 1.14 224 1.70 0.32 Cubic
Unit Wear (UW) um/m® 30 Polynomial 14.00 29.7 20.69 3.88 Quadratic

A micrometer instrument was used to perform wear measurements. Before the cuts, 20 beads
were selected on the diamond wire and these beads were painted with a spray paint. At the end of
the cut, the paint on the beads was erased but the paint on the plastic was not. Marked beads
could be easily identified by the paint marks on the plastic. The diameters of 20 selected beads
were measured two times. Measurements were made using the micrometre device in five different
directions before starting the cuts, and the average of two measurements was used. Thus, the
measured diameter was constant along the bead axis. At the end of each cut, the diameters of the
marked beads were measured two times. The average of the differences between the diameter
values before and after the cutting process gave the average wear amount on the diamond beads.
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Depending on the area being cut and the cutting time, wear amounts could be found to be either
very high or very low using different cutting parameters. To compare the wear values observed in
different cuts, they were divided into area values for each cut and the wear occurring on the beads
while cutting the unit area (i.e. unit wear values).

The unit energy term used in the study represents the amount of energy per unit area (kWh/m?)
required to cut the stone. It is calculated by multiplying the test time by the average of net power
values and dividing by the surface area of the cut. Power values used in the calculations were
recorded during cutting with the aid of a power analyser located on the machine. In the unit energy
calculations, the average power values before the diamond wire entered the cut were determined
and subtracted from the average power values during the cut. Thus, unit energy changes were
determined through net energy values.

2.2 Statistical assessment related to unit wear

Statistical analysis were made for the purpose of estimating unit wear by using peripheral speed
and cutting speed and the unit wear model equation was obtained. The quadratic model for Mugla
Lilac, which was found to be statistically the most significant in the analysis, was chosen as the
most suitable model for estimating the unit wear (Table 5). The validity of the models (quadratic)
was tested with variance analysis. The results were presented in Table 6 and 7, respectively. The
model based on the regression coefficients given in Table 6 is statistically significant at 99%
(a=0.01) confidence level. The estimation graph of the developed model is given in Figure 4. The
relationship between the observed values of the unit wear from experimental studies and the
predicted values from the unit wear model was also investigated and the result is given in Figure 5.

B
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Cutting Speed (mm/min)
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25.00 27.%0 30.00 32.50

Peripheral Speed (m/s)

Fig. 4. The estimation graph of the unit wear model for Mugla Lilac

The equation of the quadratic model for Mugla Lilac was obtained according to Table 8 is as
follows.

Unit Wear = 16.15 — 3.24 * (PS) — 0.53 * (CS) — 1.53 *(PS) * (CS) + 3.39 * (PS)? + 6.19 * (CS)> (1)
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Table 5. Results of the statistical analysis for selecting of suitable model for unit wear

Std. R- Adjusted Predicted
Source Dev. | Squared | R-Squared | R-Squared
Linear 3.32 0.34 0.29 0.14
2FI 3.29 0.37 0.30 -0.01
Quad. | 130 | 0091 0.89 0.84 | Suggested
Cubic 1.20 0.94 0.91 0.82
Table 6. The results of the multiple regression analysis for unit wear
Coefficient Standard
Factor Estimate | df Error
Intercept 16.15 1 0.47
(PS) -3.24 1 0.33
(CS) -0.53 1 0.35
(PS) (CS) -1.53 1 0.49
(PS)* 3.39 1 0.57
(CS)* 6.19 1 0.59
Table 7. The ANOVA of the regression model for unit wear
Sum of Mean F p-value
Source Squares | df | Square | Value | Prob > F
Model 410.27 |5 | 82.05 | 48.78 | <0.0001 |sig.
(PS) 159.51 |1 |159.51| 94.83 | <0.0001
(CS) 3.97 1| 397 | 2.36 0.1374
(PS)(CS) 16.65 |1 | 16.65 | 9.90 0.0044
(PS)2 59.47 |1 | 59.47 | 35.35 | <0.0001
(CS)2 182.95 |1 [182.95|108.77| <0.0001
Residual 40.37 |24 1.68
Lack of Fit 39.76 [23]| 1.73 | 2.86 0.4401 [not sig.
Pure Error 0.61 1 0.61
Cor Total 450.64 |29
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Predicted vs. Actual
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Fig. 5. The relationships between observed values from experimental studies and predicted values
obtained from the unit wear model for Mugla Lilac

2.3 Statistical assessment related to unit energy

Statistical analysis were performed with different kind of models given in Table 8 for estimating the
unit energy by using peripheral speed and cutting speed. The cubic model for Mugla Lilac was
found to be the best models for estimating the cutting rate (Table 8). The validity of the model
(cubic) was tested with variance analysis. Results of the multiple regression analysis are given in
Table 9 and the results of the variance analysis are given in Table 10. The model based on the
regression coefficients given in Table 9 is statistically significant at 99% (0=0,01) confidence level.
The estimation graph of the developed model is given in Figure 6.
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Fig. 6. The estimation graph of the unit energy model for Mugla Lilac
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The equation of the cubic model for Mugla Lilac was obtained according to Table 9 is as follows.
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Unit Energy = 1.65 — 0.55 * (PS) - 0.28 * (CS) - 0.10 * (PS) * (CS) + 0.01 * (PS)? + 0.12 * (CS)? +
0.28 * (PS)? * (CS) + 0.04 * (PS) * (CS)? + 0.18 * (PS)*® + 0.09 *(CS)? (2)

Table 8. Results of the statistical for selecting of suitable model for unit energy

Std. R- Adjusted Predicted
Source | Dev. | Squared | R-Squared | R-Squared
Linear | 0,17 0,73 0,71 0,67
2FI 0,17 0,76 0,73 0,68
Quad. | 0,16 0,78 0,74 0,65
Cubic | 0,14 | 0,86 0,80 071 | Suggested
Table 9. The results of multiple regression analysis for unit energy
Coefficient Standard
Factor Estimate | df Error
Intercept 1.65 1 0.05
(PS) -0.55 1 0.12
(CS) -0.28 1 0.12
(PS) (CS) -0.10 1 0.05
(PS)* 0.01 1 0.06
(CS)* 0.12 1 0.07
(PS)? (CS) 0.28 1 0.09
(PS) (CS)? 0.04 1 0.09
(PS)*® 0.18 1 0.13
(CS)* 0.09 1 0.13
Table 10. The ANOVA of the regression model for unit energy
Sum of Mean p-value
Source Squares | df | Square | F Value | Prob>F
Model 2.56 9 0.28 13.65 | <0.0001 | Sig.
(PS) 0.43 1 0.43 20.42 0.0002
(CS) 0.11 1 0.11 5.35 0.0315
(PS)(CS) 0.08 1 0.08 3.65 0.0704
(PS)* 0.00 1 0.00 0.00 0.9735
(CS)? 0.07 1 0.07 3.50 0.0761
(PS)(CS) 0.18 1| 0.18 8.87 0.0074
(PS)(CS)? 0.00 1 0.00 0.22 0.6427
(PS)? 0.04 1| 0.04 2.09 0.1637
(CS)® 0.01 1 0.01 0.52 0.4797
Residual 0.42 20 | 0.02
Lack of Fit 0.39 19| 0.02 0.85 0.7075
Pure Error 0.02 1 0.02
Cor Total 2.97 29

The relationship between the observed values of the unit energy from experimental studies and the
predicted values from the unit energy model was also investigated and the result is given in Figure
7. Figure 7 indicates that the results obtained from the model well reflect the real condition.
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Predicted vs. Actual
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Fig. 7. Relationships between observed values from experimental studies and predicted values
obtained from the unit energy model for Mugla Lilac

The results obtained from the statistical analysis show that developed unit wear and unit energy
models are statistically significant and unit wear and unit energy can be modeled by these ways.
By using the model equations and also estimation graphs, it is possible to estimate the unit wear
and unit energy before starting the cutting with diamond wire.

2.4 Optimization

The main purpose of this study is to determine the optimum peripheral speed and cutting speed
values that would minimize the unit wear and unit energy values in cutting Mugla Lilac real marble
sample with monowire cutting system and also to develop cuttability charts for monowire cutting.
For this purpose, the aforesaid Design Expert 7.1 program was used, and firstly the constraints
were defined (Table 11). Later, the constraints were used to determine the optimum points for
Mugla Lilac real marble sample.

Table 11. Design constraints for optimization

Name Goal LowerLimit UpperLimit Importance
PS (m/s) Min. 25 35 3
CS (mm/min)  Max. 10 20 5
UW (um/m?) Min. 14 29.7 5
UE (kWh/m?)  Min. 1.14 2.24 5

The optimum point was determined by using Design Expert 7.1 program for Mugla Lilac real
marble sample considering the design constraints. Numerical optimization was done by setting
goals for each response to generate optimal conditions. The optimization module in Design-Expert
searches for a combination of factor levels that simultaneously satisfy the requirements placed on
each of the responses and factors. The results are given in Table 12.
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Table 12. The optimum working conditions for sample

PS (m/s) CS(mm/min) UE (kWh/m% UW (um/m?
31.22 18.27 141 17.62

By using the model equations obtained from the statistical analyses, cuttability charts for Mugla
Lilac real marble sample was developed with respect to unit wear and unit energy separately. The
results are given in Figure 8 and 9 for unit wear and unit energy, respectively. The cuttability charts
show the optimum working conditions and estimated unit wear and unit energy values that will be
occurred under these conditions.
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Fig. 8. The cuttability chart including the optimum conditions with respect to unit wear
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Fig. 9. The cuttability chart including the optimum conditions with respect to unit energy

27.

By using these charts, it is easy to determine the values of the unit wear and the unit energy in
different working condition before starting the cutting operation with monowire cutting machine for
Mugla Lilac real marble sample.
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3. CONCLUSION

In this study, determination of the optimum working conditions for Mugla Lilac real marble sample
in terms of cutting performance parameters including unit wear and cutting rate and the
development of cuttability charts with respect to cutting performance parameters were aimed. As a
result of this study, the optimum working parameters for Mugla Lilac real marble of 31.22 m/s
peripheral speed and 18.27 mm/min cutting speed were found in mono-wire cutting machine.
Cuttability charts for Mugla Lilac was developed depending on the performance parameters
namely unit wear and unit energy. These charts would contribute to natural stone industry for more
efficient usage of mono-wire cutting machine. By using these charts, it is easy to determine the
values of the unit wear and the unit energy in different working condition before starting the cutting
operation with diamond wire for Mugla Lilac real marble.
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ABSTRACT

Wire sawing with diamond tools is a highly flexible cut-off grinding process with regard to machinable
component structure and composition. Therefore, it is nowadays not only used in the processing of
natural stone, but also increasingly deployed on dismantling of nuclear or industrial plants. In this
field of application, concrete, reinforced concrete and steel have to be cut. In particular, the
processing of reinforcements and steel structures results in higher process forces compared to the
machining of natural stone or concrete. Consequently, the diamond wire is deflected leading to
decreased cutting performance in terms of the material removal rate. To overcome these challenges,
the diamond wire can be pretensioned which directly affects the stiffness of the tool. Thereby, the
deflection of the diamond wire can be reduced and the material removal rate can be increased.

This paper presents initial results concerning the influence of the wire pretension on the process
behaviour of a diamond wire when cutting steel S355JR. For these investigations, the wire
pretension was varied in a range of 300 N up to 2000 N. For the evaluation of the process behaviour,
resulting process forces, cutting power, wire deflection and surface removal rate were analysed.

KEYWORDS

cut-off grinding, wire sawing, wire pretension, diamond tools, dismantling

INTRODUCTION

Initially, wire sawing was introduced in the processing of natural stone [1]. Due to its unlimited cutting
depth, wire sawing allows the exploitation of blocks of huge dimensions. Based on the high flexibility
concerning the machinable component structure and composition, wire sawing is frequently used in
the construction industry to cut-off concrete, reinforced concrete or steel [2,3,4]. Compared to
competitive cut-off processes, the machines used for wire sawing are small, easy to set up and
inexpensive (Fig. 1).

Because of the mentioned advantages, wire sawing is nowadays used in the dismantling of nuclear
or industrial plants [5,6]. The number of dismantling activities for nuclear power plants is going to
grow significantly in the future. Many plants have reached their designated operating time or are
going to be decommissioned due to political decisions. In Germany alone, 9 nuclear facilities for
commercial power generation have to be decommissioned until 2022. Together with 23 already
decommissioned plants they have to be dismantled afterwards [7]. In the dismantling of nuclear
power plants, specific challenges have to be taken into account. Large components consisting of
different materials have to be cut-off. Depending on the size of the reactor, 200,000 to 400,000 t of
concrete have to be removed. In addition, several 10,000 t of reinforcement steel and steel structures
have to be disassembled [6,8].

The cutting of steel results in higher process forces that lead to a deflection of the diamond wire. As
a consequence, the material removal rate is reduced. In this paper the influence of the wire
pretension on the process behaviour is investigated. Therefore, steel S355JR was cut and the
process forces, power consumptions, wire deflections and surface removal rates were measured.
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Fig. 1: Fields of application and advantages of wire sawing

1. WIRE SAWING OF STEEL

Wire sawing of steel is generally applicable [2,4,9]. Nevertheless, the achievable surface removal
rate is significantly lower compared to the processing of natural stone or concrete (Fig. 2).
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Fig. 2: Surface removal rates for natural stone, reinforced concrete with % reinforcement and steel

The reason for the lower surface removal rates is seen in the ductile cutting mechanism of steel.
Furthermore, this leads to higher resulting process forces. In addition, the tool life in terms of the cut
surface per metre tool is significantly lower when cutting-off metal [2]. Cut-off experiments showed
that the surface removal rate can be increased by higher infeeds while the cutting speed has no
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significant effect on the surface removal rate [2,11]. The influence of the diamond wire pretension
pressure on the material removal rate of steel with path-driven infeed has not been investigated thus
far.

2. EXPERIMENTAL SETUP

In order to investigate the influence of the wire pretension on the process behaviour, cutting
experiments were conducted. The experiments were performed on a wire saw with high stiffness
and a high-performance electrical drive (Pn = 30 kW) (Fig. 3).
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drive torque

source: Kistler - 7 i
_______________________________ /workplece/ py wire pretension pressure
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Ve cutting speed
vi feedrate
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Fig. 3: Experimental setup

When dismantling a nuclear power plant cross-contamination by secondary cutting products has to
be avoided. As a result, a wire sawing process without cooling lubricant is required. Therefore, during
these experiments a non-liquid compressed air cooling with vortex tubes by Husgvarna was
deployed matching this requirement. Four vortex tubes are positioned equidistantly on a cooling
channel and generate a temperature of -14 °C inside the cooling channel. The wire saw operates in
a plunging mode. The infeed is realized path-driven. A pneumatic cylinder generates the wire
pretension resulting in pretension forces Fy and wire pretensions oy. The pretension forces were
measured as a function of the wire pretension pressure with hanging scale Kern HCB 200K500. The
results are depicted in Fig. 4. Process forces were measured beneath the workpiece with a 3-
component dynamometer of type 9366CC by Kistler. The resulting effective power was tapped at
the inverter of the drive engine. After the experiments, the height of the machined surface was
measured with a digital calliper at three characteristic positions. Based on these measurements, the
machined surface Aw was approximated by means of a circular segment. The surface removal rate
was calculated as quotient of the machined surface Aw and the cutting time t..
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Fig. 4: Resulting pretension force and wire pretension

A solid workpiece with a cutting length of lw = 250 mm of construction steel S355JR was cut with a
diamond wire of type C1000 by Husqgvarna (Fig. 5). As stated by the manufacturer, this tool is
qualified for cutting steel. Diamonds are brazed in a single layer on grinding segments that are
mounted on a steel rope of type 7 x 19. The diameter of the grinding segments is 10.3 mm. The
spaces between the 44 grinding segments per metre are reinforced with springs and injected with
synthetic rubber. The ends of the wire are linked by a connector.

wire sawing tool

souros: Husqueme g9 steel rope diamond grinding bead steel spring synthetic rubber

wire profile grinding segment

steel rope synthetic rubber
7x19

diamond"-

steel spring 9 active braze
Asteel rope = 9,4 mm (CuSnTi)

Fig. 5: Tool specifications

3. Process behaviour as a function of wire pretension

In order to evaluate the process behaviour of wire sawing tools as a function of the wire pretension
pressure when cutting steel, grinding experiments were conducted. During experiments, the cutting
speed vc = 23.7 m/s, the feedrate of the guide pulleys vi = 10 mm/min, the tool and the workpiece
were kept constant. The wire pretension pressure py was varied in a range of 1 to 4 bar. A lower
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pretension pressure results in an insufficient grinding process because the idling power used to
generate the cutting speed exceeds the cutting power. In preliminary tests, the connector was torn
out repeatedly at pretension pressures higher than 4 bar. Therefore, this value marks the upper limit
of the wire pretension pressure range. In order to reduce the influence of external variables the
experiments were performed in random order.

The influence of the wire pretension pressure py on the surface removal rate Ay is illustrated in Fig.
6. The surface removal rate increases degressively with higher wire pretension pressures py. This
relation can be approximated by a quadratic polynomial in a sufficient way (coefficient of
determination R? = 95.43 %). Compared to a wire pretension pressure of pyv = 1 bar the surface
removal rate Aw is increased by 120 % at pv = 4 bar. When the applied wire pretension pressure is
higher, the bending stiffness of the wire is increased. Ceteris paribus, this effect leads to a reduction
of the wire deflection height hw as seen in Fig. 6 in the right diagram. Alternatively, the deflection can
be expressed in terms of the deflection radius nw (Fig. 6). A higher deflection radius rw is equivalent
to a lower deflection hy. Both values depend on the wire pretension pressure in a linear manner
(both R? = 94 %).
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Fig. 6: Surface removal rate, wire deflection and deflection radius as a function of the wire pretension
pressure

The higher bending stiffness due to the increased wire pretension pressures should result in a higher
contact pressure on the workpiece as well. This assumption can be approved considering the
resulting normal forces F,. In addition, process forces are used to determine the in-process
mechanical load during grinding. In Fig. 7, normal forces F, and tangential forces F; are depicted
versus the wire pretension pressure py. In cutting times t. between 800 s and 1000 s the average
process forces were evaluated. Like the surface removal rate, the normal as well as the tangential
forces increase with the wire pretension pressure degressively. The grinding force ratio g = F/F, is
independent of the wire pretension pressure. Values of 4 = 0.6 generated in these experiments
represent an effective cutting process [12].

The effective power consumption P required for a specific cutting operation is important for the
machine design and the effectiveness of the process. Particularly in the context of mobile machines,
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this factor cannot be ignored. The effective power is the sum of the cutting power P, the infeed
power Ps and the idling Power P, [12]:

P=P.+P +P (1)

In comparison to the cutting speed v. the feedrate v is negligibly small (here: vi/vc = 7 - 10°6) permitting
the following simplification for the cutting power Pc:

vy LKv.> P ~P—P 2)

During grinding experiments, the effective power P and the idling power P, were measured. In Fig. 7,
both values are depicted in combination with the calculated cutting power P. according to Equation
(2). The idling power P slightly increases with higher wire pretension pressures due to increased
friction at the pulleys. The progression of the effective power P and cutting power P. equal the
dependency of normal and tangential forces qualitatively. Furthermore, the cutting power can be
calculated as product of cutting speed and the force component in the same direction [12]:

F=F v 3
The values calculated as difference between effective power and idling power (Eq. (2)) correlate with

the cutting power calculated according to Eq. (3) in a nearly perfect positive way (Pearson product-
moment correlation coefficient of r = 99,96 %).
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Fig. 7: Process forces and power consumptions as a function of the wire pretension pressure

The degressive behaviour of the surface removal rate Aw and the process forces F, and F; as a
function of the wire pretension pressure py suggests that some kind of saturation occurs retaining all
other parameters constant. The explanation is assumed as follows: At higher pretension pressures,
the contact pressure is increased as well due to the higher bending stiffness. As a result, the plunge
of the single grains is enhanced. By this, every grain cuts-off more workpiece material. Therefore,
the surface removal rate Aw is increased. This inclination should have a theoretical maximum. After
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the contact pressure exceeds a specific value, the flexible wire is forced back and the surface
removal cannot be increased any further.

CONCLUSION AND OUTLOOK

In this paper, the influence of the wire pretension pressure on the surface removal rate, the process
forces and power was presented. Grinding experiments show that the variation of the wire pretension
pressure has the potential to increase the cut-off performance of steel significantly. With a higher
pretension pressure, the bending stiffness of the flexible wire is increased. As a result, a deeper
penetration of the grains is achieved leading to higher single grain chip thicknesses. An increase of
up to 120 % of the surface removal is measured. Nevertheless, the mechanical load on the tool and
the required power are increased as well in the range of 135 % and 90 %, respectively. The relation
between the wire pretension pressure and the surface removal rate, process forces as well as cutting
power can be described by a degressive polynomial function in each case.

In further experiments, the tool wear will be investigated as a function of the wire pretension pressure.
Furthermore, the interactions between the wire pretension pressure, cutting velocity and feed rate
will be analysed. In addition, the process behaviour of wire sawing tools when cutting non-solid steel
structures will be evaluated.
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ABSTRACT

Compared with circular and gang sawing, diamond wire sawing is a flexible machining
mode due to its special structure characteristic. The diamond wire with the elastic steel
core bends and vibrates in sawing process. In this paper, the vibration characteristics
are analyzed in the granite sawing with the diamond wire. The vibration signals in the
sawing process are simultaneously measured at six different measurement points
along the cutting zone. The influences of sawing parameters on the vibration
characteristics are explored. The results show that the vibration amplitude is a
U-shaped distribution in the sawing arc. The vibration amplitude decreases with the
increase of wire speeds, feed rates and the tension forces. The vibration fundamental
frequency is certainly proportional to the number of wheel speed times the number of
beads per meter, which has no related to the feed rates and tension forces in the saw
process. The wire vibration indicates the impact of bead acted on the workpiece.

KEYWORDS
Diamond wire; Granite; Sawing; Vibration amplitude; Vibration frequency

INTRODUCTION

Diamond wire sawing technology has been introduced to the stone processing industry since
1970s. It has been regarded as one key technology lighting up the future of diamond tools in the
stone processing due to their environmental benefits, higher extraction rates, greater yield and
ultimately cost competitiveness [1]. Nowadays, diamond wire sawing has been developed for
many applications in the field of natural stone [2], construction materials [3] and metal materials
[4], especially for very thick materials or components that are difficult to access.

The diamond wire is made up of a steel wire where small beads bonded with diamond grits are
mounted at a regular distance with spacing material placed between the beads, as shown in Fig.
1. The steel wire acts as a spine to join all the beads. The beads provide the actual cutting action
in machining process. The spacing materials acted to fix and insulate the beads are steel spring,
molded plastic, rubber or the combination of the mentioned spacing materials, e.g. springs and
rubber. The diamond wire bends and vibrates in cutting process due to the elasticity of twist steel,
as shown in Fig. 1. The vibration of wire sawing is more obviously than in the case of the circular
and gang sawing. Understanding the vibration behavior of the system is very pivotal in the
prediction of dynamic behaviors and machining mechanism of the wire cutting process.

Linear and nonlinear vibration behaviors of a translating media, such as string, sheet, beam,
have been studied. The vibration of moving media which is directly related to the wire saw
process is shown in the references, especially in the wafer slicing with thin wire [5-7]. The
vibration of wire is modeled as the transverse vibration of an axially moving string under tension.
Some papers are presented the eigenfunctions and natural modes of transverse vibration.
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Fig. 1: lllustration of the diamond wire sawing

The structure of the wire used in the wafer slicing and the stone sawing is very different, as
shown in Fig. 2. The wire used in the wafer slicing is homogeneous structure. However, the wire
in the stone sawing is heterogeneous structure, as shown in Fig. 2(a). In this paper, the vibration
characteristics of granite sawing with diamond wire were experimentally studied with a special
device. The effect of machining parameter on the wire vibration was discussed.

[

(a) Wire for the stone sawing (b) Wire for the wafer slicing (c) Enlarged photo of (b)
Fig. 2: Wire used in the stone sawing and the wafer slicing

1 EXPERIMENTAL DETAIL

1.1 Sawing procedure

Wire sawing experiments were carried out on a developed CNC diamond wire machine which
was smaller than commercial machines as illustrated in Fig. 3. The power of the spindle drive
motor was 5.5 kW. The diamond wire was 5.5 m long, with a maximum wire speed of 45 m/s. The
wire had 38 abrasive beads per meter length. The cylindrical sintered diamond beads were 7 mm
in diameter and 6.5 mm in length, which contained diamond abrasives of mesh size of 40/50 (in
US standard) and had a diamond concentration of 10 volume percentage. The gap between two
adjacent beads was approximately 20 mm, giving a diamond bead ratio (A, is the bead length
over one meter of wire length) of 0.247. Prior to sawing, diamond beads were dressed by gently
rubbing a refractory brick installed on the machine for 20 minutes until the diamond grits were
fully exposed. The infeed of the diamond wire were carried out through two bevels gears driven
by an electrical feed drive.

The workpiece material is typical natural granite (G603) which is the medium hard granite. The
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composition and mechanical properties of the workpiece are listed in Table 1. The rectangular
specimens for testing were 600 mm long, 300 mm wide and 300 mm thick. A traditional grinding
coolant nozzle was used to provide coolant and city water was used as the cutting fluids with the
flow rate 0.25 I/s. The flow rate and the position of nozzle were kept constant.

Table 1: Compositions and mechanical properties of the workpiece

Workpiece | Shore’s Compression | Percentage of main minerals [%] Texture
name hardness | strength [MPa] | Quartz | Feldspar Others
G603 106 104.4 69.66 19.29 11.01 Fine and Compact

1.2 Sawing vibration measurement

The vibration of wire was measured with a high-precision laser displacement sensor (LK-G150),
as shown in Fig. 3. Six different measurement points along the cutting zone were simultaneously
measured to obtain the vibration signals in the cutting process due to the long cutting arc of wire
sawing. The distances for the six measurement points were 50mm, 150mm, 250mm, 350mm,
450mm, 550mm, from the wire entrance into workpiece (as shown in Fig. 3). In order to avoid the
effect of the vibration of sawing machine, the sensors were locked in special fixtures which are
fixed in a bracket. The bracket was mounted on the ground and insulated from sawing machine.
The vibration signals from sensors were fed to a Model View signal acquisition system at a
sampling frequency of 10 kHz and recorded by a PC. The machining parameters used in the
vibration test are listed in Table 2.

s Diamond wire

Laser displacement sensor

Driven wheel
|

il
|p|‘|""“HVI\NII‘\"

Workpiece

Platform

Fig. 3 lllustration of the wire vibration measurement

Table 2: The machining parameter used in vibration test

Wheel speed vs [m/s] 18.32, 21.85, 25.38
Feed rate v¢ [mm/min] 5,8,12
Tensile force T [N] 1380, 1500, 1650
Distance of the guide wheels L [mm] 650, 700, 750

2. RESULTS AND DISCUSSION
2.1 General aspects
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Typical curves of sawing vibration obtained at different measurement displacements are shown
in Fig. 4a. In general, the vibration signal is characterized by the vibration frequency and
vibration amplitude. Fast Fourier Transform (FFT) is widely used in the frequency analysis of the
vibration signal. The FFT curves of the vibration at different measurement displacements are
shown in Fig. 4b. Although there are some differences in the vibration signal at each
measurement displacement, the FFT curves are more similar. It is shown that the vibration
fundamental frequency in this machining parameter is about 972 Hz. The values of the other
dominant frequencies are similar equal to the multiplication of the fundamental frequency. Only
fundamental frequency is recorded in the subsequent analysis. RMS (root mean square) is a
statistical measure of the magnitude of a varying quantity. The vibration amplitude of wire sawing
is described with RMS value defined as the square root of the arithmetic mean of the squares of
the original amplitude values.
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Fig.4 Typical vibration signals and FFT curves obtained at different measurement points, where a
wire speed of 25 m/s, a feed rate of 12 mm/min, a tension force of 1500N and a distance of 700
mm were used.

2.2 Effect of the parameters on the vibration amplitude

Figure 5-8 show plots of vibration amplitude versus machining parameters. It is found that the
RMS values of the wire vibration amplitudes are about 0.4-1.6 mm. The vibration amplitudes on
the different measurement displacements are obviously different. The vibration amplitude values
at both ends of cutting region are bigger than that in the middle. There is U-shaped distribution of
the vibration amplitude in the sawing arc. It is interesting that the RMS values are not
symmetrical in the sawing arc. The position of the lowest RMS values is about 350 mm. This
case may due to the cutting force distribution in the sawing region, which will be investigated in
the future. The amplitude values are decreasing with the increasing wire speed, feed rate and
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tension force. The decreasing distance of the guide wheels could effectively decrease the
vibration amplitude.

The vibration amplitude describes the impact degree of bead acted on the workpiece, which is
relate to the contact condition of bead and workpiece. With the increasing feed rate and the
tension force, the wire bending degree is decrease; therefore the vibration amplitude is
correspondingly decreased. The increasing wheel speed increases the bead number into the
cutting arc in per unit time. The material removal rate of each bead decreases and subsequently
results in the decrease of impact of each bead. The vibration amplitude is also decreased.

In the other hand, the higher wire speed and shorter guide wheels distance improve the dynamic
stiffness of wire, which also decrease the vibration amplitude.
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2.3 Effect of the parameters on the vibration frequencies

Figure 9-11 show plots of vibration fundamental frequencies versus machining parameters. It is
seen that the fundamental frequencies increase with the increasing wire speed as shown in
Fig.9. Feed rate, tension force and the distance of guide wheels have no influence on the
fundamental frequencies as shown in Fig.9-11. Therefore, the relationship between the wire
speed and the fundamental vibration frequencies was reploted in Fig. 12. There exists a good
linear correlation (R?=0.997) between the vibration frequency and wheel speed, as shown in Fig.
12. The indicated slopes of N = 42.8 which is similar to the number of beads per meter.

From the experimental results, it is found that the fundamental frequency in wire sawing has no
relevance to the feed rate, tension force and guide wheels distance. It is certainly proportional to
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the number of wire speed times the number of beads per meter. For understanding the
implication of the wire vibration, it is useful to consider the structure of wire and the cutting
kinematics at the interface between the abrasive tool and the workpiece in Fig.1. The product of
the number of wheel speed and the number of beads per meter can be indicated the number of
beads entering the cutting interface per time. From the diamond wire structure as shown in Fig.
1, it is found that there is the gap between the diamond bead and spacer. The gap causes the
wire bounce up and down when the beads enter the cutting interface. Therefore, the wire
vibration is the results of diamond beads entering the cutting region which is very different from
the vibration of thin wire used in the photoelectric material cutting [7].
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3. CONCLUSIONS

The vibration in the sawing arc for the granite sawing with a diamond wire was successfully
measured at six difference points of the sawing arc with laser displacement sensors. The RMS
values of the wire vibration amplitudes are about 0.4-1.6 mm. The vibration amplitude decreases
with the increase of wire speeds, feed rates and the tension forces. The fundamental frequencies
of the wire sawing is similar to the product of wire speed and number of beads per meter.
However, fundamental frequency has little been influenced by the feed rate, tension force and
the distance of the guide wheels.
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ABSTRACT

Diamond impregnated tools, like drill bits or circular saws, are used for the machining of mineral
materials like stones or the compound material concrete. Drill bits comprise several single diamond
impregnated segments which are attached to the top of the tool body by brazing or laser welding
processes. Fields of application of these tools can be found at the construction industry, the stone
processing and the mining industry. The segments consist of a sintered powder-metal matrix and
randomly distributed diamond grains. Hence, the number of exposed grains on the tool surface
varies even for tools of the same specification. To simplify the analysis of the core drilling process
with several segments and therefore diamonds in contact, tests with single segments were carried
out. Thus, the number of exposed grains is reduced to a manageable number. To analyse the
influence of grit size and concentration in diamond impregnated tools on the process behaviour
when machining concrete materials, path-controlled tests on a machining centre were conducted.
High performance concrete (C100) and reinforced concrete were machined and process forces
were measured to quantify the influence of the tool specification. Additional information were
gained by analysing the generated tool tracks.

KEYWORDS

grinding, core drilling, diamond, diamond impregnated tool, concrete, reinforced concrete

INTRODUCTION

The core drilling process is a flexible, simple and widely used method in construction industry to
generate openings/holes in different types of materials like (reinforced) concrete, brickwork,
asphalt or rock material. Core drilling tools comprise several diamond impregnated segments.
Therefore a core drilling tool is also called “bit” or “crown”. The segments consist of a sintered
metal matrix and randomly distributed diamond grains throughout the metal binder volume. Hence,
tools with diamond impregnated segments can be classified as grinding tools, because the
segments comprise several cutting grains with undefined cutting edges. In dependency of the field
of application, e. g. construction industry or geological exploration, different configurations of
segments exist. This article focuses on diamond impregnated segments which are used for the
machining of concrete materials in the construction industry.

1. STATE OF THE ART

A core drilling tool is composed of three main parts: the connection part, the main body (barrel,
pipe) and the diamond impregnated segments. In construction industry an electronical drilling
motor usually generates the necessary rotational motion while at the same time the drill bit is
pressed into the material. The required force is applied by the operator either hand-guided or using
a drill stand with a lever. Hence, core drilling in the construction industry is a force-controlled
process. A specific value describing the drilling process is the weight-on-bit (WOB) value (also load
or pressure on bit) which is the result of the division of the necessary force in feed direction by the
surface area of the segments in contact [1, 2].
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Diamond impregnated segments are manufactured by sintering procedures, like hot pressing [1].
Within this procedure a metallic powder and synthetic diamonds are mixed and sintered. The
metallic matrix acts as the bonding and has two main functions. First of all, it has to hold the
diamonds in place during cutting as long as they are sharp. Secondly, the metal matrix also needs
to release diamonds before they become dull. Hence, matrix wear has to be adjusted to the
diamond wear state for an efficient grinding process. This change of the segment due to wear is
generated by the machining process itself and therefore called self-sharpening. Commonly, cobalt-
based metallic powders are used as the metal matrix, because of its advantageous properties
concerning diamond retention and wear. Due to different reasons, mainly economical but also
environmental, developments lead to a replacement of cobalt-based matrices by iron-based ones
having low cobalt content [3, 4]. The majority of today’s diamond tools is manufactured with
synthetic diamonds. The right choice and composition of diamond size, quality and concentration
together with the metallic matrix material influences the efficiency of the grinding process. Hence,
for different types of materials or concrete compositions, different types of segment configurations
have to be chosen.

Concrete is a composite material which is manufactured by mixing cement, aggregates, water and
if required further additives. Chemical reactions between cement and water lead to hardening
processes. Within this composition the hardened cement acts like a binder which holds different
types of aggregates like silicates, sand grains and stones together. Further additives e.g.
superplasticizer are used to improve the mechanical properties of the manufactured concrete.
Despite the hardened concrete is able to bear high compressive loads, its possibility to withstand
tensile loads is very low. Hence, in construction elements steel bars are embedded as
reinforcement. These steel bars, also called rebars, are carrying the tensile loads. Regarding the
machining of reinforced concrete, the steel elements cause a reduction of the tool performance
and increase the wear rate [5].

Despite the wide usage of diamond impregnated tools, the grinding process itself, e.g. the material
separation and removal and the wear behaviour of diamonds and bonding, is not fully understood.
Due to a large number of influencing factors, measurement results gained from drilling tests
provide only global information, because interdependencies cannot be distinguished clearly [2].
Hence, the first logical step is to reduce the influencing factors by reducing the number of
segments which are used for a drilling operation. This approach leads also to a reduction of
exposed and active grains to a manageable number. As a consequence, the analysis of the
process is simplified.

As mentioned before, core drilling processes are generally force-controlled. Nevertheless, path-
controlled tests can be an appropriate method for analysing the process behaviour of diamond
impregnated segments. Franca, Mostofi and Richard are motivating path-controlled test with single
segments for different reasons [2]. The major advantage mentioned there is the shorter duration of
drilling tests. Further advantages are the increased accuracy of measurement results and the
higher stiffness of the set-up which reduces vibrations.

2. MATERIALS AND METHODS

Single segment tests were conducted on a machining centre FZ 12 S (Chiron-Werke) which
consists of a travelling column with a vertical spindle and a fixed machine table. It is designed for
drilling and milling operations of metal materials. Like it is common for these kinds of processes,
the machining centre allows path-controlled motions. The experimental set-up (without coolant
supply) and the kinematics of the test procedure are shown in figure 1. For testing single
segments, a tool holder was attached to the spindle of the machining centre. During the tests, a
constant infeed velocity and number of revolutions were set, so that annular tool tracks were
generated. Because the infeed velocity is of major interest concerning tool performance in core
drilling processes, tests with different infeed velocities v; were conducted and varied in a range of
vi = 0.25 to 2 mm/min. This parameter field was deduced from force-controlled drilling tests with
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Fig. 1: Experimental set-up

core drilling bits comprising eight segments which are not subject of this article. The circumferential
speed was kept at a constant value of v, = 2.35 m/s for all tests which corresponds with typical
circumferential speeds in core drilling processes of concrete with diamond impregnated segments.
For testing a segment, a drilling depth of at least | = 0.5 mm was set. Several tests were conducted
on the same position. Hence, the total depth of the generated tool track was increased gradually to
a limit of ligt = 4 mm.

For measuring the process forces while drilling, a force dynamometer of Kistler Instruments, type
9255C, was used and attached on the machine’s table. With this dynamometer the forces in the
three axes Fy, F, and F, can be measured. A frequency of f = 10.000 Hz was set to measure the
process forces. Qualitative data was gained by microscopical pictures of the segments which were
taken showing side and plane view.

To remove debris and slurry from the contact zone while drilling water without further additives is
usually used but in order to avoid corrosion within the machining centre it was necessary to use a
water miscible lubricant (Bechem Avantin 361, concentration p = 7 %) as additive. During the tests
a sufficient amount of water was supplied to remove the slurry from the tool track.

The tested segments had got a rectangular shape with an initial segment height of hseg = 10 mm, a
width of wseg = 5 mm and a length of lseg = 10 mm. Before testing, a preparation routine (run-in) was
carried out to expose the first diamond layer within the segment. Diamond impregnated segments
made of the metal bonding Diabase-V21 (Dr. Fritsch) and synthesized diamond grains type Syngrit
SDB1055 (Element Six) were tested. According to Dr. Fritsch, this type of metal bonding is
designed for drilling and sawing operations of concrete and granite [6]. Its main components are
iron, copper, cobalt and tin. The used synthesized diamonds are uncoated and have got impurities
and an irregular shape. The segments were manufactured comprising three different mesh sizes
(d« = 20/30 mesh, dy =40/50 mesh and dy = 70/80 mesh) and three different diamond grain
concentrations (c = C8, ¢ = C20 and ¢ =C40). For testing, a segment was attached to a tool holder
at a diameter of d = 100 mm which corresponds to commonly used core drilling tools.

The tests were conducted on samples made of concrete and reinforced concrete. On the basis of
its compressive strength the concrete utilised for both types of samples is assigned to category
C100/115 according to DIN EN 206 [7]. A further classification ranks the tested concrete as high-
strength concrete [8]. The concrete samples were made of Portland cement 52,5 (Holcim AG),
basalt in two different grain sizes (2/8, 8/16), sand (0/2), microsilica type 971-U (Elkem) and super-
plasticiser type Glenium 51 (BASF). Two rebars made of steel (B 500 B) with a diameter of
d =12 mm were embedded in the concrete as a reinforcement. Because of a distance of
s = 110 mm between the rebars, both rebars were cut during a drilling test.

Franca, Mostofi, and Richard describe two types of possible single segment tests [2]. These were
called tests with “invariant topography” and tests with “variant topography”. This classification is
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based on the effect of self-sharpening. Hence, “invariant topography” tests mean no or minor
changes of the segment while testing. According to this classification the majority of the conducted
tests can be described as “invariant”.

3. FORCE SIGNALS

The forces which can be measured during tests carried out on concrete or reinforced concrete are
significant different owing to the rebars in reinforced concrete. These cause different material
separation processes resulting in different process forces. In figure 2 and figure 3 the measured
force signals Fy, Fy, F, and the corresponding process force signals F, and F; are illustrated. All
force data shown was smoothed by a moving arithmetic mean having a width of 151 data points.
The graph on the left hand side (a) in figure 2 demonstrates the general progress of force signal F,
while conducting a segment test. The force signal comprises a nearly stationary period after the
process start. During the whole process fluctuations of the force signal with a high frequency exist.
Minor changes of the bonding and the inhomogeneous material to be machined may cause
fluctuations over a longer period of time (low frequency) in the force signal.

As expected a sinus wave in the force signals F, and F, occurs (cf. fig. 2 (b)), because of the
rotational motion of the tool and the stationary force dynamometer. Whereas the measured force
signal F, corresponds with the normal force F,, the tangential force F; has to be calculated by a
trigonometric function (1) using the force signals F4, F, and the period time of one revolution T.
Here, it has to be considered that the starting point of the calculation must be a maximum in the F,
signal. For the comparison of the tests on concrete, the average of the force signals of F, and F,
within a time period of t = 2 s in the stationary phase of the tests was calculated.

2% . 2%
F(t) = F.(t) * cos (Tﬂ * t) + F,(t) * sm(Tﬂ * 1) (1)
On reinforced concrete the measured force signal is highly influenced by the reinforcement
(cf. fig. 3). As mentioned before, two rebars are embedded in the concrete. Figure 3 illustrates that
the general progress of the force signal for F, is comparable to the signal on concrete. But the

reinforcement leads to two main differences. The force is marked higher on reinforced concrete

(a) General progress of force signal (b) Force signals in stationary phase
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Fig. 2: Force signals when cutting concrete
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Fig. 3: Force sighals when cutting reinforced concrete

and therefore the fluctuation deduced from the general progress of the force signal seems to be
very high. However, these fluctuations are caused by cutting the rebars as it can be seen in
figure 3 (b). Cutting the rebars has got a great impact on the force signals causing rapid rises
(peaks). Because of the stationary coordinate system and the rotational moving force peaks in F,
and F, the direction changes from positive to negative and vice versa within one rotation. Whereas
the alternation of the force F, is comprehensible, the alternation in F, signal depends of the
position of the rebar and the way the rebar is cut. Because the segment cuts only through one half
of the round rebar, the segment is pushed aside directed to the centre of the rotational motion.

For the comparison of the tests on reinforced concrete, a special analysis has to be conducted
considering the two different phases in reinforced concrete. It was chosen to consider m = 100
sections in steel, as shown in figure 4 (b), detail a, and to calculate the average of these sections
guantifying the influence of the rebar on the process forces. In concrete a similar method was
chosen. Here also m =100 sections were considered and the average was calculated (cf. fig. 3,
detail b). Hence, force signals occurring during n = 50 rotations were considered for the analysis.
The calculated averages are used for the comparison of the segment tests shown in the following
chapters.

4. INFLUENCE OF DIAMOND SIZE AND CONCENTRATION ON PROCESS FORCES

The first test series was conducted on samples of high-strength concrete without reinforcement.
Within this test series all of the nine segment specifications mentioned before were used. Two
segments of each specification were tested for a general understanding of the deviation caused by
the tool. Hereby, deviations could be expected due to a diverse number of exposed diamonds. In
table 1 the number of exposed diamonds is given for all tested segments.

The influence of the infeed velocity on the resulting process forces is of major interest, because the
achievable infeed velocity is decisive for the performance of actual force-controlled drilling
processes. Therefore, each segment was tested at three different infeed velocities,
vi = 0.5, 1.25 and 2.0 mm/min. Tests with the infeed velocity of v; = 1.25 mm/min were conducted
two-times with each segment, whereas tests with the infeed velocity of v = 0.5 and 2.0 mm/min
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Tab. 1: Number of exposed diamonds for tested segments

First test series on concrete Second test series
on reinforced concrete
d, = 20/30 mesh d, = 40/50 mesh d, = 70/80 mesh d, = 40/50 mesh
Segment 1 Segment2 Segment1 Segment2 Segment1 Segment2 Segment 1
c=C8 5 10 12 15 28 31 21
c=C20 11 9 22 22 37 59 30
c =C40 15 13 43 39 101 96 46

were carried out only once with each segment. Resulting process forces are arranged in a matrix
form shown in figure 4. In the rows this matrix comprises test results with the same diamond
concentration and in the columns test results with the same grain size are shown. Within the
conducted tests, significant changes, like diamond break-out, which could influence the process
forces only seldom occurred. Hence, the vast majority of the tests can be described as tests with
“invariant topography”. An exception are the tests with diamond concentration ¢ = C8 and grain
size dy = 20/30 mesh. This segment composition leads to comparatively high wear. Thus, fewer
tests can be described as “invariant” and be considered for the graph shown in figure 4.

In figure 4 the results for the normal force F, and the tangential force F; in dependency of the
infeed velocity are shown. For all tests an increasing infeed velocity causes a gradual rise of the
process forces F, and F.. Within the tested range, the results indicate a linear correlation with
steady growth between infeed velocity and process forces. Increasing infeed velocities correspond
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Fig. 4: Process forces for segment tests on concrete
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Fig. 5: Process forces for segment tests on reinforced concrete

with a higher infeed per revolution therefore also larger values of chip thickness are generated
which are resulting in higher process forces. The greatest forces exist for an infeed velocity of
Vi = 2 mm/min and diamond concentration of ¢ = C40 independent of the diamond size. For these
tests forces of about F, = 95 N and F, = 20 N were measured which results in maximum weight-on-
bit values of about WOB = 190 N/cm2. Minimum normal forces occur for small infeed velocities
(about F, =25 N). In contrast, the tangential force F, is always lower than F,= 25 N, but not less
than F; =5 N. For a diamond concentration of ¢ = C8, comparing force results for an infeed velocity
of v;=1.25 mm/min, the results represent a slight decrease of process forces with increasing
diamond sizes. Due to smaller diamond size but a constant diamond concentration the humber of
exposed diamonds increases (cf. tab. 1). Hence, it can be assumed that a larger contact area
between diamonds and concrete exists which causes higher process forces. Nevertheless,
considering also the tangential force, the results reveal a higher cutting efficiency for segments
with a diamond size of dy = 40/50 mesh. A higher cutting efficiency in grinding is achieved when
the relation between the tangential and the normal force increases (u = F/F,). For a diamond
concentration of ¢ = C20 significant differences between the measured normal forces do not exist
for different grain sizes. However, the tangential force is maximal for a diamond size of
dx = 20/30 mesh. Here, the results also indicate that the material separation with a diamond size of
dx = 20/30 mesh is more efficient. Bigger diamonds lead to a higher protrusion of the diamonds
which could cause a larger chip thickness and therefore an increasing cutting efficiency. For a
diamond concentration of ¢ = C40 no remarkable differences between process forces for infeed
velocities vy > 1.25 mm/min exist. This could be influenced by the large number of exposed
diamonds for the entire tested segments.

The second test series was carried out on reinforced concrete samples with two rebars. Because
of a significant rise of process forces due to cutting the rebars, it was necessary to readjust the
infeed velocity to smaller values. Consequently, tests with two different infeed velocities and three
different segments were conducted (cf. fig. 5). The process forces when cutting the ductile metal
rebar material is remarkable higher than in cutting concrete. Hence, the scale for graphs which
illustrate the process forces in rebar is ten-times magnified than the scale for process forces in
concrete. The results for normal forces when cutting the rebar are at least five-times higher within
the conducted tests. For all tested segment specifications an increase in infeed velocities causes
higher process forces. The maximal normal force measured is at about F,=680N

107



Kansteiner, M.; Biermann, D.
Single Segment Tests for the Analysis of the Core Drilling Process of Concrete Materials

(WOB = 1360 N/cm?) for rebar and at about F, =61 N (WOB = 122 N/cm?) for concrete. The test
results for rebar show a marked drop of the process forces F, and F, for an increased diamond
concentration. However, this drop is not visible in the process forces when cutting concrete.
Comparing the test results for concrete (cf. fig. 5) with the test results of the first series conducted
(cf. fig. 4) no significant difference can be observed. The marked differences regarding process
forces in rebar and concrete indicate significant differences for material separation as expected.

5. INLFUENCE OF DIAMOND CONCENTRATION ON TOOL TRACKS

For an efficient cutting process it is of interest to minimize friction and to increase material removal.
This will be achieved, if every exposed diamond creates an individual cutting track. Therefore a
certain distance should exist between two diamonds and each exposed diamond should not be
located in direct line with another diamond. In this case, its capability of generating material
removal is limited. Instead, primarily frictional processes have to be expected which cause wear
flat of the diamond [9]. When cutting ductile metal materials, a minimum depth of cut has to be
reached before a material removal with chip formation can be generated [10]. Otherwise, only
frictional processes, elastic and plastic deformations occur. For detailed analysis of the material
separation in the cutting zone three-dimensional scans for gaining profile information were carried
out. Scans of the tool tracks in the rebar and the concrete were made with a confocal white-light
microscope (psurf, Nanofocus).

In figure 6, profiles and microscopical pictures of the used segments are shown. The profiles and
pictures indicate that with an increase of diamond concentration which corresponds to a rise of the
number of exposed diamonds, a more levelled and smoothed tool track is produced. This can be
observed for the rebar as well as for the concrete profiles. Due to the increased number of
exposed diamonds several cutting tracks by several different diamonds occur. These are spread
uniformly across the tool track width causing a levelled tool track surface (cf. fig. 6, ¢ = C40). In
contrast, the tool track generated by the segment with the lowest diamond concentration of ¢ = C8
reveals individual cutting tracks. Comparing the profiles generated in rebar and in concrete the
difference of material properties become apparent. The ductile material behaviour of the rebar
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Fig. 6: Profiles of tool tracks and microscopical pictures of used segments
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enables elastic and plastic deformation during cutting. Hence, different grooves and peaks in the
profile of rebar exist. Due to the fact that the position of the grooves and the position of the single
diamonds correspond it is possible to assign grooves to single diamonds on the segment. The
profiles in concrete show less peaks in comparison to the profiles in rebar. Concrete has got brittle
material properties; hence, the material separation is predominately generated by cracking and
fracturing of material. The profiles of concrete do not reveal distinctive grooves or peaks which are
comparable to the grooves in the rebar. Instead, the profile of concrete show wider grooves. For
the diamond concentration of ¢ = C40 in the profile of concrete no single cutting tracks can be
observed because there are presumable superimposed. In contrast such single cutting tracks are
visible in the profile for concrete generated by the segment with a diamond concentration of
c=C8.

The tests with the segment having a diamond concentration of ¢ = C8 reveal an influence of the
diamond distribution on the cutting behaviour. Due to a non-uniform distribution of exposed
diamonds on the segment surface, cutting tracks are not generated across the whole tool track
width. Hence, an increased bonding wear appears in line where no diamond is set. Thus,
distinctive deep grooves are generated by wear of the bonding. Furthermore, a specific material
peak in the concrete and in the rebar profile arises. The depth of the groove in the segment, i.e.
material peak increases with the depth of drilling. This type of wear is not representative for actual
drilling tests, because in core drilling several diamond impregnated segments in row create several
cutting tracks which are superimposed.

6. SUMMARY AND CONCLUSION

Within this research, tests with single diamond impregnated segments of drill bits were conducted.
The testing procedure was derived from the force-controlled core drilling process. However, the
tests were driven path-controlled using a machining centre to analyse the occurring process forces
and the generated tool tracks in concrete and in reinforced concrete respectively. The test
procedure proved to be an appropriate method for the detailed analysis of the drilling process with
diamond impregnated segments.

Two series of segment tests on concrete and reinforced concrete were carried out. The vast
majority of these tests showed minor wear so that an invariant segment topography existed
throughout the tests. As expected, tests on concrete as well as on reinforced concrete revealed
higher process forces due to higher infeed velocities. On concrete nine different segment
specifications (diamond size, diamond concentration) were tested. The results on concrete showed
similar process forces for segments with high diamond concentrations (c = C20 and C40). For the
lowest diamond concentration ¢ = C8 tested and a constant infeed velocity the results indicate a
decrease of this process forces with an increasing diamond size. Regarding cutting efficiency
based on p, the biggest diamond size revealed the highest values. Bigger diamonds result in
higher protrusion heights which might contribute to a more efficient cutting process. Furthermore,
higher protrusion heights increase the necessary free volume in the cutting zone for slurry whereby
frictional processes between removed material and segment could be minimized. In contrast, high
diamond concentrations in combination with smaller diamonds could not leave enough free volume
for debris and slurry so that similar process forces are generated.

The measurement of the profile of the generated tool tracks in reinforced concrete provided further
information for a detailed analysis of the material removal process. A high diamond concentration
creates several superimposed cutting tracks whereas a low diamond concentration leads to cutting
tracks which can be assigned to single diamonds on the segment. In the case of a high diamond
concentration, it has to be assumed that single diamonds cannot cut efficiently. Possible reasons
are low cutting depths, either due to imposed cutting tracks or due to their position in a line of
another diamond. These circumstances can result in undesired wear of diamonds like wear flat in
drilling tests. On the other hand, the interactions between two actual cutting diamonds could cause
an increased material removal by interactive material fracturing [11].
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Measured force signals during tests on reinforced concrete showed distinctive peaks when cutting
the metal rebars. Within the conducted tests, the average values of these peaks were at least five-
times higher than the process forces for concrete. Three different segments comprising the same
diamond size but different diamond concentration were tested. In concrete for both test series no
significant differences regarding process forces in dependency of the diamond concentration
existed. In contrast differences in rebar occurred. The results showed lower forces in rebar for
higher diamond concentrations. The analysis of the tool tracks in the rebar and in the concrete
shows that the cutting tracks in the concrete are wider and deeper than the corresponding cutting
tracks in the rebar owing to the different material removal processes [12]. For the rebar, in tests
with a low diamond concentration, the profile has got a high roughness (sharp peaks) in contrast to
a smooth profile for the tests with a high diamond concentration. A small number of active grains
may cause high plastic deformations and material bulging which might lead to extensive frictional
processes and therefore process forces and rough tool track profiles. Instead, with a higher
number of active grains smaller chips by microcutting and microfatigue, defined by Zum Gahr [13],
could be generated and plastic deformations are limited to a smaller range.

In further test series the parameter field will be extended to cover a wider range of applications.
Due to significant differing test results concerning process forces and cutting tracks, a detailed
analysis has to be carried out on the material separation and the material clearance of the cutting
zone while drilling reinforced concrete. Furthermore, the still current topic of arranged diamond
settings has to be considered for future tests. Hereby a more stable and uniform process behaviour
with respect to material removal and wear is to be expected which will improve the output of tests.
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ABSTRACT

Stone cutting with diamond wires results in the progressive and concurrent wear of the natural
stone and the cutting tool (diamond wires - diamond beads). This phenomenon has been
investigated since the beginning of stone machining, but there are still several open questions
concerning the parameters controlling it. The aim of this study is to establish correlations between
the natural stone mineralogical composition and the diamond wires cut performance in terms of
efficiency, productivity and diamond beads consumption. This investigation requires a
multidisciplinary approach. Microscopic analysis have been done in order to investigate the wear
processes of the diamond beads in terms of super-abrasive grains (diamond grits) damage and
pull out. Petrographic analysis and mineralogical investigation have been considered in order to
correlate the removal rate during the cutting action with the characteristics of the stones. Muds
derived from cutting have been characterized for the complete comprehension of the cutting
process. The erosion analysis concerned both stone debris and diamond beads, characterizing
both the metal powder and super-abrasive grains (diamond) in the cut waste (mud). Moreover, the
metal matrix is the core of the diamond wire technology and it drives cutting performance and
efficiency.

KEYWORDS

stone workability, diamond wires, corrosion, diamond beads characterization, diamond wires-stone
interaction, granite, sienite, diorite.

INTRODUCTION

Diamond wires are cutting tools for stones (marble, granite, etc.) and concrete. They are
composed of a stainless steel cable on which diamond sintered beads, containing diamond grains,
are assembled with a regular space between them. A sintered bead is a composite material
containing super-abrasive grains (diamond) hold in a metallic matrix, usually cobalt. The main
functions of the metal matrix consist in holding the diamond grains (the diamond crystal has to
protrude from the matrix during the whole cutting action) and in preventing premature detachment
of the diamonds from the matrix (the mechanical and chemical bonding between the diamond
crystal and metal matrix must guarantee a stable bond, until the worn diamonds come off, in order
to re-establish the best cutting condition). The steel cable is protected from erosion and corrosion
by a polymeric coating of polyurethane (TPU), through a plasticization process. The selection of
the diamond wire depends on two parameters: (1) the smallest possible diameter, for minimal
scrap generation during the cut; (2) the correct diameter because the tool will be shock-proof. [1-2-
3] The aim of this study is to establish interactions between the natural stone mineralogical
composition and the cut performance of diamond wires, in term of efficiency, productivity and
diamond beads consumption.
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MATERIALS AND METHODS

A multidisciplinary approach has been adopted during this study in order to combine several
investigations and tests for a global correlation of cutting parameters: stone, cutting tool, cutting
machine. [4-5]

Sintered and plasticized diamond wires, diameter 7 mm, have been assumed as reference
standards for the stone slabbing (granite stone, multiwires machine). Moreover, the metal matrix is
the core of the diamond wire technology and it drives cutting performance and efficiency.
Microscopic analysis has been done in order to investigate the wear processes of the diamond
beads in terms of super-abrasive grains (diamond) pull out and damage. Worn diamond beads
coming from diamond wires used in cutting of Fe containing stones were observed by means of a
Scanning Electron Microscope (SEM, SEM-FEI, Quanta Inspect 200, FEI), equipped with the back
scattering mode (BS-SEM) and with an EDS that was used to verify the elemental composition of
the specimens in different areas.

The chemical affinity between iron-based minerals and super-abrasive grains (diamond) gives an
answer to early wear of the diamond wire in some case studies.

Petrographic analysis and mineralogical investigation have been performed on the stones and on
the muds derived from their cutting. Both have been analyzed by means of the optical microscope
Leitz Wetzlar. Image analyzer software IMAGE J (an open source image processing program
designed for scientific multidimensional image), in order to define size, dimension and ratio
between quartz and feldspar. In

Figure 1 the thin sections of two different kind of Sardinian granite (RG and GP) are reported.

A. RG granite B. GP granite

Figure 1: Thin sections of RG and GP granite (long side 4.3mm): microscopy crossed nicols, in
black the ferrous components (biotite).
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The granulometric curve of multiwire muds is shown in Figure 2; it is characterized by an high
percentage (40.2%) of particles minor than 0,038mm.

multiwire mud granulometric curve

retained cumulative %
wu
o

0,001 0,01 0,1

0,212--0,106 mm

: 0,063-0,038 mm
0,106 -0,063 mm and in the tank <0,038 mm

Figure 2: size distribution process and characterization of multiwire muds

Each one of the classes obtained through the granulometric separation has been processed with a
wet magnetic separation (Co-Al — Ni magnet). On the size classes minor than 0,063mm a further
analysis by means of X — Ray Diffraction (XRD) have been performed.
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RESULTS AND DISCUSSION

There are significant differences in the interaction between stone and diamond beads when
considering different stones. The major variability consists in the mud particles dimension and in
the type of wear and damage of the diamond beads, but also the shape and conformation of the
mud particles are important parameters to be considered. A double examination (beads and
stones) represents a whole and complete approach to the issue under investigation, characterizing
both the metal powder and super-abrasive grains.

In the case of diamond wires used in cutting of Fe containing stones, we observed by SEM that the
junction between the diamond beads and the steel cable is good and no wear was observed in this
area (Figure 3). The steel cable is well covered by a thin or thick polymeric coating (polyurethane)
at the junction between the cable and the diamond bead, without any erosion, detachment or wear
of the coating (Figure 4).

Thick

Thin polymeric
coating on the
steel cable

Figure 3: SEM image at low magnification of the junction between the diamond beads and the steel
cable

On the other side, erosion of the metal matrix and damage of the diamonds can be clearly
observed on the beads after stone cutting: this is the main issue in the wear of diamond wires and
it will be one of the main focus of the present work. [6]

As first, we observed at low magnification that the beads almost maintain their shape after stone
cutting and they are almost uniformly worn (see Figure 4) on all their length. The direction of cutting
and rotation of the diamond wire can be derived by observing the presence of “comet tails” behind
the diamond grits and the slight lower diameter of the bead on the left of the image: the first impact
of the bead with the stone during cutting was on the left side, in this case.

Figure 4: SEM image at low magnification of a worn diamond bead

Diamonds are well dispersed on the surface of the bead without evidence of clusters and
polycrystalline agglomerates. The diamond beads wear rate can be classified according to
diamond grits pull out, damage or breakage, and to the diamond retention ability of the metal
matrix, through a morphological analysis of the beads surface.

The diamond grains observable on the surface of a worn diamond bead used in stone cutting can
be classified in the following way: diamonds arising from the surface without any damage,
diamonds protrusive from the surface, diamonds polished, micro-fractured, macro-fractured, pulled
out and etched. [7]
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In this case, we observed diamonds arising from the surface without any damage, macro fractured,
pulled out and etched (Figure 5).

Diamond Pulled out
without diamond

: / damage

{

Diamond
-without

Macro fractured »
and etched \"
diamond

Macro fractured
and etched
diamonds

P S
& _
i

Pulled out
diamond

Figure 5: Image of the surface of a worn diamond bead with diamond bits differently damaged

Diamonds without any damage are diamonds still able to cut stones and a “comet tail” is clearly
visible behind them, because their presence prevent erosion of the metal matrix behind them by
stone debris, during cutting. [8] The interface between the un-damaged diamond bits and the metal
matrix is continuous and without any cracks, showing a high retention ability of the metal matrix
and good sintering of the beads. [9] EDS analysis performed on the smooth surface of the un-
damaged diamonds only shows the presence of carbon.

Some diamonds were pulled out during cutting and some voids are observable on the surface; the
voids are often quite deep, showing that in these cases diamonds were pulled out before they were
highly worn. The EDS analysis performed inside the voids deriving from pulled out diamonds
shows the presence of Co and WC, which are the main components of the matrix. No porosity can
be seen inside the voids of the pulled out diamonds, confirming a good sintering of the metal
matrix.

The most interesting diamonds grits are the macro fractured and etched ones. These diamonds
are no longer able to cut stones and they do not show any “comet tail” behind them. Macro
fractured diamonds do not highly protrude from the surface level and they still show a good
interface with the metal matrix, showing that in some cases the retention ability of the metal matrix
is too high: un-efficient diamonds without cutting ability are still maintained on the surface by the
strong interface with the metal matrix. [10] The surface of the macro fractured diamonds shows
both some smooth cleavage planes, deriving from a brittle fracture mechanism, and some rough
areas probably deriving from etching (Figure 6). On the rough areas of the etched diamonds, EDS
analysis shows the presence of an adherent layer of stone containing Fe, Ca Na, K, Mg and Si,
suggesting that Fe containing stones are able to react with the diamonds causing a high degree of
damage and macro fractures follow this etching.
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Smooth area Rough area

Figure 6: Macro fractured and etched diamond

On one diamond grain, arising from the surface with an almost un-damaged and smooth surface, it
was interesting to see the damage, probably due to etching and reaction with iron, in a first stage
(Figure 7Figure 7), limited to small areas: in this case macro fractures did not occur because of the
limited etching.

Figure 7: An almost un-damaged diamond bit showing etching in a first stage

Muds generated by stone cutting are mainly composed by stones debris and fraction of heavy
metals (e.g. Co, Ni, Cu, Zn, Cr, W and their alloys) deriving from metal matrix. In particular, the
magnetic separation shows, in the 0,038mm-0,063mm class, a higher amount of ferromagnetic
particles coming from the metal matrix erosion, while, in the fine class (<0,038mm) the rock
minerals (quartz in particular) are predominant: this is confirmed from the diffractometric analysis
too (Figure 8). The sawmill mud contains heavy metals coming from the sawing tools: an example
of 4 different muds sample (M1-M2-M3-M4) is in
Table 1 and
Table 2.
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Figure 8: On the left micro-photo (6.9x5,19mm) with crossed nicols of mud particles >0.212mm
and on the right micro photo (10.6 x 8mm)with parallel nicols of mud particles between 0.038-
0.063mm.

......

Table 1: Oxydes in % in muds coming from
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Figure 9: X- Ray Diffration of muds <0,038 mm
Contentin | M1 | M2 | M3 | M4
weight (%) Contentin ppm | M1 M2 M3 M4
SiO2 77.1 Cd <1.0 |1.0 <1.0 |<1.0
TiO2 0.1 Co 140.0 | 76.0 | 78.0 |180.0
Al203 12.0 Cr 5.0 36.0 |20.0 |26.0
Fe203 12 1111 14 ] 11 Cu 162.0 | 230.0 | 162.0 | 110.0
MgO 0.8 0.6 0.4 0.4 Mn 114.0 | 100.0 | 82.0 | 90.0
CaO 07 | 0.8 | 0.6 | 0.6 Ni 20 |30 |34 |30
Na20 5.7 55 5.9 4.2 Pb 82.0 |78.0 |720 |720
K20 5.1 5.0 53 5.2 Zn 100.0 | 98.0 | 92.0 |106.0

Table 2: Metals in ppm in multiwire diamond
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CONCLUSIONS

The obtained results confirm that deep knowledge of interaction between the diamond beads and
stones turns into a whole comprehension of the cutting process. This will allow to optimize cutting
action: a double examination (stones and beads) represents a whole and complete approach to the
comprehension of the wear processes during stone cutting.

Petrographic analysis and mineralogical investigation gave us the opportunity to understand the
interactions between stone and diamond beads. The major variability consists in the muds particles
dimension, but also the shape and conformation of stone debris are important parameters to be
considered.

Erosion analysis concerned both the stone debris and diamond beads, characterizing both the
metal powder and super-abrasive grains (diamond beads) in the cut waste.

Chemical composition of the metal matrix of the diamond beads directly impact on the efficiency of
the diamond wire cutting action, because of the great influence in the diamond grains retention.
Diamonds must be firmly retained till they show cutting ability, but the must be pulled out when
they have no cutting efficiency. In the considered case study, this equilibrium was obtained, even if
some highly damaged diamonds are still present on the worn surface of diamond beads.

Chemical interaction between the diamonds and Fe-based stones would accelerate the wear
processes through etching phenomena, drastically reducing the long-life of the diamond wire.
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ABSTRACT

In the diamond wire stone cutting process the objective is to remove a chip of material or a layer of
uniform thickness from the entire length of the cut. The aim of this study is to correlate the cutting
performance to the characteristics of the natural stone and subsequently to propose a method of
classification strictly connected to stone workability.

Hardness and micro-hardness tests are currently considered important methods for acquiring
useful information about the workability of natural stones, but such gathered data alone do not give
enough information to establish a satisfying classification. The concept of workability and stone
machining has been, for the past thirty years, one of the main area of investigation in national and
international researches. This study endorses a method for the prediction of stone-cutting tools
interaction (mainly diamond wires) combining the micro-hardness and the UPV measurements,
that better represent the mechanical, physical and petrographical stone properties.

This paper studies eight different stones classified according to an “easy-to-cut” scale based on the
historical company know-how (HIC - Historical Industrial Classification). This classification is
based upon experience and not on explicit or really scientifically quantified parameters,
nonetheless, it describes the stones workability completely.

In previous works, however, criteria based on quantifiable parameters (SSC - Scientific Stone
Classification) have been pursued and this led to a scientific correlation with the industrial
classification. For each stone the following investigation techniques were performed: petrographic
analysis, micro-hardness, Schmidt rebound, Ultrasound Pulse Velocity (UPV). Moreover UPV
measures in indirect and direct method have been executed on stone blocks in the cutting plant
and compared with those performed on slabs. The results of all the performed tests were analyzed
and good correlations with the industrial classification were found.

Introduction

The prediction of stone - diamond wire interaction is crucial for the extractive sector, both to
improve the productivity and efficiency of quarry work and to avoid dangerous and expensive
endeavors of cutting when an unknown stone has to be introduced in the plant.

The diamond wire users themselves determined an empirical classification of the stone (Industrial
Workability Classification) mainly taking into account the greater or lesser ease of cutting. However
the new classification suggested by Bellopede et al . (2014) [1] has been obtained by means of a
scientific approach with easy and expeditious test methods. In particular, while the IWC is
characterized by 9 classes, with the new technical classification the classes decrease to 7, thus
reducing the case of overlapping and uncertainty due to the intrinsic variability of the materials.
Diamond-wire cutting operations are affected essentially by two different kinds of parameters:
partially controlled and non-controlled. The partially controlled ones refer to the properties of the
cutting tools and equipment, such as the cutting speed (peripheral speed of the diamond-wire —
m/s), the feed rate (cm/h), and the machine absorption (ampere/m). Instead, the non-controlled
parameters refer to the stone properties, such as the petrographic and mineralogical composition,
grain size, water content, weathering, discontinuities/anisotropy and hardness.

Previous studies demonstrated that the uncontrolled parameters can be measured indirectly by
different techniques but the Knoop microhardness and the Ultrasonic Pulse Velocity (UPV)
measures best correlate with workability and are therefore more significant [1,2,3,4]. From 1982
Mancini and Morandini [5] and more recently in 2003 Beste and Jacobson [6] have underlined the
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importance of the microhardness measurement to study the tool wear. However, very little is
reported in the literature on the relationship between the petrographic characteristics and the
industrial process involved in the stone cutting and finishing, as pointed out by Riberiro et al (2007)
[7]. UPV measures can be considered an expedite and reliable testing of the mechanical properties
of a rock (quarry face or block), and gives also available information on the stone slab quality
[8,9,10]

This research is part of the EASE-R3 (FoOF.NMP.2013-8-608771 -Integrated framework for a cost-
effective and ease of Repair, Renovation and Re-use of machine tools within a modern factory —
ESS project). It's aimed at developing a novel integrated framework for a cost-effective and easy
Repair, Renovation and Re-use of machine tools in modern factories , oriented towards both SME
and OEM/end-users, and covering the entire life cycle of the system, from the design stage
through the operative life.

The aim of the present work is to validate this scientific classification with new stone categories by
means of measurement performed directly on stone blocks and therefore to evaluate the
applicability of this methodology to the stone plant.

Materials and Methods

Eight different kinds of stone have been studied. Their names, identification codes and
petrographic description are shown in table 1, where the IWC classes and their determining cutting
parameters are reported. In fact, as for the granite GRP and RBE, sienite SIE and diorite DIOS,
feed rate (cm/h) and machine absorption (A/wire) were recorded in plant in order to compare them
with the physical-petrographic properties of the examined stone.

Tablel Mineralogical composition , textural characteristics of the stone tested , IWC and main cutting parameters.

Rock type | Acronym Mineralogical Industrial Feed Machine
composition Workability rate | absorption

Stone Classification | cm/h) |  (A/wire)

K- Feldspar plagioclase 1-2 n.a. n.a.
SERIZZO Gneiss SER 70% Quartz 20%
Biotite + access 10%

K-feldspar and 3 n.a. n.a.
MONTORFANO Granite MON plagioclase 55%; quartzs
40% ; biotite 5%

Plagioclase 65% 3 16,52 1,43
DIORITE SCURA Diorite DIOs Hornblende + Biotite 30%
Opagque min 5%

Plagioclase 55% Quartz 3 n.a. n.a.
DIORITE CHIARA Diorite DIOC 10%
(TRAVERSELLA) Hornblende + Biotite 30%

Opagque min 5%

Feldspar 50% 3 24,36 1,65
SIENITE Sienite SIE Biotite + Hornblenda 25%
Quartz 15%

K- Feldspar plagioclase 3 n.a. n.a.
40% Quartz 50%
White mica5% opaque
5%

LUSERNA Gneiss LUS

Plagioclase 25% 3-4 25,00 2,78
ROSA BETA Granite RBE Feldspar 30%
Quartz 35%

K- Feldspar + Plagioclase 4 23,8 2,83
65%

Quartz 30%

biotie + pyroxene 5%

GRIGIO PERLA Granite GRP

In situ measurements of UPV in indirect method and in direct method (figure 1) and Schmidt
rebound tests have been performed. In laboratory, Knoop hardness have been measured on the
same slabs tested in situ.
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Fig 1 — ultrasonic measurements by direct method on DIOs block

In the Figure 2 a general scheme of the measurements carried out on the blocks is reported.

L2

L1 A

Legend:

L1: Face parallel to the drill holes

L2: Face perpendicular to the drill holes
A and B: Lines followed for UPV

Fig 2 - General scheme of the measurements carried out on the blocks

The indirect method with ultrasonic measurements were performed on two contiguous faces L1
(parallel to drill holes) and L2 (perpendicular to drill holes) along the directions A and B shown in
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the figure 2. In the indirect method, according to the EN 14579 (2004) [11], measurements were
made using conic 33 kHz frequency transducers and by placing the transmitter transducer on a
fixed point and the receiver at progressive distances — 25mm far one from another, up to 175 mm
distance — on the same surface. A reference slab of the same kind of stone, provided by the
plant's owner, has been tested by indirect method. A specimen for Knoop determinations has been
cut from that slab.

The direct method measurements have been carried out by taking the transducers with frequency
of 54kHz on two opposite faces of the block up to 3m distance, the maximum dimension of the
tested blocks.

Schmidt rebound index has been measured on all the stone blocks except RBE and GRP. The test
has been performed by making three rebounds on the same eight points of the UPV alignment,
and recording the third one.

The Knoop measurements have been performed according to ASTM E384-11 [12] by a pyramidal
diamond point pressed into the polished surface of the test material with a specific load a for a
specified dwell time (40 s). The resulting indentation has been measured by microscope.

The rock hardness is determined by the cumulative frequency curve of 40 micro-hardness Knoop
(HK) measurements detected. The test results are expressed through the characteristic values of
the diagram, corresponding to the 25% ( HK25), 50% (HK50) and 75% (HK75) cumulative
frequencies, respectively. In this work, HK 25 has been used for the correlations.

Results and Discussion

In the table 2 the results of UPV measures, the in situ Schmidt rebound and the values of HK25 on
the same slabs tested in situ are reported. As clearly shown in that table, the Schmidt values are
the same for all the rock tested except for DIOS. As a result, Schmidt rebound doesn’t give useful
information about the technical classification of stone workability.

Table 2. In situ UPV measures by direct and indirect method on stone slabs and block and HK25 values obtained in

laboratory.
Rock UPv UPVv UPVv uPVv UPV
acronym indirect indirect indirect indirect direct Schmidt | Schmidt
method on | method on | method on | method on method on rebound rebound HK25
block block slab slab block on block B | on block A —MPa-
B direction | A direction | B direction | A direction (m/s) direction direction
(m/s) (m/s) (m/s) (m/s)
SER 1801 1801 1927 1737 3931 60 60 2109
MON 1714 1752 1628 1704 3490 60 60 2789
RBE 2387 2310 2754 2430 3530 n.a n.a. 4049
LUS 2024 2154 2230 1756 3960 61 60 4358
DIOs 2287 2352 2708 2443 5450 53 53 2789
DIOc 2197 2482 2511 2420 5550 61 59 3260
SIE 2482 2172 2449 2299 4730 61 60 3602
GRP 2601 2510 2785 2780 4500 n.a. n.a. 5234

As shown in table 2, there is a ratio from 2 to 2,2 between the UPV measures by direct method and
those performed by indirect method.
In figure 3, the mean values of the UPV data obtained by direct and indirect method on blocks are
reported: a linear correlation, with a good regression coefficient, has been computed and drawn.
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Fig. 3. Correlation between UPV by direct method and UPV by indirect method on block performed in plant

Moreover, taking into account that the of the UPV measurements is about the 3-5%, it is possible
to assert that there is no difference between the results obtained on the B direction and those on
the A.

Another important result of this investigation is the good correspondence between indirect
measurement on blocks and the indirect ones performed on slabs, - in situ on the same day —
figure 4.

3000 —
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c:‘ ® indirect method on slabs
500
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Fig. 4. Comparison between UPV by indirect method on blocks and on slabs

The petrographic characterization of the tested stone (table 1) show the lack of a direct relation
between the workability classification and the mineral composition. For example granite GRP with
a 50% of quartz content is in classes n. 4 while gneiss LUS, with the same content in quartz is in
class n. 3.
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There are, therefore, other factors that affect the workability of natural stone, as previously
asserted, and they can be well represented by Knoop hardness and ultrasonic pulse velocity data
and by the graph of figure 5 where the new data have been plotted on the graph proposed in
previous work.

ROCKS CLASSIFICATION

6000 \
GRP
+
5000 * ROCKS
LUS
* RBE —Class 1
gIE Class 2
\D: —(lass 3
MON DIOc
3000 Class 4
A
\ SER \ Class 5
*
2000 \ = (lass 6
\ class 7
1000

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Ultrasonic Velocity 33 KHZ

g

HK25[MPa]

Fig. 5 Scientific classification of the tested stone.

On the basis of the recently scientific classification [1], the eight tested stone are all classified in
class no.3, except the GRP which is placed in class no.4 , MON in class no.2 and SER in class
no.1l (see figure 5). The scientific classification corresponds to the industrial classification (IWC)
based on the experience. UPV values obtained by indirect method on blocks have been used for
the correlation.

Concerning the relation of cutting parameters with quartz content, as described in figure 6, the
machine absorption is well correlate with to the quartz content of the tested stone. However, the
cutting parameters weren’t measured for all the stones, consequently it not possible to
demonstrate the full correlation with quartz content. From the table 1, in fact, there wasn’t a direct
correspondence between IWC and quartz content for all the different kinds of stone. This could be
due to the different content of feldspar and their degree of alteration in the analysed stones and it
should be further studied in the next researches.

In the figure 7 the correlation among machine absorption and HK25/UPVind (as mean values of
UPV performed by indirect method on the block) is reported. The exponential regression has a
correlation coefficient of 0,91. The correlation between KH25, UPV and workability class
demonstrated in the previous research [1] has been confirmed here.

125



Bellopede, R.; Marini, P.; Zichella, L.; Tori, A.
Diamond Wire Cutting Technology and Workability of Natural Stones: Proposal of a...

=
L

=

y = 1,2735¢0.0254x
R=0,9717

o

M
(5 B L ¥ S |

.
e ®

=

.
L
‘‘‘‘‘
wE
anet

Machine absorption (A/wire)
=

o
o

0 10 20 30 40 50 60
Quartz content (%)

Figure 6. Machine absorption vs quartz content for RBE, SIE, DIOs and GRP.

y = 0,49040574x
R=0,91

Machine absorption (A/wire)

0 0,5 1 1,5 2 2,5 3 3,5
HK25/UPVind

Figure 7. Machine absorption vs H25/UPVind for RBE, SIE, DIOs and GRP.
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Conclusions

The in situ measurements on blocks on eight different types of stone allowed to verify the reliability
of the different measurement techniques used and to validate a new scientific classification for the
workability of natural stones.

From the result analysis, itis possible to confirm that the Schmidt test doesn’t discriminate the
workability of the rock and therefore it isn’t a useful method for this technological classification.
Instead, the ultrasonic measurements on blocks are well correlate with those performed on the
slabs on the same stone. Moreover, the UPV measurements by indirect method can be considered
reliable because they match with those by direct method.

The combination of ultrasonic measurements by indirect method with the index HK25 allowed to
order the stones in classes of workability that correspond to what the owners of the plant used to
give to such stones. The correspondence with the in situ cutting parameters has confirmed the
reliability of this scientific methodology.

With the proposed classification, technical and scientific criteria, have been applied, so to help the
choice of the diamond wire and of the cutting parameter,
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ABSTRACT

To meet the requirements of today’s cutting process of natural stones thin disk-shaped tools with
large diameter are applied at high cutting velocities. To use these tools, guiding systems for the disks
are needed. Therewith, tool vibration magnitudes and deflections can be reduced. The risk of pro-
ducing scrap parts or tool damage are decreased. However, the guidance being placed close to the
cutting zone reduces the cutting depth, so that the process is limited to the production of small slabs
and tiles. To use the advantage of a guidance without limiting depth of cut, a new guidance concept
is presented. Thereby the guiding areas are placed opposite to the cutting zone. This enables the
reduction of tool vibration without decreasing the depth of cut. In this paper the compensation of tool
vibration by this guiding concept is investigated. Different types of guidance are compared and the
most suitable compensation approach is identified. Further on, the problem of the decreasing com-
pensation effect, due to the increasing distance between the excitation and the guidance is consid-
ered. To increase the compensation effect, the guidance is optimized regarding to the number and
positon of guiding areas. The capability of the presented concept is verified by a comparison with a
conventionally placed guiding system.

KEYWORDS

Cut-off grinding, disk-shaped tools, guidance, fluid actuator, optimization

INTRODUCTION

Cut-off grinding with disk-shaped tools is preferred for machining of natural stones. It enables faster
chip removal with a lower cutting width compared to wire or gang saws [2]. Nowadays, the market
requires slabs and tiles with increasing lengths and widths but decreasing thicknesses, for instance
as facade plates [5]. Simultaneously, the production costs should be reduced by increasing cutting
velocity and decreasing tool width. To meet these demands, tools with increased diameters, reduced
thicknesses and high cutting velocities are applied. However, an increasing ratio of blade diameter
to thickness reduces the lateral tool stiffness. Therefore, the magnitudes of tool vibrations and the
deflection are increased. The consequences are higher parallelism errors of cutting kerfs resulting
in scrap parts and reduced tool life. Guiding systems are applied to compensate vibrations and de-
flections.
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PRINCIPLES OF GUIDING SYSTEMS

Contact, aerostatic and hydrostatic principles are mainly used for guiding systems [3]. The contact
guidance uses the mechanical contact between saw and guiding areas. Large contact forces are
reached caused by the high stiffness of solid-state guidance. Therefore, the capability for compen-
sation of tool vibrations and deflections is increased. The friction between guidance and saw gener-
ates thermal and mechanical stresses. These stresses are increasing with rising rotation velocities.
Thus, unacceptable wear and heating of the tool and the guidance are induced [8]. To overcome this
problem Fronius [3] and Szymani [8] recommend the application of an aerostatic or hydrostatic guid-
ance.

The aerostatic guidance is a non-contact principle, generating counteracting forces by compressed
air. There is no friction, no wear and negligible tool heating. High tool rotation velocities can be
applied. The disadvantage of this principle is a reduced stiffness compared to contact guidance. This
results in a reduced compensation of tool vibrations and deflections. Furthermore there is the possi-
bility of pneumatic instability in form of self-excited vibrations. This could lead to an excitation of
resonances.

Hydrostatic guidance is applied to overcome these problems. Instead of compressed air a hydraulic
fluid is used. In case of cutting natural stones, water is applied. The higher viscosity of the water
leads to an increasing compensation capability. Another advantage is the squeeze-film effect. It uses
shear forces within fluids to damp vibrations. The vibration between saw and guidance induces time
variant displacements of the fluid between the saw and guidance. Due to the inner fluid friction,
energy dissipates, leading to a reduction of the vibration magnitudes [6]. More benefits are the pro-
cess of cooling and the transport of chips out of the cutting zone. High power losses due to shear
friction is a disadvantage of this principle. Viswanath [9] shows, that the power loss is directly pro-
portional to the size of guiding areas. To reduce the power losses, the size of hydrostatic guidance
has to be decreased, whereby the compensation effect is reduced. Due to the advantages, the hy-
drostatic guidance is the most suitable system to compensate tool vibrations.

The position of the guidance is also from great importance. Fronius and Schajer [7] have dealt with
the influence of position of guiding systems on the compensation of tool vibrations and deflections.
They recommend positioning the system as close as possible to the cutting zone, in order to get the
highest reduction of parallelism error. The disadvantage of this positioning is the limitation of cutting
depth. But to meet the demands of today’s cutting process the guidance must not be placed at this
position. Therefore a new guiding system is proposed, being placed counterpart of the cutting zone
and using the hydrostatic principle to compensate tool vibrations efficiently. The following investiga-
tion deals with the compensation capability of this guiding concept. To increase its compensation
effect the guiding areas are optimized regarding to their number and position. A comparison between
the optimized concept and a recommended placed guidance illustrates the compensation effect of
the proposed concept.

DEFINITION OF TOOL AND GUIDING PARAMETERS

Fig. 1 illustrates the geometry of the tool and guidance. For the optimization, a disk-shaped tool with
a diameter of D = 1000 mm, a thickness of w = 5 mm and a flange diameter of Ds = 300 mm is
assumed. The guidance is described by the number of guiding areas n, their diameters Dq; and
positions being presented by the radial and angular positions rq; and ;. The index i describes the
parameter of the guiding area i. To simplify the optimization process, the number of variable param-
eters has to be reduced. Therefore, the parameters rq; and Dq; are defined as constant. The radial
positions of the guiding areas are rq; = 400 mm and the area diameters are Dq; = 30 mm. Preliminary
tests determined that these values enable a high compensation effect. The humber and angular
positions of guiding areas are variable parameters. Thereby, the number of guiding areas n is a
discrete parameter with a domain from 1 to 3. The angular positions 3; are continuous parameters
defined between 90° and 270°. The boundaries ensure that the guidance is positioned counterpart
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to the cutting zone. To evaluate the optimized guidance a reference guidance is defined. It is repre-
sented by one guiding area being positioned close to the cutting edge (B1 = 0°) with a guiding area
radius of rg; = 400 mm and a guiding area diameter of Dg; = 30 mm. To compensate tool vibrations,
the guidance areas are defined as dampers. The damper have a constant damping ratio of 2 Ns/mm.
This value is determined by a convergence analysis of the tool vibration magnitude depending on
the damping ratio of three dampers. Thereby the tool magnitudes, presented in Table 2 for three
dampers, are reached. A further increase of the damping ratio does not lead to an additional increase
of the compensation effect. Fig. 1 summarizes the tool and guidance parameter.

D

, /
tool diameter

tool with
width w

Y

o
<

guiding area

radial postion
of guiding area i

L angular position
of guiding area i

clamped
boundary

cutting area

Te/82151 © IFW

Fig. 1: Definition of tool and guiding parameter

OPTIMIZATION OF GUIDING PARAMETERS

After defining constant and variable parameters the optimal configuration of area, number
and their angular positions are determined. Fig. 2 illustrates the optimization process exemplarily
for two guiding areas. The compensation effect of the guiding system is maximized. This effect can
be gquantified by the tool vibration magnitudes within the cutting zone of the first and second eigen-
frequency. Asche [1] and Bockhorst [2] mentioned, that dynamic loads induce high parallelism errors.
The highest vibration magnitudes occur during the excitation of the first and second eigenfrequency.
The reduction of these vibration magnitudes describes the compensation effect of the guidance.
Therefore, it is used as optimization criterion. The tool vibration magnitudes are determined by a
numerical harmonic analysis. A finite element model is created, that exists of shell elements with a
total of 2910 nodes. Shell elements are chosen due to the abstinence of the locking effect by a large
element length-to-thickness ratio compared with solid elements. The minimum number of required
nodes is determined by a convergence analysis of the eigenfrequencies.

Following conditions are defined for the simulation: the tool is clamped at its center and is excited in
the cutting zone by a lateral frequency variant oscillating force with an amplitude of 10 N. A frequency
band from 0 to 200 Hz is considered. The resonance excitation of 10 N over 200 Hz of the unguided
tool induces tool magnitudes in the cutting zone being less than 0.1 mm (Fig. 3). Due to the small
amplitudes, frequencies over 200 Hz are neglected. Initially discrete design points are created with
a design of experiments (DOE) to describe the magnitudes of tool vibration in the cutting zone for
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certain parameter configurations. The design points are used to create a response surface. The
response surface is a multidimensional continuous function representing the magnitudes of vibration
depending on the variable guiding parameters. To exactly describe the multidimensional system, a
minimum number of design points is required. This number increases exponentially with the number
of variable parameters. Therefore, just the number and angular positions of the guiding areas are
varied in this investigation. Five optimization processes are executed to analyze the influence of the
number of guiding area and angular positions on the compensation effect of guiding systems being
placed counterpart to the cutting zone. The defined values of tool and guiding parameter are shown
in Table 1.

Table 1: Parameter configuration for the optimization processes:

Optimization process
Parameter
Tool diameter D [mm]
Flange diameter D [mm]
Tool width w [mm]

Radial position of guiding areas rq [nm]
Guiding diameter Dgi [mm]

 Angular position of guiding areas i []
Number of guiding areas n [-]
Number of design Points np; [-]

The first three optimization processes differ on the number of guiding areas n. The guiding angular
positions are the optimization parameter of each optimization process. Initially the first optimization
considers one area with the optimization parameter 1. To analyze the influence of the angular po-
sition on the compensation effect exactly the number of design points should be as high as possible.
Referring to the diameter Dq; = 30 mm and the radii of rq; = 400 mm, a number of positons np1 = 42
are created for one guiding area. This number realizes a small variation of 3; between neighboring
design points without an overlapping. The determined design points include information about the
magnitudes of the tool in the cutting area depending on the angular position $1. Subsequent two (B,
B2) and three (B1, B2, B3) guiding areas are examined. The increasing humber of areas induces an
increasing number of design points to create an exact response surface. Based on the number of
design points of n, = 42 for a guiding area, the possible number of design points for two areas is
Npmax2 = 903 and for three areas npmax3 = 796446. These numbers are too high for an efficient opti-
mization. Therefore, a reduced number of design points have to be applied for two and three guiding
areas. To reduce the number of design points a Latin hypercube sampling is applied as DOE. It
enables the reduction of design points with a simultaneously uniform distribution in the definition
ranges of ;. However, if the number of design points is too low, the response surface will describe
the vibration magnitudes inaccurately. For the optimization of two and three areas, the number of
design point are np,> = 200 and respectively n,3z = 400. These numbers are significantly lower than
the possible numbers npmax2 and npmax3. Therefore the correctness of the response surface based
on these design points have to be evaluated. For the evaluation, the optimization processes four and
five are executed. These simulations have the same parameter values like process two and three,
but the numbers of design points are increased to np> = 500 and n, 3 = 1000 respectively. The com-
parison between the results of the optimization processes two and four as well as three and five
illustrates the influence of the number of design points on the optimization results.

Based on the different number of design points a response surface for each optimization process is
created. Thereby, the design points are interpolated by the Kriging method to get continuous func-
tions of the tool vibration magnitude depending on the appropriate variable guiding parameter [i.
Kriging is a statistical method using the number and distribution of the design points for interpolation
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to enable a good estimation of interim values [4]. The Kriging result is a multidimensional continuous
function of tool vibration in the cutting zone depending on fi. The created response surfaces are
used by the optimization algorithm to calculate the optimal damper positions for each number of
damper. A genetic algorithm is used for optimization of damper positions with 20 iteration steps and
1000 individuals per step. An investigation has determined that this combination of steps and number
of individuals produces repeatable and plausible optimization results.
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Fig. 2: Schematical process of optimization for two guiding areas

Fig. 3 and Table 2 show, that the compensation effect increases with rising number of guiding areas.
An application of three guiding areas reduce the tool magnitude by 36% for the first and 52% for the
second eigenfrequency compared with an unguided tool. Two dampers can reduce the magnitude
by 31% and 40%, respectively. One guiding area is not able to compensate the resonance effects
of the tool. The optimal positions of the guiding areas are not directly counterpart of the cutting zone.
The optimization determined nearly rectangular positions between guiding and cutting area. A pos-
sible reason is the shorter distance between the cutting zone and guiding areas. Thereby induced
tool vibrations are damped earlier and the resonance effect can be reduced. The number of design
points has a small influence on the determined angular positions. The differences between the cal-
culated angular positions are small, whereby low differences of the magnitudes with 2.5% for the
first eigenfrequency and 2.1% for the second eigenfrequency are induced. Further on Table 2 illus-
trates that a damper being positioned close to the cutting area can reduce the magnitude more
effective than a counterpart positioned guidance. The magnitudes are decreased by 99% and 91%
respectively for the first two eigenfrequencies. The high compensation effect is caused by the in-
crease of local tool stiffness. Thereby, the resonance frequencies are changed to higher values. The
frequency response spectrum in Fig. 3 illustrates the vibration magnitudes of an unguided and
guided tools in a frequency range of 0 to 200 Hz. The results shows, that the guiding systems are
able to reduce the vibration magnitude of further eigenfrequencies at 70 Hz, 110 Hz and 165 Hz.
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Fig. 3: Frequency response of tool vibrations at the cutting area of guided and unguided tools

Table 2: Results of the optimization process

Number of Number of angle of damper Magnitude 1. ei- Magnitude 2. ei-
guiding areas = design points B/ B2/ PBs genfrequency a;  genfrequency a;
n Np
0 1 - 2.56 mm 1.38 mm
1 1 0°/-1/- 0.15 mm 0.13 mm
1 42 270.0°/ -/ - 2.57 mm 1.45 mm
2 200 132.8°/90.1° / - 1.85 mm 0.86 mm
2 500 114.0°/90.1° / - 1.77 mm 0.84 mm
3 400 115.5°/ 98.4°/ 260.0° 1.67 mm 0.69 mm
3 1000 110.5°/91.8°/ 248.4° 1.63 mm 0.67 mm

SUMMARY AND OUTLOOK

The guiding system being placed counterpart to the cutting area can reduce the magnitude of tool
vibration significantly. A rising number of guiding areas leads to an increasing compensation effect.
But the long distance between excitation and guiding zone induces a decreasing compensation com-
pared with a damper placed close to the cutting area. With respect to a constant damping ratio the
guidance being positioned close to the cutting area is more effective but decreases the depth of cut
significantly. The presented investigation has dealt with a variable number and angular position of
the guiding areas. Following analysis could consider the influence of the diameter of the guiding area
Dgi and their radial position rqi. This enables the calculation of an optimum for all guidance parame-
ters. But the effort of time and resources increases due to more parameters. Therefore the DOE has
to be adapted. Another approach to raise the compensation effect is the use of a time variant guiding
force instead of a constant damping ratio. Thereby, the effects of destructive interferences between
the excitation of the cutting process and the guidance are investigated to reduce the tool vibration.
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ABSTRACT

Due to their abrasive qualities, machining of hard and brittle materials is predominantly per-
formed using tools with geometrically indefinite cutting edge. However, these processing
methods offer only low productivity, which often can be increased by superimposing ultrason-
ic vibrations to the process. At the same time this hybrid process design involves great un-
certainties, as influencing factors and the mechanism of action are not sufficiently described
yet. In order to close this knowledge gap, firstly the occurrences on the scale of single abra-
sive grains shall be observed. This should increase the overall process understanding and
reveal fundamental interrelations of machining with geometrically indefinite cutting edge. To
achieve this, scratch tests with well-defined boundary conditions will be performed, analyzed
and compared. As a result of the experiments the interdependencies of process forces, cut-
ting speed, ultrasonic amplitude and depth of cut will be presented.

INTRODUCTION

Using stone as material is extremely varied and has a long tradition. Applications range from
sculpture to horticulture and interior decoration to industrial applications. The widespread
applicability of stone is a result of its distinguished properties, which often cannot be attained
by competing individual or combined materials. [1]

Whereas the aesthetic aspects of stone are important in art, the outstanding technical prop-
erties are to the fore in industrial applications. Granite is often chosen as material to produce
measuring components thanks to its temperature stability and wear resistance [2]. It is, how-
ever, difficult to machine this natural stone due to its great hardness and abrasive material
properties so that it is indispensable to use diamond tools.

In principle, material removal can be divided into cutting and abrasive processes according to
DIN 8589. The remarkable features of cutting processes are generally their high productivity,
a great accuracy of the manufactured products and an efficient use of the process energy
input [3]. These numerous advantages are opposed by an enormous tool wear in stone ma-
chining, making the cutting of hard, brittle materials uneconomic despite the advantages
mentioned. For this reason, processes with diamond-tipped grinding tools are preferred by
industry to manufacture stone products. The tool attains a continual sharpness due to the
constant breakaway of worn diamonds and the exposure of new grains [4]. The productivity
of abrasive machining processes is, however, low owing to little material removal rates and
great frictional heat.

Hybrid machining methods broaden the existing process boundaries of conventional produc-
tion processes in material removal technology. Especially the superposition of a mechanical
vibration in the ultrasonic range has proved to be favourable in the machining of hard, brittle
materials and hence is increasingly used in industry [5]. Different effects can arise, depend-
ing on the action direction of the ultrasonic vibration. Microhammering is an important work-
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ing mechanism in vibration-assisted machining and comes particularly into effect in the case
of machining processes with parallel feed and vibration directions [6]. The hard, brittle mate-
rial properties of stone are used here to achieve the smashing of the material by applying
varying loads. Due to a lower tensile strength of hard, brittle stone, the resilience of the load-
ed material induces great tensile stresses so that the material splinters. In addition, pulsed
loads onto the tool cutting edges lead to the microsplintering of diamonds so that new, sharp
cutting edges arise and the tool always remains sharp [7]. Apart from microhammering, the
cleaning effect is another phenomenon of vibration-assisted machining. It is assumed here
that the ultrasonically excited tools show a self-cleaning effect in connection with a coolant.
Because the tool is lifted briefly, the coolant directly reaches the machining zone and re-
moves the cut particles better. Hence the cutting edges and the chambers remain empty,
which improves the efficiency of the grinding tools. Another effect of ultrasonically assisted
machining is supposed to be the reduction in Coulomb friction [8]. The decrease in mean
friction here results from the periodic change in direction of the relative speeds between tool
and workpiece. Hence the ratio between base speed and directed speed amplitude is crucial
for how high the Coulomb friction is. Friction is completely missing in the borderline case of
an insignificant speed ratio.

In principle there are several possibilities for how a conventional machining process can be
superimposed by vibrations in the ultrasonic range [9]. The most widespread application here
is to add vibrations via a tool excitation. Compared with a vibration excitation of the work-
piece, the advantages of this excitation form are the discretely distributed antinodes and
nodes as well as the independence of the vibrational system characteristics from the machin-
ing position and the mass of the workpiece. Compared with an excitation of the whole spindle
unit, a tool excitation can be realised more economical and energy-efficient. In this way it is
not necessary any more to design the spindle individually for each application, and the ac-
celerated masses can be kept small.

Vibrating systems are usually designed for a no-load operation. It is intended here to reach a
resonant-near operation with discretely distributed nodes and antinodes. The important influ-
encing parameters are the material-related properties, defining the stiffness of the system,
and the distribution of the inert masses. Systems designed in such a way change their vibra-
tion properties if they are affected by process forces [10 - 11]. Especially the forces directed
parallel to the vibrations affect the stiffness of the system by distorting or stretching the actu-
ator unit like a spring. Consequently, the nodes and antinodes are shifted, and the system
becomes off-resonance [12].

The vibration system thus must be designed individually for each application to realise an
optimum operation. It is not sufficient here to examine only the process kinematics by taking
all process-relevant parameters into account. The design process of a vibrating system ra-
ther requires that the interactions between tool and workpiece are taken into consideration
permanently. The iterative feedback of the resultant forces arising is central to the design
process here. Concerning tools for cutting processes, it is relatively easy to determine both
the amount and the direction of the loads arising. By machining cylindrical specimens with
different diameters, it is even possible to identify resultant forces on individual cutting edge
segments [13]. Establishing the loads on tools for abrasive processes is fundamentally dif-
ferent. Both the shape and the number of simultaneously engaged cutting edges are un-
known here. Hence it is impossible to reliably determine the resultant forces for the entire
tool. In addition, it is sensible to restrict the process loads to one grain at first. Thus scratch
tests with a single grain were carried out to permit evaluation of process forces and observa-
tion of the interaction between workpiece and the vibrating tool as well. This, in turn, can
serve as a first step towards process-oriented design of ultrasonic tools.

SET-UP AND PROCEDURE

The scratch tests were carried out with a linear test stand, which is used by the Institute for
Machine Tools to examine the true machining characteristics of single teeth. This test stand
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consists of an adjustable vertical table, which is fastened to the stationary frame, and a mov-
able slide unit, which can perform a uniaxially directed movement underneath the portal-
shaped frame. The portal frame is prestressed in order to achieve a great static and dynamic
stiffness. Hence, this test stand is ideally suited to carry out single grain cutting tests. Thanks
to a linear direct drive it is possible to achieve cutting speeds of up to v, = 200 m/min, which

is within the usual cutting speed range of v, = 60 - 180 m/min in the machining of hard stone
[14].

A scratch was produced here by moving a stone specimen that was fastened to the slide unit
at a defined cutting speed under the stationary tool. The depth of cut a, was set at the tool by
changing the vertical position of the table (z-axis). In addition, a fine adjusting element was
fitted to the workpiece to compensate for tilting errors of the test specimens so that it was
possible to attain accuracy within the micrometre range. Figure 1 shows an illustration of the
equipment used as well as the entire flow of information.

ultrasonic vibration linear test stand
, . movable slide vertical axis
- S = € o fine adjusting element us-actuator
= © = ® stone -
T © o5 o c & T : multicompo-
c = c 2 2 Sw sonotrode with diamond frain
> Q2 o= S =] nent dyna-
S
T 8% o — = mometer
(] (@]
force measurement

q 8 [GEE<

vibration behaviour of the grain
cutting tool

axial force F,

tang. force F;

data analysis
charge
amplifier

dynamometer

multicomponent

Figure 1: experimental setup and flow of information

Different tools were necessary to establish the measuring data and control the ultrasonic
actuator. The process forces were measured with a multicomponent dynamometer by Kistler
and an accompanying charge amplifier. The components of the resultant force are measured
in a quasi-static way here, since the dynamics of the process at an ultrasonic vibration fre-
guency cannot be established with this measuring technique. A digital phase control unit
(dPLL 500/100k) developed by the Institute of Dynamics and Vibration Research was used
for driving the ultrasonic actuator. This unit permits a resonant operation of the actuator due
to an appropriate phase control. In addition constant amplitude of current and displacement
respectively is achieved by an integrated closed-loop amplitude control. Furthermore, the
vibration behaviour of the grain cutting tools were monitored with a 3D one point laser vi-
brometer by Polytec by means of focusing on a measuring point on the grain cutting tool near
the shear zone and measuring its spatial shifting. The high dynamic properties of the meas-

uring system make it possible to visualise the technical vibration behaviour of the grain cut-
ting tools in every detalil.

EXPERIMENTAL DESIGN
To be able to represent the effects of the three test parameters of cutting speed v., depth of

cut a, and the peak-to-peak value of the ultrasonic vibration £, as response surface a pro-
cedure was worked out by using design of experiments (DOE). Every single test was repeat-
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ed at least three times to compensate for the scattering in the composition and the material
properties of the stone specimens. The values of the single parameters here range between
the limits listed in Table 1.

Table 1: parameter variation

depth of cut a, [um] cutting speed v, [m/min] OSC'”at'On[i”r:]]p“tUde Xpp
10-50 15-180 0-40

A three-level experimental design in accordance with Box-Behnken [14] was used in the first
test step. In this first experimental design, it was intended to quickly create a preliminary,
rough database in only a few single tests, in order to detect nonlinear dependences on the
forces of the influencing factors and to decide on the further design of experiments. As-
sessing this first test stage leeds to the conclusion, that additional support is required for a
future utilisation in the complete kinematic model. In addition, it is also necessary to make a
finer grading than the three levels per influencing factor as used in the Box-Behnken experi-
mental design.

In the next two steps the experimental design was consequently expanded by two intermedi-
ate levels per each influencing factor. A D-optimal design was selected both times, which
contains the preceding results and is supplemented with new points. Using this refined ex-
perimental design, it is possible to generate response surfaces of sufficient accuracy.

TOOLS

There are no restrictions in the design of tools for carrying out scratch tests in stone regard-
ing conventional grain cutting without ultrasonic superposition. Central requirements here are
not only a sufficient static strength but also a fast exchangeability of worn diamond grains
and a resource-saving design. In highly dynamic processes, these requirements fade into the
background because they do not take account of the dynamic structural properties of tools at
varying high-frequency loads. The essential aspects in ultrasonically assisted scratching are
to transmit energy to the cutting region with as little loss as possible and to maximise the
vibration amplitude at the tool tip.

With respect to an efficiency of resources, it was sensible to carry out the conventional as
well as the ultrasonically assisted scratch tests with a modular tool. Consisting of a base and
a diamond-tipped grain holder, the modular design enables a fast and easy exchange of
grain holders if the diamond grains are worn out or broken off. The two tool parts were con-
nected by an M6 thread, making a good compromise as it presents a slip-free connection
with a great tightening torque. The diamond grains were fixed to the grain holders by vacuum
soldering with silver solder. This method provides a good connection of the single grains to
the grain holder at a moderate temperature below the oxidation temperature of diamond.
Alternate methods such as bonding and mounting were ruled out in preliminary tests as the
load-carrying capacity of the joint proved to be insufficient.

The above-mentioned requirements on a dynamic vibration system were met by designing
the grain cutting tool with the A/2 method. In this method all members of a vibration chain are
tuned to half the length of a sound wave axially propagating in the medium or to a multiple of
half its length. In this way a standing wave with constructive interference characteristics is
formed, so that a tool which is excited at the base has maximum amplitude at its tip. The vi-
bration amplitude was amplified by tapering the tool geometry. The system has to be operat-
ed in or at least close to the resonant frequency of the desired natural mode to guarantee
that energy is transmitted as completely as possible. Vibratory systems have the highest val-
ues of flexibility in this resonant-near frequency range and hence can absorb higher amounts
of energy. Figure 2 shows the geometric and vibrational characteristics of the designed grain
cutting tool.
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Figure 2: geometric and vibrational characteristics of the ultrasonic system

All diamond grains differ fundamentally from each other in shape and size. As a rule, the
shape of a grain growing without being disturbed varies between a cube and an octahedron,
but all intermediate forms can occur. Before the scratch tests were conducted, all diamond
grains were classified and selected from a representative amount of grains with roughly the
same geometric properties, so that these geometric shapes have as little effect as possible.
Figure 3 presents the statistical distribution of the measured diamond grains with respect to
the shape and the size of a single grain.
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Figure 3: statistical distribution of shapes and sizes of single grains

RESULTS

The resultant force is analysed depending on the depth of cut of the diamond grain a,, the
cutting speed v, and the peak-to-peak amplitude of the tool %, in order to find out how the
boundary conditions affect the arising process forces. These are measured here component
by component, in the direction of primary motion F, and of depth setting F, as well as orthog-
onally to both directions and then summed as medians. Since only dependences on two pa-
rameter variables can be sensibly represented by a three-dimensional graph, the third pa-
rameter has to be constant each time.

The results of the scratch tests without vibration superposition can be seen in Figure 4. As
expected, the medians of both process force components F, and F; rise as the depth of cut
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a, of the diamond grain as well as the cutting speed are increasing. With growing depth of
cut, the chip cross-sectional area and the resistance on the diamond grain penetrating the
material are greater. The increase in force components with rising cutting speed is based on
a greater material removal rate, which requires more cutting energy.
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Figure 4: dependency of tangential (left) and normal force (right) on the cutting speed and
the depth of cut for x,, = 0 pm

The fact described above can also be detected in vibration-assisted scratch tests with a vi-
bration amplitude of op = 20 um (Figure 5). The represented response surfaces show that

the two components of resultant force depend on the parameter variables of depth of cut a,
and cutting speed v, as well. In contrast to conventional scratch tests, the two force compo-
nents here increase with growing depth of cut if speed is low. If cutting speed is increased,
the effect of the depth of cut is getting less until there is none at all in the case of high cutting
speeds. The cutting speed affects the amount of the resultant force components much great-
er. The individual components of the resultant force increase with rising cutting speed, reach-
ing their maximum at the highest examined cutting speed.
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Figure 5: dependency of tangential (left) and normal force (right) on the cutting speed and
the depth of cut for x,, = 20 pm

It is obvious that the amplitude of the superimposed vibration affects the amount of the aris-

ing process forces as well. As an example, Figure 6 shows this correlation for a constant
depth of cut of a, = 30 pm.
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Figure 6: dependency of the cutting force on the cutting speed and the oscillation amplitude
for a, = 30 pm

It follows from this diagram that the mean process force is reduced down to 20 % of the initial
value due to the vibration superposition. For example, the maximum reduction in process
force is already reached at lower vibration amplitudes in the case of lower speed ranges
(ve = 15 - 80 m/min). If the vibration amplitude is increased further, the process forces rise in
the case of low cutting speeds. The maximum reduction in resultant force occurs at high vi-
bration amplitudes regarding the examined upper ranges of cutting speed
(ve = 110 -140 m/min). It is remarkable here that process force gradually decreases with in-
creasing vibration amplitude.

At first, the kinematics of the grain cutting process have to be examined more closely to clari-
fy the correlations described. In the case of scratch tests without ultrasonic assistance, the
diamond grain moves parallel to the surface of the stone specimen and exerts continuously
increasing compressive stresses on the material in front of and under the cutting edge. If a
critical material value is exceeded, these compressive stresses lead to material failure and
the forming of primary chips. Due to the continual contact in the shear zone this process is
characterised by great friction, which, together with the grain cutting process characteristics,
leads to high loads on the diamond grain. The established medians of the resultant forces
are comparatively high in scratch tests without ultrasonic superposition. In contrast to this,
the continual contact between the diamond grain and the stone specimen is periodically in-
terrupted due to ultrasonic superposition, which reduces the average friction in the shear
zone. This is also the reason for the generally lower level of the determined medians of re-
sultant force. Moreover, the contact period becomes shorter with growing vibration amplitude
and constant operating frequency. Hence, a further reduction in friction is to be expected at
higher amplitudes. But at the same time, the rising vibration amplitudes increase the effective
depth of cut of the diamond grain. This is the sum of real depth of cut and vibration amplitude
and counteracts the effect of friction reduction, diminishing resultant force. It can be clearly
seen how these two contrary effects interact in the lower range of cutting speeds
(ve = 15 - 80 m/min). At first, the effect of friction reduction is predominant in the case of low
vibration amplitudes thus the resultant forces decrease with increasing amplitude. If the vi-
bration amplitudes are high, the effectively greater depth of cut becomes noticeable by a re-
newed increase in process forces. In the examined upper ranges of cutting speed
(Ve = 110 -140 m/min), the maximum reduction in resultant force is reached at high vibration
amplitudes. It is obvious here that the force-reducing effect of the superimposed ultrasonic
vibration predominates the counteractive influence of the increasing chip cross-sectional ar-
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ea. Hence, the medians of the process force gradually decrease despite a greater effective
depth of cut.

Apart from the medians of the measured resultant force, the examination of the individual
force components (normal and tangential force) should provide more insight into correlations
prevailing in the process. For that purpose, the ratio of tangential force to normal force has
also to be analysed for a constant depth of cut of a, = 30 pm, depending on cutting speed
and vibration amplitude (see Figure 7).

045 xpp=0um0 X, =20 ymM x =30 ymA x =40 um®
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Figure 7: ratio of tangential (left) and normal force (right) for a, = 30 um

The trend lines presented in the diagram above visualise the direction towards which the
behaviour of the ratio between the resultant force components tends and are calculated from
the minimum sum of error squares. It can be seen from this that the gradient of the trend line
shows higher values in the case of greater vibration amplitudes. The trend line of conven-
tional scratch tests have a negative gradient.

The different trend line gradients can be accounted for with diverse material removal mecha-
nisms prevailing in the respective series of tests. In conventional grain cutting, the material is
largely cut by a pushing movement due to a linearly increasing load in the contact zone. In
ultrasonically assisted grain cutting by contrast, the surface splinters predominantly due to
the pulsed hits of the diamond grain. Especially the tangential force here depends on the
speed ratios prevailing in the contact zone. If the ratio of vibration speed to cutting speed is
sufficiently high, the diamond grain hits the stone surface almost vertically and smashes the
material underneath. The two components of resultant force result almost entirely from the
geometric boundary conditions in the contact zone so that material removal can be attributed
exclusively to microhammering. As the ratio of vibration speed to cutting speed decreases,
the material to be machined exerts a force on the diamond grain so that the tangential com-
ponent of the resultant force rises. Consequently, there is a mixed material removal mecha-
nism. In conventional grain cutting, however, the entire tangential force results from the cut-
ting energy produced.

CONCLUSIONS

This paper presents the results of the conducted scratch experiments, machining stone with
single diamond grains. Thereby, the occurring machining forces, with and without ultrasonic
superimposition, were determined and analyzed in dependence of the depth of cut, the cut-
ting speed and the vibration amplitude of the tool.
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The presented examinations show, that an increase in cutting speed and the depth of cut
results in an increase in process forces. These observations originate in the increase in cut-
ting work due to higher material removal rates. The superimposition of ultrasonic vibrations
has a categorically positive effect on the process forces. The occurent cutting force was re-
duced by up to 80% during the scratch tests. An augmentation of the vibration amplitude
didn’t necessarily entail a reduction of the cutting force, since changing the amplitude also
altered the effective cut of depth. Another fundamental influence on the force reduction was
the ratio of ultrasonic velocity to cutting speed. With increasing ratios of the two velocities the
cutting force did always decrease. This is founded in the different dominant separation
mechanism in the machining zone.

The influence of ultrasonic vibrations on machining precision will be one topic of further ex-
aminations. For this purpose the relation of removed material and the process forces will be
examined under varying parameter settings. This will increase the understanding of the com-
plex interdependencies in ultrasonically assisted machining of stone. The influence of pro-
cess forces on the vibration characteristics of the ultrasonic system will be another topic.
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ABSTRACT

A new trend in the field of cut-off grinding tools such as circular saws is the application of
deterministic grain pattern, e.g. the ARIX-System. Although the improved performance of
these tools has been proven in a quarry exemplarily, it is not clear how to configure an
optimized grain pattern. It is assumed that the work material, the cutting parameters and the
tool dimensions have an influence on these pattern. In this paper a new method is presented
for the design of cut-off grinding segments for circular saws with defined grain pattern, which
is based on the in-house material removal simulation software CutS. With this simulation, the
influence of variable grain pattern on tool performance and tool life can be tested without the
need for cutting experiments. It is possible to test different material specifications through the
consideration of brittle and ductile material removal mechanisms and adjustable material
removal factors. The influence of macroscopic and microscopic tool wear on the optimized
positioning of grains by means of material removal rate and wear rate is investigated. With
special algorithms, it is also possible to simulate standard tools with stochastically distributed
diamond grains. Computed results will be compared to real cutting experiments of granite
with cut-off grinding segments designed with CutS.

KEYWORDS

Material Removal Simulation, Deterministic Grain Pattern, Tool Design, Circular Saw, Cut-Off
Grinding, Natural Stone, Reinforced Concrete

INTRODUCTION

In natural and artificial stone processing multiple new demands for cutting tools appear.
Tools like circular saws have to gain a higher productivity by means of faster cuttings
combined with longer tool life to make natural stone products competitive to other
construction materials. In the construction industry, the focus of improvement lies upon tool
life and process forces due to the usage of transportable machines. To meet transportability
demands and weight limits for the operating of these machines, the available power is often
reduced which explains the need of cut-off grinding tools with low process forces.

All these demands can be faced by special designs of the cutting segments. Besides the
choice of the right binder material, the diamond size, quality and concentration, defined grain
pattern realized by systems such as ARIX and DiaSet can be deployed [1, 2]. Those grain
pattern can be designed to fit the challenging demands in both natural stone and
construction industry. Because the improved performance of such tools has only been
exemplary proven in a quarry, it is not clear how to configure an optimized grain pattern. It is
assumed that the work material, the cutting parameters and the tool dimensions have an
influence on these pattern.
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1. STATE OF THE ART

Deterministic grain pattern are a research topic in many fields of application. In surface
grinding, grain pattern are used to improve the temperature behaviour of the grinding tool.
Therefore, making dry grinding without any coolant fluid possible for normal grinding
operations is the main goal of these researches [3]. Here, the pattern are designed to reduce
the number of active grains and increase the available chip space. Other studies put the
workpiece surface topography in focus. In addition, the influence of grain pattern on the wear
behaviour of the grinding tool was investigated in former studies using simulation approaches
with regard to the surface topography of the workpiece only [4].

In the field of stone and concrete cutting the main focus of the usage of deterministic grain
patterns is the optimization of the material removal rate and the wear behaviour of the cutting
tools. Sung had shown that with single layer electroplated deterministic grain pattern both,
the relative cutting speed in square meter per hour and the tool life, can be increased [5]. In
concrete cutting, grain pattern have the potential to increase tool life compared to
stochastically grain pattern due to lower adhesion wear [6, 7]. The focus of this work was the
influence of the work material by means of material removal mechanism on the positioning of
diamond grains. With single grain scratch tests material removal factors were identified.
Therefore, a brittle material removal mechanism allows the reduction of the number of grains
on the grinding tool surface by increasing the distance between the single grains. Cutting of
ductile materials needs an increase in the number of grains and smaller distances between
them to guaranty a complete material removal on the workpiece surface [8].

Since sintered tool with grain pattern are easier to manufacture than brazed or electro-plated
tools grain pattern are only available for circular saws [9]. Up to now, only parameters for
single layer tools are defined [3, 4], though the technology for manufacturing 3D cut-off-
grinding segments is available [1, 2]. New methods are needed to define optimized grain
pattern for multi-layer cut-off grinding tools.

2. SIMULATION APPROACH

A material removal simulation is set-up to compute different grain patterns and determine
their influence on material removal and wear rate. The simulation is based on the in-house
material removal software CutS© which was already used for the determination of optimized
grain pattern for wire cutting tools [10]. To reduce computing time simplified grain models are
used, like truncated octahedrons or truncated dodecahedrons. These models are statistically
orientated with a statistically chosen size within the tolerances given by FEPA and have
statistically chosen grain shapes.

For the computing of cut-off-grinding segments, several changes had to be done. First of all
a new parametrisation of grain distances in every three room axes including displacement
possibilities was necessary to install in order to create multi-layer cut-off-grinding segments.
Second, to determine the optimum position of a grain in segment height the wear
mechanisms had to be considered. At least the possibility to deactivate grains had to be
implemented, in order to simulate the break out of grains. But since the grain shapes are
changing in real contact, e.g. getting split or flattened, the microscopic tool wear also has an
influence on the positioning of the grains within a cutting segment. Third, the load acting on
each single grain has to be detectable. Real cutting experiments with segmented tools have
shown that the front of a segment, which is the first to come in contact with the work material,
underlies a higher wear than the segment ending. Here, an optimized grain alignment could
help to even the tool wear. Therefore, every single grain model inside the cut-off-grinding
segment is a single tool within the software. When it comes to contact between the tool and
the workpiece model the grains in contact are coloured depending on the amount of the
actual material removal. The colour changes on a scale from blue to red. This is an optical
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indication of the load level of the single grains. After passing the adjustable maximum load
within the simulation (colour red) the grains will break out. In the simulation, the grains will be
deactivated and removed from the tool model (Fig. 1).

process start: after 50 cuttings:
workpiece
model
..\)‘ B ot =
Vo gty ~— grain models
simulation tool specification
program: CutS© Version 2.1 segment length lseg =20 mm
process: cut-off-grinding (1 segment) segment width Wseg = 7 Mm
wear: colour scale from blue to red segment height hseg =12 mm
and removing of grain models grain size dg =400-600 ym
parameter tangential grain distance a =1 mm
cutting speed  vo = 30 m/s axigl grailj disjance b =1 mm
infeed speed  vi = 1.33 m/min radial grain distance c =1mm
cutting depth @ = 30 mm Er/64732 © IFW

Fig. 1: Simulation approach, visual representation of tool contact and tool wear

Another influence on the grain positioning is the material removal mechanism. The material
removal mechanism can be described by the material removal factor k, which is defined as
the removed material cross section divided by the tool cross section. For brittle materials, the
factor values are k > 1 while for ductile materials like reinforcement steel k < 1. Therefore,
algorithms were included to scale the single grain models by means of factor k when the
simulation has detected contact between grain and work piece model (Fig. 2).

After the cutting operation is computed the grain will be instantly scaled to its original size
and a new detection of contact is made. The same principal is used to calculate a simplified
wear mechanism. A real diamond grain can wear in multiple ways, like flattening fracturing,
breaking. Simplified, all wear mechanisms lead to a size reduction of the grain. Therefore,
the wear of grains is calculated as a size reduction that depends on the individual load acting
on a single grain. After the cutting operation is computed the removed material by a single
grain is calculated and the grain size will be reduced proportionally to the removed volume
for the next simulation step.
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material removal factor k = 1 material removal factor k = 2

contour of
material removal

| -

workpiece mode

grain model
simulation parameter
program: CutS Version 2.1 cutting speed: ve = 30m/s
process: cut-off-grinding infeed speed: vi = 1.33 m/min
grain size: dg = 400 pm cutting depth: ae = 30 mm
material removal factor: k = 1;2 Er/64768 © IFW

Fig. 2: Single grain simulation with material removal factor k = 1 for ductile material removal
and k = 2 for brittle material removal

3. SIMULATION RESULTS

With the help of the described simulation approach the influence of different grain distances
on removed material volume was investigated (Fig. 3). Therefore, single segments were
computed with varying distances either in tangential, axial or radial direction while the other
directions were kept constant. A standard segment size for cutting of natural stone with
segment width wseg = 7 mm, segment length lsg = 20 mm and segment height hgeg = 12 mm
was used. The number of grains in the segment and more important on the surface of the
segment changes with varying grain distances. This leads to varying removed material
volumes and gives an indication of the most important parameters for an optimized grain
alignment. In dependence on real cutting segments the simulated grain models have a
diameter of dy = 400-600 pum.

It was found that the axial distance b between grains along the segment width is directly
connected to the removed material volume (Fig. 3, right). Due to the reduction of the number
of grains on the segment surface nguace With increasing axial grain distances b by a given
segment size less material is removed. When the grains are set next to each other up to
eleven grains can be set along the segment width regarding the maximum grain diameter
dy = 600 um. Is the axial grain distance doubled, a maximum of six grains can be set. To gain
a complete material removal in segment width the axial grain distance b has to be minimal. If
that is not possible then grain displacements of the following grains can help to improve the
removed material volume. The following grains should be set right in the gap of the leading
grains to maximise the material removal. Concerning material removal mechanisms of brittle
materials the simulation suggests an axial distance b = 0.7 mm with no grain displacement
since more material is removed by a single grain compared to ductile removal mechanisms.
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Fig. 3: Removed material volume depending on varying grain distances in tangential and
axial directions

The tangential distance a, which is the grain distance in circumferential direction or in the
direction of the length of a segment, has no significant effect on the removed material volume
(Fig. 3, left). Found deviations are due to the randomized choice of grain type, grain size and
grain direction, although the number of grains on the segment surface Ngyqace iS also reduced
for increasing tangential distances a. This means that the following grains set with the
distance a are not taking part in the material removal. This can be explained by the given
process kinematics. The number of grains on the tool circumference N of one diamond row is
influenced by the tangential distance a (1).

N =2 )

a

With r being the radius of the tool (2).

_ Dtoot
r = 2tool 2)

As the grains have a deterministic distance to each other the infeed for every grain f, can be
calculated (3).

f,=-L 3)

T N

The number of revolutions n is given by the cutting velocity v, and tool dimensions (4).

=X (4)

~ 2mr

Therefore, the tangential distance a can be calculated by the equation (5) for given process
parameters.
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Fig. 4 shows the necessary tangential distances a for certain single grain chip thicknesses of
the following grains. It can be seen that for low tangential distances (parameter a) the single
grain chip thickness is nearly zero. To gain equal chip thicknesses of hy, = 10 um, which is
found to be positive for the wear behaviour by Glatzel [11], the tangential distance should be
a = 13.5 mm for ductile material removal (k = 1). With regard to cutting natural stone which
occurs to have a brittle material removal mechanism and a material removal factor k = 2 the
tangential distance is calculated to a =27.1 mm which is more than the given segment
length. These values are valid for the assumption that the tool is used in full cut and f, = hg,.
Since this is not the case, the tool dimensions and the process parameters have an influence
on the tangential distance as well. The values of Fig. 4 were calculated with the help of the
depth of cut a. = 30 mm, the cutting speed v, = 30 m/s and the infeed speed v; = 1.33 m/min.
The tool diameter was assumed to be Dy, =1 m. The left side of the picture shows the
overall process kinematics. It can be seen that the maximum single grain chip thickness hg,
which occurs in the cutting process is smaller than the infeed f,. Equation (6) describes the
relation between these two values. Here, the influence of the tool dimension is given by the
cutting angle ¢ (7).

— hC'Ll.
fZ - sing (6)
cos@ = —(T_Tae) (7)
process kinematics influence of following grains on
parameter a
a="f,*(vo/ vf) 120 k=2
C ’
= mm o< f—*
heu Cw© k=2 ™ 2
2 E’ 8 80 [—heu= f /.‘k =27
‘ 8 ¢ 6ok =1{ " {he<f]
c S = ‘ /U “““
o H hcu— fz /\ ot
L2 40 4 - _
/_\C *k E 20 "'o “““““ ¥ —
oLE
| 0 5 um 15
7 single grain chip thickness hg,
®© ¢
) r parameter
. cutting speed ve =30m/s
infeed speed V§ =1.33 m/min
de cutting depth as =30mm
tool diamaeter Diool =1 m
47 material removal factor k =1,;2
Er/64769 © IFW

Fig. 4: Tangential distance a in dependence on single grain chip thickness of the following
grains

With regard to the given process kinematics and equation (6) the actual necessary tangential
distance a for an optimum single grain chip thickness hg, =10 um is calculated to
a(k=1)=39.7 mm respectively a(k=2)=79.3mm. This would mean that only every
second segment has one single grain in circumferential direction on its surface. Further
investigations suggest that grains aligned with small distances a can improve the wear
behaviour. Grains directly behind the first grains in contact take over the cutting load only
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when the first grains start to wear. This has an influence on the radial wear. When the first
grains breakout the following grains in circumferential direction, which have not taken part in
the cutting process until now, take over the cutting operation. The loss of the first grain in
contact due to wear means for segments with large tangential distances also a reduction of
the segment height, at least a reduction equal to the grain size. If the tangential distances are
smaller, the segment height stays the same if the first grains are worn out until the last grain
of one layer is worn. So the radial wear rate is reduced. The smaller the tangential distance,
the higher the wear stock and the lower is the radial wear rate. But, it is known, that for
standard tools with stochastically grain distributions used for cutting of hard and brittle
materials the grain concentration is lowered or the segment length is shortened, or both. This
leads to higher average tangential grain distances with regard to reduce process forces. If a
small average tangential grain distance and therefore, a large number of grains on the
segment surface means higher process forces, then there is a limit for building up a wear
stock through small tangential distances on segments with deterministic grain distributions.
The simulation suggests a tangential distance of a = 3 mm to not flatten following grains by
ploughing effects but also have a wear stock to reduce radial wear.

For the increase of the removed material volume the grain alignment in segment width (axial
distance b) is more important since it directly determines how many grains are actually in
contact with the workpiece. The tangential distance a has no effect on the removed material
volume since the following grains do not take part in the cutting operation until the first grains
start to wear. Nevertheless, this effect can be used as a wear stock so the radial wear can be
reduced. The influence of the radial grain distance ¢ on the tool behaviour, removed material
volume and wear rate was investigated in experimental cutting tests with the goal to set up a
wear model of the segment bonding to be implemented within the material removal
simulation.

4. CUTTING EXPERIMENTS

To proof the simulation results and get information about the wear mechanisms and the wear
rate real cutting experiments were conducted on a natural stone bridge saw type Hensel
Gigant 459. The cutting parameters were set as described before. As work material a hard to
cut granite type Rosa Sardo was used with the dimension of 1.2 x 1.2 x 0.35 m3. The process
forces were measured with a Kistler three-component dynamometer. The dynamometer is
directly mounted under the workpiece. The workpiece is cut into joints with a square surface
of A =0.36 m? with 10 infeed steps. After three joints with A = 1.08 m? the radial wear of the
tools was measured. To gain information about the wear behaviour of the tools and the
influence of different grain distributions 33 joints were cut with each tool. This enables an
evaluation of the self-sharpening mechanisms and an analysis on how grains appear at the
segment surface when the bonding is set back.

For the experiments four different sawing blades with a diameter D,,q = 1 m and a diamond
grain size of dq =400 - 600 pm were used. Two of the tools, tools 1 and 2, have cutting
segments with a deterministic grain distribution equal in tangential, axial and radial distance
ofa=3mm, b=0.7 mm, c =1.15 mm. Here, c is a result of fitting the total number of grains
within one segment for standard tools with a concentration C15 into a segment with given
height, length and width also as given parameters a and b. Tool 2 has further a grain
displacement in radial direction of I.=0.55mm. In addition, two standard tools with
stochastically distributed diamond grains, tool 1g.n and tool 2. Were investigated. The
concentration of those tools correlates with the total number of diamond grains in tool 1 and
tool 2, respectively. Since tool 2 has additional grains in radial direction the total number of
diamonds is 1.5 times higher than for tool 1. Therefore, tool 24, has also a 1.5 times higher
concentration than tool 1gch.
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5. CUTTING RESULTS

The upper part of Fig. 5 displays the resulting process forces for every tested saw blade. At
first there occurs a grinding-in process until a cut surface of A = 2 - 3 m2. The normal forces
as well as the tangential forces are increasing during that period. After finishing the grind-in
process the process forces are decreasing and start to oscillate around a stationary process
force level. It can be seen that the tools with a larger number of grains (tool 2 and tool 2gcn)
gain higher process force levels. The number of grains on the surface has an influence on
the process forces. For stochastically grain distributions the average tangential grain
distance depends on the grain concentration. The higher the concentration the more grains
are on the segment surface and the smaller is the average tangential grain distance. The
results of chapter three have shown that the single grain chip thickness of the grains with
small tangential distances a are very low. Hence, these grains do not take part in the cutting
process but ploughing effects occur which result in higher friction and therefore in higher
process forces. Comparing photographs of tool 1 and 2 depicts that the number of grains on
the cutting segment surface is higher for tool 2 although the tangential grain distance a is
equal. Due to the wear processes the bonding is set back and underlying diamond grains
appear at the segments surface. Since tool 1 lacks additional diamond grains in radial
direction there are no underlying grains that come into contact with the workpiece,
immediately. For tool 2 these additional radial diamond grains increase the number of grains
on the segment surface. There is a state were underlying diamond grains are in contact with
the workpiece while there are still diamond grains of the first diamond layer on the surface of
the cut-off-grinding segment. This results in a partially higher number of diamond grains on
the segment surface. Therefore, the average tangential grain distance is reduced which
explains the high increase of normal forces at the first grinding-in period. After reaching a
stable self-sharpening effect, the forces of tool 1 and 2 are approaching, due to equal
numbers of diamond grains on the surface of the cut-off-grinding segment. Additionally, the
overall behaviour of the segments is changing with the number of grains. The segments get
a higher stiffness, due to reinforcement effects by additional grains, which leads to less
elastic deformations. Therefore, the process forces are increasing as well for tool 2.

Since the number of grains on the segment surface is nearly equal, the radial wear increases
similar for all tools in the first period until a cut surface of A =4 m2 (Fig. 5, bottom). After that
the radial wear has reached Ar=0.4 mm, the same value as the diamond grain size.
Therefore, the first layer of diamond grains is worn or broken out. For tool 1, the radial wear
increases rapidly from the cut surface A =4 m2to A = 6 m2, due to the lack of grains in radial
direction (Fig. 5, right). At this cut surface the radial wear reaches the value of the radial
grain distance c in tool 1. Here, finally new diamond grains appear at the surface on the cut-
off-grinding segments which immediately leads to a decrease of the wear rate. In the
following period the radial wear increases parallel to the first period. It is assumed, that after
the second layer of diamonds is worn out, the radial wear rate increases again significantly.
The radial wear of tool 14, Oscillates around a linear best-fit line. Due to the stochastically
distribution of grains, there are active grains cutting throughout the complete segment height.
Therefore, a sudden increase in radial wear like it is shown by tool 1 is missing. The
oscillating behaviour can be explained by the changeable number of diamond grains on the
surface of the cut-off-grinding segment due to the stochastically distributed diamond grains
within the cutting segments. Hence, the radial wear rate increases for a low number of
diamond grains on the surface and decreases for a higher number.
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Fig. 5: Process forces and radial wear for tools with different grain distributions

The oscillating of the radial wear curve can also be seen for tool 24, Here again, the
stochastic distribution of diamond grains within the cutting segments leads to varying
numbers of grains on the actual surface of the segments and therefore, to a faster (less
diamond grains) or a slower increase of the radial wear. Due to its higher concentration
compared to tool 1g.ch, the radial wear proceeds slower.

The radial wear of tool 2 does not show an oscillating behaviour. Compared to the
stochastically distributed tool 24, the wear can be lowered although both tools should have
the same total number of grains within the cutting segments. Here, in every height of the
cutting segment of tool 2 the number of diamond grains is nearly constant. This leads to an
even wear rate and to an approximately longer tool life than stochastically distributed cut-off-
grinding segments.

The experimental results have shown that with higher number of grains on the segment
surface the process forces are increasing. Hence, it is assumed that there is a limit for the
number of grains on the segment surface which are set as wear stock to not exceed machine
power limits and therefore, the tangential grain distance is limited. With the help of grain
pattern the wear behaviour of sawing blades using cut-off-grinding segments can be
influenced. It was shown that the radial grain distribution can smoothen the increase in radial
wear and reduce the amount of the radial wear which leads to a longer tool life. It is assumed
that with further use of additional displacements of diamond grains the radial wear can be
lowered further.
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5. CONCLUSION AND OUTLOOK

A new simulation approach for the determination of grain pattern was introduced. Compared
to existing approaches a new possibility of creating 3D grain pattern and the consideration of
material removal mechanisms of ductile and brittle materials was introduced. Therefore, a
new parametrisation of possible grain positions was done and additional algorithms were
implemented. With a simplified wear model the simulation cannot only be used for
maximizing the removed material volume but also gives indications about the expectable
wear rate.

With the help of the simulation it was found that the axial grain distance b in a cut-off-grinding
segment is the most important parameter to maximize the removed material volume. It was
also shown that in tangential direction following grains can be set directly behind the first
ones with the parameter a and therefore, a wear stock can be build up. It was also shown
that the process parameters, the tool dimension and the work material have an influence on
the optimum position of grains within a cutting segment.

Real cutting experiments in natural stone have shown that the parameter tangential grain
distance a has an influence on the cutting forces and is therefore limited for the use of setting
up a wear stock. It was also found that the radial wear is predicted by the radial grain
distance c. Compared to tools with stochastically distributed diamond grains a smoothening
of the wear rate is possible due to the same amount of diamond grains in every height of the
cut-off-grinding segments.

In future work the dependencies of the parameters among one another will be analysed by
changing different grain distances at the same time using a design-of-experiments method
(DoE). It is believed that combined with grain displacements in each direction a model can be
derived for the calculation of optimized grain pattern for a given application by work material,
tool dimension and possible process parameters. With the experimental results shown, only
two layers of diamond grains were used. The segments consist of nine to twelve layers,
depending on the pattern. Future experiments should focus on the process stability regarding
the wear behaviour and the process force development, when more material is cut.
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ABSTRACT

Chain saw cutting technology has been widely described by the author those last years in several
scientific and technical articles. The main problems encountered on chain saw machines have
been described. Several experimental approaches have been developed in laboratory to better
understand the stone cutting mechanisms and to improve the efficiency of the machines. New
cutting designs have been developed increasing the performances of the machines. Monitoring
systems have been introduced on the machines to follow their performances while operating in
quarries. Even if the technology is well described, very few information can be found on the costs
of the technique.

This paper overcomes this lack of information and introduces a rigorous methodology to estimate
the real costs of the sawing operations with chain saw machines. The technological parameters
introduced and described in the literature have been implemented in a cost evaluation program
developed by Stone Assistance, in order to evaluate their influence on the chain saw operational
costs. The objective of the paper is to present some interesting results that should be considered
by the engineers or operators working with chain saw machines, and that could help them to
manage the operations with chain saw machines in quarries.
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INTRODUCTION

Stone Assistance is working since several years on the improvement of the sawing technique with
chain saw machines in quarries. The technology has been revisited thanks to a research program
undergone at University of Mons in collaboration with PMDS sa, a manufacturer of diamond tools
for chain saw machines, and granted by the Walloon Region.

At the very beginning of the project started a serious discussion with operators regarding the
profitability of the chain saw process. Two different points of view were identified on the evaluation
of the operational costs of the chain saw technique. From an operational point of view, the
purchasing cost of the tools was crucial; from the R&D point of view the cutting speed of the tools
was fundamental. Those points of view raised a serious question: do we have to keep using lower
price tools, or is it more profitable to use more expensive tools? To answer this question, a
complete research program has been performed in order to collect any important information that
would help answering the question.

The research program has been focused on the understanding of the cutting mechanisms and
improvement of the sawing technique. An experimental approach has been followed in laboratory
to better understand the stone cutting mechanisms [1]. Based on the experimental results obtained
in laboratory, a new cutting typology has been designed in order to increase the performances of
the machines (higher production rate, increase of the tool life span) [2]. The new cutting concept
has then been validated in quarry thanks to a monitoring system that has been developed to record
cutting parameters while sawing and to evaluate the performances of the machine [3]. An
evaluation method of the life span of the chain links and tools has also been developed [4] [5].
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Many different types of information have been collected in order to determine the most realistic
cost of the sawing operations with chain saw machines. And finally, a simple cost evaluation
program has been developed in order to compute the operational costs.

1. THE COST EVALUATION PROGRAM

Advanced cost evaluation methods are rarely used in the stone industry to accurately determine
economic gain of using high technology tools. Most of the stone processors evaluate the
performances of their tools using a basic formula:

Tool cost
m2 of material cu

(1)

Unfortunately, such formula does not take into account several hidden costs related to the
efficiency of the tools, or the cutting speed of the machines.

The cost evaluation program developed by Stone Assistance is based on a classical cost
evaluation methodology for heavy construction equipments [6]. For instance, the cost computation
methodology in use in the Caterpillar® Fleet Production and Cost analysis software [7] has been
adapted for chain saw machines.

The program takes into account a large number of characteristics of the chain saw machines
(purchase price, estimated residual resale value, depreciation period, electrical power, etc.), and
integrates the performance parameters measured while operating (chain speed, cutting speed,
working efficiency, staff efficiency, etc.) or other information related to machine maintenance (tools
and chain life span, maintenance frequency, etc.). Those data enable to assess both the fixed
costs (depreciation, interest on loans, equipment insurance, various taxes...) and the variable costs
(chains, tools, other consumables, energy consumption, and labor).

Note that the program currently incorporates the main economic parameters, but the calculation
model could be very easily adapted to take into account any other specific parameters. We will not
detail the all calculation method in this article. However, anyone interested in more information, or
in a practical implementation for his quarry or processing plant should contact the author.

The main objective of such a method of assessment is to get a correct evaluation of the true
operational costs which should allow the process engineer to quantify the potential benefits of
strategic decisions to optimize the stone processing (modification of the technical parameters, use
of high-tech tools, replacement of a machine, etc). On another hand, the method also gives the
opportunity to the stone processors to size the fleet of machines to achieve the annual quarry and
plant productivity. The use of very similar concepts already allowed significant improvements of
sawing techniques for plant processing [8].

2. THEORY OF PRODUCTIVITY

The theory of productivity is not recent in process engineering. Coromant-Sandvik, for example, is
one of the main instigators of this theory for metal machining. It is well known in this industry, and
in metal turning for example, that the cost of the cutting tools represents only a very small part (on
the order of 3%) of total production cost. The major gains in productivity and on the operational
cost are obtained by adapting the working methods. Choosing the right tool and applying it
correctly allows, in metal turning, to increase significantly the productivity and to bring down the
operational cost by 10 to 15% [9].
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The theory of productivity should also be applied to stone processing. From the experience in
metal turning, it can be expected that the technological parameters of the tools, such as cutting
speed and depth of cut, are variables that have the largest impact on the improvement of the
productivity and on the reduction of the costs. The paper will try to quantify their influence on the
operational cost.

3. INFLUENCE OF SEVERAL VARIABLES ON THE OPERATIONA L COST

The objective of this study is to demonstrate the importance of some variables of the cost
evaluation program and to illustrate the range of possible gains that could be reached by modifying
them. For each study case, the operational cost will be divided in six costs categories: fixed costs,
chain costs, tool costs, consumable costs, energy costs, and man power costs.

In any case, the main variables will be listed in front of the cost diagrams for each study case. The
stone considered is the Belgian Blue Limestone which has been studied in the research program.

By reason of discretion, the costs provided by the evaluation program will be normalized by the
maximum one of each study case.

3.1 CUTTING SPEED

The cutting speed of the chain saw machine (Vmachine) depends on the chain speed (Venain), the
depth of cut (d), the length of the cutting typology (n.step, with n the number of cutter holders in the
configuration and step the distance between successive cutter holders), and the inclination of the
arm of the machine (a) [1]:

d .
Virachine = Vehain msma (2)

The increase of the cutting speed of the machine can be obtained by increasing either the depth of
cut or the chain speed, or by decreasing the length of the cutting typology. No detailed discussion
will be done in this article on the change of the different variables that may affect the cutting speed
of the machine. Just remind that the depth of cut results from the thrust applied by the arm of the
machine on the stone to be cut and the length of the typology is a characteristic of the cutting
design.

The example presented in Fig.1 illustrates the influence, on the operational cost, of a change in
cutting speed from 1 to 5 cm/min. At any other settings kept constant, the only variation of the
cutting speed enables to significantly reduce the total operational cost. Cutting speed has a direct
effect on the fixed costs of the machine, the energy and labor costs. This example shows the
interest to increase cutting speed of the machine regardless of the design of tools used. More than
60 % of cost reduction may be expected in the example.

Note that if the rotational speed of the chain has been correctly set up, the cutting speed has no
immediate effect on the tools and chain costs. But a bad choice of rotational speed of the chain will
have a non-negligible consequence on the tool life span. Several rotational speeds are indeed
critical as they generate vibrations that may be responsible for the breakage of tools. However, we
do not consider this parameter in this example.
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Fig.1 : Example of the influence of the cutting spe  ed of the machine for the same cutting
configuration, and any other setting kept constant.

3.2  WORKING EFFICIENCY

The working efficiency (7,) is a performance parameter which reflects the amount of time lost in
machine immobilization due for example to breakdowns and repairs, or to any other organizational
reasons. These time-outs are therefore affecting this performance:

_ effective working time _ 1- time-outs

= : — ; —— 3
theoretical working time theoretical wanky time )

w

Whatever the industrial sector, it is not uncommon that machines operators spend more than 20%
of their time to search or wait for their tools. This is not without consequence on the productivity
and the operational cost.

The site-specific organizational aspects (working methods, preventive maintenance or not, etc.)
are not the topics of this paper and will not be discussed. Keep in mind that the tool selection will
have consequences on the final process organization. A non suitable cutting tool choice can be
responsible for breakdowns that require handling and immobilization of the machines.

From the monitoring of the machine [3], the working efficiency of chain saw machines have been
estimated in a first approximation to 45%. The example presented in Figure 5 illustrates the
influence, on the operational cost, of the increase of the working efficiency of the machine from 30
to 60 %.

The benefits are mainly obtained on the fixed costs. Depending on the initial and final working
efficiency, the operational cost may decrease up to nearly 20 %.
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Fig.2 : Example of the influence of the working eff

3.3 LIFE SPAN OF THE TOOLS AND CHAIN LINKS

The tools and chain links life spans are not intrinsic characteristics. They strongly depend on the
conditions of use of the machines. For instance, a non appropriate rotational speed of the chain
can cause vibrations of the machine and tool breakage [3]. A bad force distribution on the cutting

55%

60%

Simulation parameters :

e

AN

Machine : 50kW, 5 m arm,
150.000 euros, depreciation
in 10 years

Cutting speed : 3 cm/min
Chain life span : 3500 m?
Tools life span : 3000 m?

DEO0OOE D@

Man power

Energy consumption
Consumables

Tools

Chain

Fixed costs

iciency for the same cutting configuration, and any

other setting kept constant.

configuration can generate fatigue phenomena leading to the ruin of the chain links [4].

The example presented in Fig.3 shows the influence, on operational cost, of the increase of the life
span of the chain from 3000 to 6000 m2. In the example, the increase of chain links life span allows
to reduce the operational cost up to 15%.

The example presented in Fig.4 illustrates the influence of the increase of the tools life span from

3000 to 6000 m=. In this example, the reduction the operational is around 10%.
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Fig.3 : Example of the influence of the chain links life span for the same cutting configuration, and
any other setting kept constant.
0,
100% Simulation parameters :
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Fig.4 : Example of the influence of the tool life s pan for the same cutting configuration, and any oth er
settings kept constant.
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3.4 TOOL PRICE

The tool price is of course a variable that influences directly the operational cost. And it is generally
the variable that will be taken into account when buying the tools.

The example presented in Fig.5 illustrates the influence, on the operational costs, of a price
reduction from the full price to 60% reduction. The reduction of the operational cost is less than
10%.

100% - . .
% Simulation parameters :

AY

Machine : 50kW, 5 m arm,
150.000 euros, depreciation
in 10 years

Cutting speed : 3 cm/min
Chain life span : 3500 m?
Tools life span : 3000 m?
Working efficiency : 40 %

90% -

80% -

NAAD

70% -

60% - |

50% -

40% -

Normalized costs

30% -

Man power

Energy consumption
Consumables

Tools

Chain

Fixed costs

20% -

10% A

DEO0OOE DO

0%
0% 10% 20% 30% 40% 50% 60%
Reduction on the tools price (%)

Fig.5 : Example of the influence tool price for the same cutting configuration, and any other setting
kept constant.

4.  APPLICATION OF THE COST EVALUATION PROGRAM
Several cutting configurations have been studied in the previous articles (see Fig.6) :

a configuration with 9.4 mm width squared cutters,

a configuration with 8 mm diameter circular cutters,

a configuration with 13 mm diameter circular cutters,

the new concave cutting configuration with 10 mm diameter circular cutters.

PN E

Most of the technical parameters and economic variables have been measured or determined and
introduced in the evaluation program.

Fig.6 presents the different operational costs estimated with the cost evaluation program for the

different cutting configurations studied. The last simulation corresponds to the new concave
configuration working at the maximum chain speed without generating vibration.
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Fig.6 : Comparison of the three cutting configurati ons in use in the Belgian Blue Limestone quarries
(1,2 and 3), with the new concave configuration dev  eloped (4) and the same configuration working
with the maximum chain speed of the machine without vibration (5).

Based on the different data, the fleet of machines necessary to reach the productivity of a quarry
has been defined. Fig.7 illustrates the number of identical machines that should be needed for an
annual quarry productivity of 40.000 m3, actual volume extracted in the Blue Limestone Quarry
which has been studied.

It can be clearly observed that the tools choice and its final performances has an effect on the
operational cost and the amount of machines necessary to achieve the productivity.

5. CONCLUSION

The research project on chain saw machine technology has been initiated in order to understand
why problems were appearing in hard stone cutting. The experience acquired during the project
allows the design of an innovative cutting typology. The use of a cost evaluation program specially
developed for chain saw machine in combination with the experimental approach in laboratory and
the monitoring of the machines in quarry gives the opportunity to stone processors to evaluate the
benefits of using new high-tech tools to optimize chain sawing operations.

From the evaluation of several variables implemented in the program, it has been shown that the
cutting speed of the machine is the main variable which allows significant decrease of the
operational cost. The development of new efficient cutting configuration based on a scientific
approach allows the increase of the working efficiency, and the increase of the tools and links life
spans which finally also induces additional decrease of the operational cost. The effect of the tool
price reduction on the operational cost stays marginal in comparison to what can be expected from
the other variables. Evaluating the performances of tools based only on their direct cost should be
disregarded. However, the cutting tool must be correctly chosen based on the expected cutting
speed, the life span of tools and machine parts, or the energy consumption.
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Chain speed (RPM) :
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Cutting speed (cm/min)
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Fig.7 : Evaluation of the machine fleet necessaryt o reach a productivity of 40 000 m3 with identical
machines for the different cutting configurations e valuated.

The experimental approach in laboratory and the continuous monitoring of the machine combined
with an efficient cost evaluation program is an innovative methodology that helps increasing the
productivity and reducing the operational cost in the stone industry. Their use will bring additional
innovations. Working methods and tasks organization will also allow additional gains in terms of

working efficiency.
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ABSTRACT

In this work, the influence of surface roughness of a natural stone material on two important
parameters for the performance of the industrial coating process will be studied. The selected
parameters are contact liquid drop angle, to assess the best conditions for the application of the
liquid coatings, and the adhesion strength, to assess the best coating performance once the
coating has been applied and dried. These two parameters are quantitative and may allow the
comparison between different case studies. The study of influence will be addressed in this work
from a practical point of view, so that results can be applied in a current industrial process for
optimization purposes. The obtained conclusions are expected to be used to propose
recommendations for the stone industry to guarantee the performances of the coating systems
applied.

KEYWORDS
Natural stone, surface engineering, coatings, adhesion strength, wetting contact angle, roughness.
INTRODUCTION

In the current Natural Stone industrial sector, applying polymeric resins over the surface of natural
stone slabs has become a very common task. The main objectives of the resin treatment are, on
the one hand, the filling and sealing of natural cavities and, on the other hand, the consolidation of
the stone surface to improve its cohesion and avoid problems of surface brokerage. To improve
the cohesive effect, the resins are often applied on the back side of the slabs along with a mesh of
fiberglass. Many stone materials are resin treated on both their sides (face side and reverse side).
Out of many existing chemical families that could be used for this purpose, polyester and epoxy
resin are the preferred ones in the natural stone industry [1].

However, in some circumstances these resins present adhesive failures and it is difficult to identify
if the problem is derived from an incorrect industrial application, a non optimal state of the initial
substrate (surface dirt, moisture and roughness), ageing effects due to environmental factors, an
insufficient curing process of the resin or even because the chosen resin is not enough physico —
chemically compatible with the natural stone substrate and so a limited adhesion should be
expected.

Although some experimental works have been performed to study the mechanical improvements
obtained by natural stone materials reinforced by different resin systems, reference [2] can be
taken as an example, there is a lack of information in literature about stone surface characteristics
and their influence in adhesion processes.

It has been experimentally demonstrated that the adhesion strength of a coating, and therefore the
substrate — coating system stability, is influenced not only by the mechanical properties of the
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system under test, but also by the nature and preparation of the substrate, the method of coating
application, the drying conditions of the coating, the temperature, the humidity and other factors as
e.g. the type of the test instrument used [3].

In this work, the influence of surface roughness of a natural stone material on two important
parameters for the performance of the industrial coating process will be studied. The selected
parameters are the contact liquid drop angle and the adhesion strength.

The contact angle is a measurable physical property to assess the wetting process of a liquid on a
substrate. For a liquid to be used as a coating system, a high wettability is recommended, implying
that both the substrate and the coating are compatible from a Physicochemical point of view. High
wettability systems are those in which contact angle is below 90 degrees, being the ideal perfect
wetting state at contact angles of 0 degress. The contact angle is, therefore, a quantitative
measurement that can be used to compare different case studies. The physical behavior can also
be affected by microscopic surface roughness that can have an effect on localized contact angles.
The combinations of contact angle measurements, surface roughness and surface chemical
analysis can be used to unambiguously assess the affects of manufacturing process modification
and formulation changes improving product performance or reliability of in-line processes such as
paint coating, laminate or adhesive systems. Comparing different liquids, the contact angle
measurement instantly shows if one liquid ‘wets’ a surface better than another. In the same way, if
the liquid is maintained in the tests, the influence of the substrate can also be studied, which will be
the chosen procedure in this experimental work. Surface homogeneity can also be demonstrated
using this method. If several drops of known liquid are dispensed onto a surface, differences in
contact angles will indicate the degree of inhomogeneity of the surface [4], [5].

On the other hand, the adhesion between the coating, once it has been dried and cured, and the
substrate can be taken as a quantitative measurement of the system global stability. The adhesion
strength of a coating can be determined by a pull-off test which measures the mechanical
resistance of the coating to separation from the substrate when a perpendicular tensile force is
applied. The obtained adhesive strength along with the identification of the nature of the adhesive
fracture (cohesive or adhesive failure) are the main identifiers of the mentioned coated system
stability [6].

There are experimental works in which the influence of roughness has been demonstrated on the
adhesive strength of a coating system [7]. That influence appears from a minimum value of surface
roughness and makes adhesion strength increase with the increase of roughness surface until a
maximum obtainable adhesive strength with a practical rough substrate is reached. One of the
objectives of this experimental work is to validate if that effect occurs in the selected system
(natural stone substrate and epoxy system) with the different surface roughness values practically
attainable in an industrial natural stone polishing line with different abrasive sequences.

1. MATERIALS AND EXPERIMENTAL PROCEDURES

The study will be performed over different samples of a single natural stone material. The chosen
material is the limestone known as Crema Marfil, extracted in the Spanish region of Novelda, in the
province of Alicante. The choice of this material is justified under the fact that it is a very popular
natural stone material at international level and that almost all the material that is processed and
elaborated for commercial use in the form of tiles and slabs is treated with chemical resins
(polyester and / or epoxy) on both material sides (face side and back side) in order to consolidate
the material, to reinforce it and to avoid it being split into small fragments in case of breakage.
From the petrography point of view, Crema Marfil is a fossiliferous limestone (bioesparite or
grainstone), mainly composed by calcite (99%) but also containing opaques and clay minerals. Its
structure is homogeneous and there is evidence of the presence of stylolites, which are serrated
surfaces within the rock mass at which mineral material has been removed by pressure dissolution,
in a process that decreases the total volume of the rock. The texture of the rock is mainly
composed by fossils of protozoa foraminifera, on the microscale and the macroscale, presenting
also fragments of red algae and echinoderms.
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The chosen coating system is a two component epoxy resin from DOW trade house. The system is
composed by a very pure Bisphenol A resin and an aminic hardener in a ratio of 2:1. The fresh
mixture has a density of 1.12 g/cm3 and a viscosity of 3,000 cP at 25°C. The potlife of the mixture
is approximately 10 min, which was determined in the laboratory.

Stone samples with different grades of roughness surfaces have been obtained by the application
of different sequences of abrasives. In this sense, an industrial polishing line for natural stone with
sequential calibrating and polishing heads was used. Eight different samples have been
considered, in the form of (30 x 30 x 2) cm tiles, which have been extracted at different points of
the polishing line, implying an increasing sequence of the abrasive grains applied (following the
FEPA Nomenclature). In table 1, the abrasive sequence is shown and also the points of the
polishing line from where each tile was extracted. As mentioned before, the complete sequence
goes from coarse to fine abrasives, so that the first abrasives are very aggressive and have the
function of grinding and leveling the tiles thickness and the last abrasives remove much less
surface material and have the function of generating a polished surface by closing surface porosity.
These eight samples represent the different surface roughness states for the natural stone material
surface. Each sample was extracted at the output of the abrasive head with which it is related in
the table and is numbered according to the sequence of abrasives with which it has been treated.
For example, sample 1 was extracted at the output of the first polishing head, implying an initial
calibration and a posterior treatment with abrasives of grain 60. In the same way, sample 8 was
extracted at the end of the line, implying the treatment with a complete sequence of calibration and
polishing heads and a very smooth and glossy surface finish. The polishing line feed rate used was
of 1.1 m/min.

Table 1: Abrasive sequence and points of extraction of the samples

Head number (FEPAGI\rlilgeSrlfcelature) Extracted sample

3 calibration heads - -
1 60 8

80 -

3 120 7

4 220 6

5 320 5

6 340 -

7 400 4

8 600 3

9 800 2

10 Hard abrasive for gloss -

11 Soft abrasive for gloss -

12 Cleaning head 1

Each selected tile was cut into smaller samples of (7.5 x 7.5 x 2) cm, to generate the laboratory
specimens, and a set of 6 random samples out of a total of 16 were selected, meeting the
statistical assumptions proposed in the testing procedures. This composes a total of 8 sets, with 6
specimens in each set.

The complete preparation, coating application and test sequence was applied over all the
specimens to guarantee a direct correspondence of the results. The used methodological
sequence was as follows:

Sample cleaning and surface preparation. The cleaning process was composed by pressured
air exposition, a 15 min bath in acetone with ultrasound followed by drying in an oven for 24 h.
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Contact angle determination. The chosen liquid for wetting tests was distilled water, instead of
the final coating liquid. This decision was made upon the fact that the epoxy coating liquid
properties, once the two components are mixed, are highly time dependent and also that the
epoxy could leave residues on the surface of the samples. The proposed contact angle test
can be considered as an indicator of how surface energy is affected by roughness when a
polar liquid drop is applied on the samples surface, but not to determine the real contact angle
existing between the samples and the liquid coating resin. The contact angle determination
was performed using the standard procedure defined in ASTM D 5725 — 99 [8], determining
the contact angle at three times from the drop application: 0.1, 1 and 10s. The test equipment
used for conducting angle measurements was an OCA 20LH from Data Physics. One drop
was evaluated for each sample and for each set of samples the average values and standard
deviations were calculated.

Fig. 1 and 2: Drop Angle measurement equipment (left) and adhesion strength measurement
equipment and dolly — sample assembly (right).

Application of coating system and dollies. A total mass of approximately 1g was
homogenously manually applied on the surface of the samples using a laboratory rod, implying
a coating of 0.15 mm thickness. The samples were previously dried in an oven at 70°C for a
period of 18 h and allowed to achieve an equilibrium temperature in laboratory for 5 h. The
coatings were applied at laboratory conditions, complying with the requirements of the
standard procedure. Once the coating system was applied, the samples were cured for a
minimum period of 24 h before applying the dollies for the adhesive test. According to the
adhesive test procedure, 2 cm dollies were glued on the coating surface using the same epoxy
resin of the coating system and the minimum possible quantity (around 0.07 g). The obtained
assembly was left for resin curing an additional period of 48 hours at laboratory conditions
(25°C and 50% RH).

Determination of the coating adhesion strength by the pull off test. The used procedure for
determining the coating adhesion strength over the substrate was the standard procedure
defined in 1ISO 4624-2003 [6] using cylindrical dollies with 2 cm diameter. The used equipment
was a portable electronic adhesion tester KN-10 from Neurtek. As the coating thickness was
0.15 mm, the coating was not cut around the dolly diameter. The adhesion strength was
determined for each sample and the mean value, the range and standard deviation were
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calculated for each set of samples. The nature of the fracture was estimated by means of
percentage areas using the following three categories:

- A: cohesive failure of the substrate.

- A/B: adhesive failure between the substrate and the coating system.

- Y/Z: adhesive failure between adhesive and dolly.

No adhesive cohesive failure was identified. Samples with a 100% Y/Z adhesive failure were
discarded for statistical analysis, considering that the obtained values were not representative for
the coating adhesion strength. For each set of samples the average value of the percentage
fracture areas was also calculated. This is not indicated in the standard but was considered as a
guantitative way of studying the variation on the type of fracture from one set of samples to the
others.

Fig. 3 and 4: Specimens showing a 100% adhesive failure (A/B) on the left and a 100 % substrate
cohesive failure (A) on the right.

2. RESULTS

In the following chart the final statistical parameters (mean and standard deviation) of the obtained
experimental angles for the distilled water drops at 0.1, 1 and 10 s over each set of samples are
shown:

Table 2: Statistical results for contact angle.

SAMPLE 1 SAMPLE 2
Time [s] Mean angle [°] SD Angle [9] Time [s] Mean angle [°] SD Angle [9]
0.1 69.4 6.2 0.1 63.2 7.7
1 63.5 7.2 1 55.6 5.0
10 58.8 4.8 10 53.4 3.8
SAMPLE 3 SAMPLE 4
Time [s] Mean angle [°] SD Angle [9] Time [s] Mean angle [] SD Angle [9]
0.1 72.2 15.3 0.1 66.0 14.3
1 68.6 16.1 1 59.3 10.2
10 65.7 16.4 10 56.3 9.2
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SAMPLE 5 SAMPLE 6
Time [s] Mean angle [] SD Angle [?] Time [s] Mean angle [] SD Angle [9]
0.1 62.1 17.5 0.1 74.7 12.1
1 55.0 11.0 1 62.5 7.0
10 51.2 9.1 10 55.5 7.4
SAMPLE 7 SAMPLE 8
Time [s] Mean angle [] SD Angle [?] Time [s] Mean angle [] SD Angle [9]
0.1 55.5 8.6 0.1 89.2 29.4
1 48.6 6.2 1 77.4 23.0
10 435 6.0 10 66.5 16.3

The statistical graphs representative of the six specimens for each sample, summarizing all the

data collected, can be also shown:
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Means and 95,0 Percent LSD Intervals 10 s
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Fig. 5, 6 and 7: statistical graphs for drop contact angle at 0.1, 1 and 10 s from drop application.

In the same way, the obtained statistical data for the adhesion strength are shown below:

Table 3: Statistical results for adhesion strength.

Adhesion | Adhesion | Adhesion | Adhesion | Adhesion | Adhesion | Adhesion | Adhesion
strenght | strenght | strenght | strenght | strenght | strenght | strenght | strenght
Sample 1 | Sample 2 | Sample 3 | Sample 4 | Sample 5 | Sample 6 | Sample 7 | Sample 8
(kgf) (kgf) (kgf) (kgf) (kgf) (kgf) (kgf) (kgf)
Mean: 181 126 165 183 172 202 168 195
Range: 170 70 163 142 176 140 54 170
Standard
Deviation: 83 26 61 63 91 70 26 70

The statistical graphs representative
data collected, can be also shown:
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Fig 8: statistical graph for adhesion strength
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The results of the average fracture regions are also shown in the following table:

Table 4: Table with the average contributions of the adhesive failure.

Type of adhesive failure (% of contribution)
Sample (nearest 10 %)
A (Cohesive) A /B (Adhesive)
1 0 100
2 5 95
3 8 92
4 16 84
5 22 78
6 20 80
7 76 24
8 28 72

3. RESULTS DISCUSION AND CONCLUSIONS

As it can be seen from Table 2 and Fig. 5, 6 and 7, the obtained statistical results for drop angle
show big dispersion, especially at 0.1s and in samples 3, 4, 5 and 8, in which standard deviation
value exceeds the 20% of the mean value. Two possible factors can be the reasons of this
dispersion: the drop shape is not completely stabilized at early times and the material surface is
very heterogeneous (as it can be deduced by the petrography study). The first factor can be
reduced by establishing the drop angle comparative study at 10 s (although some samples
maintain a high standard deviation at those times). The second factor can’t be avoided and it is a
general characteristic of any kind of property of natural stone determined in the laboratory.

A multiple sample comparison study can be performed using software for statistics. ANOVA
provides a statistical test of whether or not the means of several groups are equal, so ANOVAs are
useful for comparing (testing) three or more means (groups or variables) for statistical significance.
An ANOVA test between the means of the 8 drop angle variables at the 95.0% confidence level
shows that there is a statistical difference between the variables. Repeating the same ANOVA test
removing sample 8, the same result comes from the test. If sample 7 is also removed, the ANOVA
test shows that the rest of the variables are statistically equivalent at the 95.0% confidence level.
Sample 7 and 8 are statistically independent if we perform the ANOVA test for the two variables.
Similar conclusions can be extracted from the statistical comparison of angles at 0.1 and 1 s.

These statistical results can lead to the following conclusions, relating to the experimental results
obtained in this work:

- The drop angle variable can be considered statistically constant for those samples
treated with fine abrasives (from grain 220 to the smaller ones). The mean value of
the drop angle at 10 s from drop application considering the six equivalent sets of
samples is 56.8°, which means that the surfaces are weattable by water and similar
liquids.

- The drop angle variable of samples treated with a coarse abrasive sequence
stopping at grain 120 (sample 7) is statistically independent and has a mean value
at 10 s of deposition of 43.5°, which means an improvement in the wetting behavior
from samples which continue in the polishing line with finer abrasives.

- The drop angle variable of calibrated samples after treated with an abrasive of grain
60 (sample 8) is statistically independent and has a mean value at 10 s of
deposition of 66.5° which means a worse wetting behavior from samples that are
further treated with abrasives. If we also show the individual results for each tested
specimen, as we do in Fig. 9, we can observe that there are several points in the
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sample set in which the drop angle was near to 90°, implying areas with a change in
the wetting behavior and an inconvenience for a liquid coating application.

100
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1 2 3 4 5 6

Specimen / Individual measurement

Drop Angle

Fig. 9: Individual values for drop angle for Sample 8

Regarding the adhesion strength, again a big dispersion of values is presented, represented by
high values of the range and the standard deviation (in samples 1 and 5 the standard deviation
value is around the 50% of the mean value). The statistical study of the 8 means obtained via the
ANOVA test, shows that there is no significant difference between the means of the experimentally
obtained adhesion strengths and that they are statistically equivalent at 95.0% confident level.
However, it can be seen an evolution in the behavior of the fracture mechanism from the samples
treated with the complete sequences of abrasives including the finest granes to the ones just
treated with the coarser granes. Adhesive failure is the complete dominant mechanism in fine grain
treated samples, while a mixture of adhesive and cohesive failure occurs on samples at the
beginning of the polishing process. Samples treated with coarse abrasives, however, do not
continue the trend and this can be due to different surface characteristics, induced by previous
calibrating process and that have not been completely removed by the action of just one abrasive.
This should have to be studied in the future, as no microscopic characterization of the surfaces has
been done in this work.

The main result derived from these facts about adhesion strength and applicable to this case study
is that the ideal adhesive state, in which the most predominant adhesive failure is cohesive for the
substrate (near to 100%), has not been obtained with the coating systems considered in this
experimental work. The best results regarding the type of adhesive failure has been obtained at a
point within the polishing sequence, after calibration and the treatment of coarse abrasives (60, 80
and 120).

As a general conclusion, at the view of the partial conclusions showed, it can be said that samples
that are calibrated and treated by coarse abrasives (grains 60 and 80) are the most suitable for the
coating process with the considered epoxy resin, as they show the lowest contact angles and the
highest probability of cohesive failure, implying that the best adhesive conditions are met.

From these results, some activities will be pending for the future to complete the study:

- More detailed study of drop angle and adhesion strength with samples treated with
sequences of coarse abrasives (from 60 to 120) and including the study of samples just
calibrated.
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- Surface topography / profilometry and porosity study of the different surface obtained by the
different adhesive sequencies. Reference article [9] can be taken as model for the kind of
surface characterization to be performed.

- Study of influence of the liquid characteristics (viscosity and density) of the liquid coating
over the final coating adhesive strength. The selected resin for this experimental work was
very viscous and it has to be demonstrated if the obtained results can be achievable with
other resins.

- Validation of the obtained results with a bigger statistical sample.
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ABSTRACT

This paper describes recent research regarding: 1) the influence of the water flow and the pressure
in order to attain the best polishing in portuguese limestones; 2) the experimental validation of a
polishing simulator under development at Instituto Superior Tecnico (Lisbon). The research work
was carried out using slabs of calcareous stone Moleanos, from Portugal, and the polishing
sequence employed commercial Frankfurt-type abrasive tools applied for the last 3 stages of the
process in order to attain maximum surface gloss. The study was conducted with a single-head
laboratory-type polishing machine, where all test conditions are adequately monitored and
controlled. The polishing head contains 6 Frankfurt abrasives of the same grit size (320#, 400# and
5Extra). The surface quality was assessed, after each polishing stage, by means of a glossmeter.
In the end, it was possible to identify the optimum working parameters for each polishing stage.
The results obtained also show that indeed a correlation exists between experimental values of
gloss and the abrasion data given by the simulator.

KEYWORDS
Polishing, Pressure, Water Flow, Ornamental Stone, Gloss, Frankfurt Abrasives, Modelling
INTRODUCTION

Surface finishing processes alter the surface of a manufactured item to achieve a certain property.
Aesthetic characteristics are very important when rocks are used as construction or ornamental
materials, and therefore surface finishing processes are considered essential by the stone
processing industry. Among the different types of surface finishes (such as: polished, honed,
flamed, tumbled, brushed, etc.) the polished finish is perhaps the one which best enhances the
rock attractiveness. Roughness (R) and gloss (G), as well as colour (C), are surface properties
generally used to assess the rock polishing. The polishing quality depends very much from the
type of abrasives used and on the optimal abrasive sequence utilized for a specific type of stone
material (marble, limestone, onyx, granite, sandstone, and other natural stones or even engineered
artificial stones). Some recent publications appearing in the open literature and dedicated to
studies on surface finish evaluation on ornamental stones are listed in the references [1-3].

In industry, polishing is a finishing process, formed by several successive operations aiming to
decrease the roughness of the surface and to increase its gloss intensity. This technique uses
friction movements of abrasive elements over the material to obtain the required polishing degree.
On modern slabs polishing machines, the stone slabs move on a wide belt and are processed by
multiple polishing heads installed on the machine's bridge (see Fig. 1).

178



Barbosa, A.R.; Coelho, A.; Fernandes, J.C.; Amaral, P.M.; Rosa, L.G.; Pereira, J.C.
A Contribution for an Optimisation of the Polishing Quality of Stone Slabs: Simulation...

e IE W

dlih |

Fig. 1. Typical multiple head polishing machine used by the ornamental stone industry. [4]

Typically, polishing machines for marble have spindle motors of 10-15 hp and the diameter of the
polishing head is 4560 mm, installing 6 polishing “Frankfurt” abrasive elements; while for granite,
machines are more powerful (spindle motors of 15-20 hp or more) and use 470 mm diameter
polishing heads with 6 “Fickert (Tangential)” abrasives. There are machines that allow to process
(polish) slabs of both marble and granite. There are also other types of polishing machines which
use one single head.

A schematic representation of the polishing process in a polishing line is shown in Fig. 2. The
abrasive elements installed at each polishing head, in contact with the stone slab, perform the
polishing under well-established operating parameters: conveyor belt speed, V.; cross-head or
transverse velocity, Vr; head rotation speed, w; water flow, Q; and pressure of polishing head, P.
The abrasives have, progressively, a lower grit (between polishing heads), providing a gradual
treatment through the belt.

V1

3 Ve > 3

Fig. 2. Schematic representation of the polishing process in a polishing line:
1 - conveyor belt; 2 - polishing head; 3 - crosshead beam.

The water flow, Q, is employed to clean, lubricate and cool the polishing process. The effective
pressure P, applied in the polishing head, allows obtaining a permanent and stable contact
between the tool and the surface of the stone. As detailed in [5], the vertical movement of the
polishing heads is performed by a pair of pneumatic cylinders working in counter pressure. In
modern polishing machines, the lifting of polish spindle is controlled according to the stone profile
perceived by sensors; and in fact, the control system inspects and optimizes the movement of
polish head, crossbeam and belt to expert polishing.

The investigation described in the present paper has two objectives: 1) the optimization of the
working conditions, namely pressure and water flow, in order to attain the best polishing in
portuguese limestones; 2) to validate a polishing simulator developed at Instituto Superior Tecnico
(Lisboa).
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For this type of study, the choice of an adequate limestone is relevant and the following stone
characteristics may simplify the comparison between simulation and experiment: - minimum
mineralogical differences; - absence of tonalities (i.e. great homogeneity); - absence of defects
(seen to the naked eye); - easy to be polished (i.e. getting easily high gloss to be measured by the
glossmeter).

1. EXPERIMENTAL

1.1 Stone and abrasives used in polishing experiments

The experimental work was carried out using slabs of calcareous stone Moleanos, from Portugal.
Figure 3 depicts the typical use in flooring of Moleanos limestone. As it will explained further on,

each tile was divided into referenced areas that were used to attain the gloss readings after each
stage of polishing.

Fig. 3. An example of typical use of Moleanos limestone in flooring.

Three different Frankfurt abrasives were used throughout this work (see Fig. 4), mounted in groups
of six in the polishing head (as schematically shown in Fig. 6). These abrasives, typically applied in
the three final polishing stages, were chosen in order to maximize gloss, thus making it simpler to
measure and study surface changes after polishment.

320TX is a magnesite abrasive containing silicon carbide particles of grit size 320#; 400T is a resin
bonded abrasive containing silicon carbide particles of grit size 400#; and 5Extra is an oxalic acid
abrasive containing fine (5 micrometer) silicon carbide particles used on final polishing step to get
mirror-like polishing.

(b)

Fig. 4. Frankfurt abrasives used in this work: (a) 320TX; (b) 400T; (c) 5Extra.
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1.2 Equipment used for polishing tests and gloss readings

The polishing tests were carried out with a laboratory-type linear polishing machine (see Fig. 5.a)
equipped with a single polishing head, so changes in surface characteristics (like, gloss or
roughness) can be simply correlated with the local abrasive action applied in each polishing
experiment. The machine is instrumented to control and monitor all the most important processing
variables: conveyor belt speed, transverse speed, head rotation speed, tool pressures and water
flow. The correct knowledge of all these variables is of crucial importance to study and optimize the
polishing process [5].

(a) (b)

Fig. 5. Equipment used in this work: (a) laboratory-type polishing machine; (b) glossmeter.

The surface quality of stone tiles was assessed by measuring gloss values after each polishing
stage. The gloss readings were made with a glossmeter TQC PolyGloss [6] allowing
measurements at angles of 20°/60°/85°. The readings were taken at different locations of the stone
tiles, according to a planned grid, and the results were submitted to statistical analysis.

2. SIMULATION OF THE POLISHING

PAM (Polishing Analysis Modelling) is a 2D geometric simulator aiming to reproduce the
macroscopic action of a polishing tool, rotating and moving over a stone surface, both considered
flat. PAM is unable to simulate the complex Materials Science mechanisms governing the polishing
at a microscopic scale, involving the deformation and wear of the asperities in the stone / tool
interface. PAM instead divides the stone and tool surfaces in tiny 2D cells, from now on called
pixels, and assumes that the accumulated contact between the pixels of both surfaces, from now
on called abrasion, can be used to determine the main aspects of a polishing process. As in many
other modelling techniques, the processing time is divided in tiny time steps, small enough to
properly simulate the fast changing pattern of the tool over the stone.

Different polishing tools can be simulated simply defining the abrasion intensity for each tool pixel,
from O (no contact) to any positive number. For example, a tool surface might be designed to have
a given distribution of diamond and binder pixels. Tools with relatively simple geometric shapes
can be created using PAM own functions. More complex tools can be designed using CAD or
image software and then imported into PAM as images. Figure 6 shows three different polishing
tools, each formed by six Frankfurt abrasives, mentioned earlier: 320TX, 400T and 5Extra.
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Fig. 6. Simulated polishing tools, formed by six Frankfurt abrasives: 320TX (left),
400T (center) and 5Extra (right).

Different simulation sections can be created, with different tools, different rotation and translation
tool speeds, even different time steps. Figure 7 shows the polishing results produced by the same
tools of Fig. 6, after one rotation at 10 rps (nho translation), with a time step of 0.001 s,
corresponding to an angular step of 3.6 degrees between each impression.

000

Fig. 7. Simulated polishing by the same tools as in Fig. 6, with abrasives: 320TX (left),
400T (center) and 5Extra (right), after one rotation at 10 rps, with a time step of 0.001 s.

PAM provides a very simple (only five instructions!) but powerful language to define the path
followed by the tool over the stone, including multilevel loops and arbitrary sequences of linear
segments and circumference arcs, powered by a wide range of parameter options. This
functionality allows users to study a virtually unlimited number of trajectories, certainly covering the
small subset of interest for the industry. Figure 8 shows the polishing results produced with a
simple tool disk for two different polishing trajectories: a mostly linear polishing path and a more

complex, mostly circular, path.

Fig. 8. Simulated polishing by a simple circular disk, for two different tool trajectories. Left: a mostly
linear, up-and-down trajectory, circular on the borders. Right: a complex, four-row trajectory, mostly
formed by circular movements, simulating multi-level circular hand polishing.
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The accumulated simulation results for each stone pixel are stored in files describing the five
properties that so far we identified as useful to assert the quality of a polishing process: 1) the total
abrasion; 2-3) the shift in pixels (in horizontal and vertical directions) between each polished pixel
and the tool central pixel; 4-5) the mean distance and standard deviation between the polished
pixel and the tool central pixel. The data thus acquired throughout the entire simulation (or just
during a single section) can then be reported in image and statistical formats, including different
colour schemes, different statistical treatments, histograms, etc.

To obtain a properly polished stone surface, is not enough to achieve high levels of abrasion
throughout the stone surface: abrasion should be as homogeneous and randomly applied as
possible to avoid scratches and other visual defects on the surface. For economic reasons,
polishing trajectories should be as short and quick to process as possible, and stone surface
should not be unnecessarily over-polished.

The main goal we want to achieve with PAM is to create a modelling laboratory that help us
optimize: 1) the polishing trajectories automatically generated by algorithm-controlled cutting
machines (robot-based and CNC-based) in industrial contexts; 2) the shape and texture of new
polishing tools, that can be simulated first to eliminate bad designs, before real tool prototypes are
made and experimental tests begin.

3. RESULTS AND DISCUSSION
3.1 Influence of water flow
The assessment of the influence of water flow, Q (litre per minute), was made by varying Q (litre

per minute), while keeping the pressure constant (P = 3 bar). Figure 9 summarizes the results
obtained after conducting this series of polishing tests.

Gloss vs. Water Flow (using "S5Extra" abrasives)
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Fig. 9. Results of gloss (average, maximum, and minimum values) after the tests with
“5Extra” abrasives at different water flow: 20, 30 and 40 litre per minute.
3.2 Influence of pressure
Polishing tests were conducted at pressure P = 1 bar, 2 bar, 3 bar or 4 bar, but keeping the water

flow constant (Q = 30 I/min). Figure 10 shows the average values of final gloss found at different
positions (along the stone tile) after tests with “5SExtra” abrasives.
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Gloss vs. Pressure (using "S5Extra" abrasives)
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Fig. 10. Results of average gloss after the tests with “5Extra” abrasives at
different pressure: 1 bar, 2 bar, 3 bar and 4 bar.

It is noticeable from Fig. 10 that there is a better polish (i.e. higher average-values of gloss) when
P =2 bar or P = 3 bar, compared to the results for P = 1 bar or P = 4 bar. The high variation of
gloss across the stone tile found for P = 1 bar is attributed to vibrations occurring at the Frankfurt
abrasives installed at the polishing head. The vibrations appear due to the low pressure contact
between tool and stone. On the contrary, the variation of gloss for P = 4 bar is attributed to a high
pressure contact. In this case, average values of gloss are higher compared to those for P = 1 bar;
but the variation between minimum and maximum values for P = 4 bar is of the same order of
magnitude as for P = 1 bar. The reason is that for P = 4 bar the contact areas between the
Frankfurt abrasives and the stone tile are probably overloaded and this originates a less
homogeneous polishment and premature deterioration of the abrasives. Table 1 summarizes the
results of the total average value of gloss (for the whole area under study), as well as it presents
the values concerning the standard deviation of the gloss measurements.

Table 1. Results of gloss (total average value, standard deviation, and % of
standard deviation) after the tests with “5Extra” abrasives at different pressures.

Pressure in the polishing head

1 bar 2 bar 3 bar 4 bar

Gloss at 60°, average [GU] 42.7 70.0 74.6 54.6
Standard deviation [GU] 12.4 4.3 7.4 14.7
% of standard deviation 29% 6% 10% 27%

Based on the results of the experiments described here before, we may consider that pressures in
the range of 2—3 bar are suitable for a high gloss polishing. Note that P = 2 bar causes a slightly
lower (circa 6%) final value of gloss (70.0 GU) compared to P = 3 bar (74.6 GU) but the deviation
in gloss values is lower in P = 2 bar i.e. the gloss is more homogenously distributed along the
stone tile. Therefore, we have considered that the best conditions for polishing the stone material
under consideration are P = 2 Bar and Q = 30 liter/minute.

3.3 Some results showing the validation of the simulator
Figure 11 shows the PAM simulated abrasion produced by a polishing head equipped with six

400T abrasives that is rotating only, suggesting that abrasion is higher in the inner region,
decreases in the middle and increases slightly in the outer region. A comparison between abrasion
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measured along the indicated radial region and equivalent gloss experimental values is shown in
Fig. 12.

Fig. 11. Abrasion simulated with PAM for a polishing head with six 400T abrasives that is
rotating only, showing the radial measuring region. Colour scheme: from blue (low abrasion)
to red (high abrasion).

Average Gloss & Abrasion profiles measured for 400T abrasives
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Fig. 12. Comparison between simulated abrasion and experimental gloss for a
polishing head with six 400T abrasives that is rotating only.

Although changes in experimental gloss are much smaller than in simulated abrasion (because
gloss tends to an asymptote and abrasion increases linearly), the same trend can be observed in
both: a decrease in the middle region that is easily explained considering the geometry of the 400T
abrasive used in this experiment (see Fig. 13).

Tangential Abrasive Length for 400T abrasive
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Fig. 13. Abrasive length for 400T abrasive, measured from outside to inside, in the tangential
direction, showing a minimum in the central region.
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Measuring the effective abrasive length along the radial direction, every 10 mm, from outside to
inside, the length increases in the beginning, then decreases until the central region, where it
increases again until the end. Although this abrasive tangential length cannot be directly compared
with the abrasion simulated from inside to outside (because the perimeter is smaller in the inside
than in the outside region, so equal tangential length abrasives are more effective in the inside
region), it clearly shows the same trend observed before in experimental and simulated results. So
PAM simulations of polishing tools (as shown in Fig. 7) seems to be effective in predicting the
polishing behaviour of new tools.

A comparison between abrasion and gloss for a complete polishment sequence, with the three
types of abrasives (320TX, 400T and 5Extra) is shown in Fig. 14. Clearly there is a good
correlation between experimental gloss and simulated abrasion although, as mentioned before,
gloss tends to an asymptote while abrasion just increases linearly. This explains the flat regions
observed in experimental measures of gloss while accumulated abrasion always seems to
increase or decrease linearly. The whole result for the polished surface, as simulated with abrasion
and in agreement with gloss results, is shown in Fig. 15. The colour code uses “blue” for gloss
values from 40 up to 50 GU; “green” for values from 50 up to 70 GU; and “red” for values higher
than 70 GU.

Gloss & Abrasion for a complete zig-zag polishment sequence
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Fig. 14. Gloss and abrasion measured for a complete zig-zag polishment sequence, using the
three types of abrasives (320TX, 400T and 5Extra).

Gloss at 60" ISU]

Fig. 15. Prediction of average gloss distribution, given by PAM, for the entire polished
surface of a stone tile, considering a complete zig-zag polishment sequence with the
three types of abrasives (320TX, 400T and 5Extra) as simulated with abrasion.
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4. CONCLUSIONS

This study was conducted with commercial Frankfurt-type abrasive tools applied for the last 3
stages of the process in order to attain a maximum surface gloss in a portuguese limestone
(Moleanos). The first part of the work was dedicated to the assessment of the influence of the
water flow (Q) and the pressure (P) on the distribution of gloss over the polished area. Concerning
to this part, we may conclude that the best conditions for polishing the stone material under
consideration are attained with values of P and Q which are close to P = 2 Bar and Q = 30
liter/minute.

The second part of the work was devoted to the experimental validation of the polishing simulator
named PAM. Systematic comparison tests between experimental and simulation results have been
done so far only in limestones and marbles (tests on marbles were not included in this paper), with
Frankfurt-like tools and linear polishing machines. The results show that indeed a correlation exists
between experimental values of gloss and the abrasion data given by the simulator.

Despite the fact that the results obtained so far are positive and several correlation effects could be
established, it is clear that much more research work and effort is needed to fully assert the validity
of the PAM simulations, namely testing different types of stone and more complex polishing
trajectories than those provided by simple linear polishing machines.

Although PAM has been specifically designed for the ornamental stone processing industry, the
simplicity of the fundamental ideas behind its 2D geometric model should made it equally valid for
a wide range of other polishing processes, involving different materials and polishing techniques.

These studies also lead to a better understanding of the influence of the polishing process
parameters, namely the polishing time and contact area between tool and polishing surface.
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ABSTRACT

The last ten years have seen a step-change in the ability to position diamond particles in metal-
matrix segments for drilling and sawing applications. Advances in segment assembly technology
allow diamonds to be positioned at specific locations within the segment. Performance of the
segment can be optimized when the diamond particles are themselves selected to best exploit
arranged-diamond segment design and other cutting conditions (such as tool drive parameters).

Diamond ‘grit’ products for stone and construction applications each comprise particles of various
sizes, shapes, strengths and purities. Consequently, effective selection of diamond types is
dependent upon measurement using appropriate laboratory ‘characterisation’ techniques. As many
of these techniques yield results on individual particles rather than bulk ‘figures-of-merit’, effective
interpretation of these results is dependent on appropriate statistical analyses.

This paper will introduce the key characteristics of diamond products for construction applications,
provide insights into appropriate laboratory characterisation techniques, and describe how their
results may be best interpreted to facilitate understanding and consequent diamond selection.

KEYWORDS

Diamond, diamond segment, drilling, sawing, particle characterisation, particle size, particle shape,
diamond strength, friability, image analysis

INTRODUCTION

In the conventional method of segment manufacture for stone and construction applications,
diamond particles are mixed with metal powders and pressed to form segments. The diamonds are
‘randomly distributed’ (or ‘statistically distributed’) and efforts are made to reduce the probability of
the ‘clustering’ of multiple diamonds in a small region. Recent developments in segment assembly
technology allow diamond particles to be positioned at specific locations in the segment. As well as
eliminating the possibility of diamond clustering, such ‘arranged-diamond segment’ technologies
enable the diamonds to be assigned to a suitable position for the application conditions (such as
the expected drilling/sawing performance, drive parameters of the tool motor, and ‘base material’ to
be drilled/sawn). The performance of the diamond ‘insert tool' (core bit, saw blade) can be
optimized when the diamond particles are themselves selected to best exploit the design of the
arranged-diamond segment and the application conditions. That is, the right particles come into
operation in the right place, at the right time.

Particulate diamond products used in stone and construction sawing and drilling applications
(commonly known as ‘saw grit’) each comprise particles of various sizes, shapes, strengths and
purities. It is far from the case that all particles in a saw grit product exhibit similar characteristics.
Consequently, the effective selection of diamond types for use in arranged-diamond segments is
dependent on the quality of the laboratory measurements used to quantify the patrticle
characteristics. Whilst some of these laboratory techniques provide simple single-value ‘figures-of-
merit’, other techniques yield results from every individual particle. Thus, effective interpretation is
dependent on the correct statistical analysis of these ‘distributions’ of results.
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1. DIAMOND SAW GRIT AND ITS CHARACTERISTICS

Synthetic diamond grit products (produced by high-pressure, high-temperature conversion from
graphite) are normally graded and selected according to the key characteristics of size and
strength. The size band of the product is selected according to whether the priority is surface finish
(as in 80um diamond for polishing) or material removal rate (as in 600um diamond for drilling) [1].
The strength (or ‘grade’) of the product is then selected according to the characteristics of the base
material to be cut and the drive parameters of the tool to be used. Diamond grit works most
effectively by maintaining sharp cutting edges. The optimal diamond strength should therefore be
high enough to prevent premature fracture and thus short working life, without being too high that
the particles polish to a smooth surface and lose their cutting ability.

The term ‘diamond characterisation’” may be defined as the laboratory measurement of the
properties of diamond believed to play important roles in behaviour in application. Two of the most
important behaviours of insert tools for construction applications are speed (typically the depth
drilled or area sawn per unit time) and lifetime (the total depth drilled or area sawn before the
segments are fully worn). As previously implied, speed may be considered to be mostly dependent
on particle size, whereas lifetime may be considered to be mostly dependent on particle strength
(and its contributing factors, particle shape and metallic inclusion content).

The following sections describe in greater detail these key diamond characteristics, together with
laboratory techniques for their quantification and the mathematical/statistical forms of their results.

2. CHARACTERISATION OF PARTICLE SIZE

There are perhaps three important methods of characterising or expressing the size of diamond
particles: sieving, image analysis, and particles per carat. Particles per carat (‘PPC’) describes the
number of particles per unit mass (one carat being 0.2g), and is valuable to the segment
manufacturer for expressing how a certain mass of diamond put into a segment translates into the
number of available particles. Systems for measuring PPC are not widely commercially available,
so particles are commonly counted manually and then weighed. Sieving and image analysis are
described in further detail below.

2.1 SIEVING

Sieving uses sieves of sizes defined by international standards [2] to physically separate diamond
particles into size fractions. Sieves are traditionally defined by the number of lines per inch (the ‘US
mesh’ system), with a corresponding aperture size specification in microns. Due to its principle of
physical separation, sieving is used for the creation of diamond size bands (as well as their
measurement). US mesh sizes may take the form of ‘half sizes’ or ‘full sizes’. A half size is defined
by a pair of sieves where the coarser (‘upper defining’) sieve has an aperture size 25-30% larger
than that of the finer (‘lower defining’) sieve. For example, a size 30/35 US mesh half size diamond
product is that which sits between a 30 mesh (645um) sieve and a 35 mesh (505pm) sieve.
Adjacent half sizes may be blended together to form a full size.

Whilst the patrticle size distributions of the graded half sizes are approximately ‘normal’ (Gaussian)
in form, the blended full sizes tend to exhibit ‘bimodal’ particle size distributions containing the two
modes (peaks) of the component half sizes. A graph showing the theoretical particle size
distribution of a 30/40 US mesh full size is shown in Fig. 1.
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Size distributions of different blend ratios of 30/40
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Fig. 1. Particle size distributions of 30/40 mesh diamond with different blend ratios.

The green curve in Fig. 1 represents the particle size distribution from 30/35 and 35/40 blended
together in a 50:50 ratio. However, such blend ratios are not specified by international standards.
Any blend of the two half sizes is therefore permitted, provided that the ‘oversize’ and ‘undersize’
fractions (in this case, coarser than 30 mesh and finer than 40 mesh) do not exceed a few percent.

Five curves representing five different blend ratios are shown in Fig. 1. It can be seen that, even
within this fairly narrow range of blend ratios (60:40 to 40:60), the size distributions appear quite
different. More significantly, there is a difference of around 18% in the particles per carat (PPC) of
the 60:40 and 40:60 blend ratios, which could result in marked differences in application between
the two blends even though they would both be correctly classified as ‘30/40 mesh’. As has been
previously demonstrated [3], it is clear that understanding the underlying size distribution (and not
just the nominal mesh size) is important for controlling diamond behaviour in application.

2.2 IMAGE ANALYSIS

Image analysis uses a computerised optical microscope to capture digital images of individual
particles, which are then measured using various size and shape parameters. Measurement of
individual particles enables full particle size distributions to be recorded. However, it should be
noted that image analysis generates two-dimensional images, the third dimension not being visible.

A commonly-favoured image analysis size parameter is ‘equivalent circle diameter’ (illustrated
schematically in Fig. 2). The equivalent circle diameter is calculated from the projected area of the
particle, and is defined as the diameter of a circle with the same projected area as the particle.
Equivalent circle diameter is sensitive to the longer visible dimension of the particle, and so the
measured particle size distributions are larger than might be expected from sieving results.
However, equivalent circle diameter, being derived from the area, has a good measurement
resolution and gives smooth size distributions where small size differences are easily detected.
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Fig. 2. Schematic illustration of equivalent circle diameter.

Particle size distributions of US mesh half sizes are typically normal (Gaussian), and can be
described by the well-known distribution statistics of the ‘mean’ (average) and ‘standard deviation’
(spread). However, when a US mesh full size is created by blending two half sizes, the resulting
size distribution is ‘bimodal’ (it has two peaks, as previously shown in Fig. 1). Equivalent circle
diameter distributions of typical 30/35 and 35/40 half sizes are shown in Fig. 3, together with the
30/40 full size (blended using a 50:50 ratio of the half sizes). These distributions are shown in
cumulative form. The lines entitled ‘raw’ show the as-measured data, and the lines entitled ‘normal
fit' show normal distributions with the same means and standard deviations as the ‘raw’ data.

Cumulative probability chart of equivalent diameter: 30/35, 35/40 and 30/40
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Fig. 3. Cumulative probability chart of equivalent circle diameter for US mesh half and full sizes.

It can be seen in Fig. 3 that the normal fits match the as-measured distributions quite well in the
half sizes, but the normal fit for the 30/40 full size deviates substantially from the as-measured
data. This is because means and standard deviations always assume a nhormal (Gaussian)
symmetrical distribution shape, and are therefore inappropriate for describing distributions that
have multiple peaks or are excessively peaked, flattened or skewed. A more appropriate method of
describing distributions of any shapes or number of peak is to use ‘percentiles’, where the X"
percentile is the value below which X% of the data points lie (when ordered smallest to largest).
The most commonly-used percentile is the 50" percentile (‘median’), which represents the middle
value in the distribution. By using additionally the 10", 25", 75" and 90" percentiles, a distribution
shape can be conveniently described by five ‘non-parametric’ statistics.
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3. CHARACTERISATION OF PARTICLE SHAPE

The particle images used to measure particle size can also be used to measure particle shape. A
useful shape parameter for saw grit diamond is compactness, defined as the ratio of the actual
perimeter and the perimeter of a circle of the same area as the particle. A particle that appears
circular (such as a highly crystalline cubo-octahedral diamond) will have a compactness near to 1,
whereas particles which appear less round (for example, diamonds with elongation or lower
crystallinity) will have compactness values higher than 1 (see Fig. 4).

Qa8 e

Fig. 4. Schematic illusion of compactness, with highly crystalline (left), elongated (centre) and less
crystalline (right) diamond particles.

Compactness measurements on four adjacent saw grit product grades in size 30/35 are now
demonstrated. Fig. 5 presents example images of these products, ranging from Grade 1 (a top-
grade product) through to Grade 4 (a medium-grade product). It can be seen from the small
selections of particle images in Fig. 5 that there are no dramatic differences in particle shape from
Grade 1 to Grade 4. More noticeable are the increased populations of darker particles in the
images to the right, and the reason for this is discussed later.
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Fig. 5. Images of four 30/35 saw grit products: Grade 1 (left) to Grade 4 (right).

These observations of particle shape are confirmed by the distributions of compactness in Fig. 6.
The compactness distributions of the four grades are close to one another, and furthermore, Grade
4 appears to have a better shape than Grade 3 (the Grade 4 compactness distributions being
further to the left and therefore closer to the minimum compactness value 1). From this graph it
may be concluded that adjacent saw grit products are not substantially different in their particle
shapes because they are differentiated only by small differences in the amounts of well-shaped or
poorly-shaped particles. Also, particle shape does not always rank correctly with the perceived
product grade.
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Cumulative probability chart of compactness: 30/35
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Fig. 6. Cumulative probability distributions of compactness of four saw grit grades in size 30/35.

4. CHARACTERISATION OF PARTICLE STRENGTH

Diamond product strength is typically characterised by two techniques: friability (or ‘toughness’)
testing, and compressive strength testing.

4.1. FRIABILITY (TOUGHNESS) TESTING

Friability testing [4] measures the resistance of a bulk diamond product to cyclical impacts. The
product is sieved to remove ‘oversize’ and ‘undersize’ particles, and the remaining ‘on-size’
particles are put into a steel capsule with a steel ball and subjected to a fixed number of
oscillations (‘cycles’). The product is then removed from the capsule and poured over a slightly
finer ‘post-impact’ sieve. The diamond that has survived sits on this sieve, and is called the
‘residue’. A stronger product registers a higher percentage residue (also called ‘toughness index’).

Friability testing is typically performed at a given number of cycles. For example, size 30/35 saw
grit products are commonly tested using 1000 cycles. In this case, the test delivers a single
percentage residue (toughness index) value — a figure-of-merit of product strength. However, all
diamond products contain a distribution of particle strengths, and this distribution can be explored
by testing at a range of different cycles. This provides a friability ‘residue-time’ curve, such as that
in Fig. 7, which shows the friability residue-time curves of the four saw grit grades in size 30/35. At
all cycles, the four grades show the ‘correct’ ranking (Grade 1 being the strongest, Grade 4 the
weakest), but their relative strengths vary as a function of the number of cycles. The data points at
different cycles may be connected by fitting a negative exponential curve according to the ‘Rosin-
Rammler equation’ [5] (named after two scientists that studied the crushing behaviour of coal). The
Rosin-Rammer equation is shown in Fig. 7, the constants k and n being characteristics of the
diamond product. As well as allowing the prediction of percentage residue at any number of cycles,
this equation enables the prediction of the number of cycles required for 50% residue — the ‘half-
life’.
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Fig. 7. Friability residue-time curves of four saw grit grades in size 30/35.

4.2. COMPRESSIVE STRENGTH TESTING

Compressive strength testing of diamond measures the force required to crush individual particles.
Particles are crushed between two polycrystalline diamond ‘anvils’, and the load cell connected to
the lower anvil measures the force required to fracture each diamond particle [6]. This method
provides a distribution of particle strengths (‘fracture forces’) for each product. Fig. 8 shows the
strength distributions of the four saw grit grades. For easier comparison with the friability residue-
time curves, the vertical axis shows the probability of survival (rather than failure). Furthermore, the
as-measured results have been replaced by Weibull distributions, which tend to fit compressive
strength distributions well [7]. In this graph, the four grades rank as expected, with Grade 1 having

the highest median compressive fracture force and Grade 4 the lowest.
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Fig. 8. Compressive strength distributions of four saw grit grades in size 30/35.

Whilst these two methods of strength testing can give complementary results, there are practical
reasons for selecting one method or the other. Friability testing at one cycle selection is
comparatively quick (around 10 minutes) but will only provide a single value figure-of-merit. The
measurements required for a full residue-time curve would require over an hour. However, friability
testing does have a good experimental error (around +1%), and is therefore commonly used for
guality control. Compressive strength testing enables a full distribution from 500 particles to be
obtained in around 30 minutes, but the experimental error is usually greater due to damage of the
polycrystalline diamond anvils influencing the fracture force measurements [8].

5. CHARACTERISATION OF METALLIC INCLUSION CONTENT

Saw grit diamonds are synthesised by the high-pressure, high-temperature conversion of graphite
to diamond. Transition-metal alloys (typically iron-nickel) are used to lower the pressures and
temperatures required for this conversion, and small traces of these alloys (‘inclusions’) can be
trapped in the diamond crystals during the synthesis process (see Fig. 9 (left)). These inclusions
can adversely affect diamond strength during high-temperature segment manufacture (by
promoting re-graphitisation), but even at room temperatures the inclusions can act as ‘weak
points’. As these inclusions are ferromagnetic, their levels can be quantified in terms of ‘magnetic
susceptibility’. By measuring the magnetic dipole moment of the bulk diamond sample M in
response to a magnetic field H, the (unitless) magnetic susceptibility y, can be obtained. Fig. 9
(right) shows the magnetic susceptibility values of the four saw grit grades in size 30/35. These
results show that Grades 1 and 2 have similar inclusion levels, whilst Grade 4 (with the highest
magnetic susceptibility) has much greater inclusion content than Grade 3. This contributes to the
darker appearance of many of the Grade 4 patrticles in the images shown in Fig. 5.
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Magnetic susceptibility of size 30/35 grades
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Fig. 9. Metallic inclusions in diamond (left, in red) and magnetic susceptibility results (right).

6. DISCUSSION AND CONCLUSIONS

Comparison of the shape, strength and inclusion measurements from these four grades enables
the influences on diamond strength to be understood. These grades were ranked by the diamond
manufacturer in the order 1, 2, 3 and 4 (strongest to weakest), and the results of both friability
(toughness) and compressive strength confirm this. Whilst image analyses suggested that the
particle shapes of Grade 4 were slightly better than those of Grade 3, magnetic susceptibility
measurements showed the metal content of Grade 4 to be much higher. Consequently, Grade 4
delivered lower strength values than Grade 3.

The detailed results presented above focused on the mesh size 30/35. Particle shape, magnetic
susceptibility and friability (toughness) results have also been obtained from the same grades in
sizes 35/40 and 40/45, and compiling all these results leads to the contour plot in Fig. 10.
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Fig. 10. Toughness index (friability residue) as a function of particle shape and inclusion content.
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In Fig. 10 the vertical axis shows magnetic susceptibility and the horizontal axis the median
compactness. The colours in the contour plot represent the toughness index (percentage residue),
from less than 72 (dark blue) to greater than 84 (dark green). It can be seen that the highest
toughness comes from products with the lowest magnetic susceptibility (inclusion content) and the
lowest median compactness (most circular particle shape). Furthermore, by following the border
between light blue and light green (a toughness index of 78), it can be seen that the same
toughness values are obtained by products with low median compactness but high magnetic
susceptibility and products with low magnetic susceptibility but high median compactness. From
this, it can be concluded that saw grit product strength is primarily influenced by a combination of
particle shape and inclusion content.
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ABSTRACT

In this present study, the mechanical properties (strength, hardness, moduli) and the dry
sliding properties of stoichiometric and sub-stoichiometric NbC were compared. Micro-
hardness and elastic properties of NbC depend from the C/Nb ratio, because the binary
phase diagram Nb-C shows a region of homogeneity of NbC, of 0,72< x <1.0. At RT, hard
metals of stoichiometric NbC have an elastic modulus E of ~440 GPa, those of sub-
stochiometric NbC, gg an E of 405 GPa. The hot hardness of sub-stoichiometric NbC is above
600°C higher than of WC. The dry sliding wear resistance (0,1-7/10 m/s) of the present
FesAl-NbCg o4 With ~61 vol.-% NbC as hard phase was close to those known of NbC-based
hard metals. No grain pull-outs or fragmentations of the NbC grains were seen in the wear
tracks of the FesAI-NbC composite (MMC), as a metallurgical interphase was formed
between matrix and NbC grains. Stoichiometric and sub-stoichiometric niobium carbides
have at RT and 400°C under dry sliding a prone intrinsic wear resistance more or less inde-
pendent from sliding speed, either as hardmetal or as hard phase in metal matrix composite,
associated with an exceptional high load carrying capacity.

Keywords: NbC, niobium carbide, cobalt, Fes;Al, hardmetal, metal matric composite, wear
resistance, cutting, milling

INTRODUCTION

Historically, “wear protection” is dominated by tungsten carbide (WC), either under abrasive

conditions or especially for tool materials. Due to the high solubility of WC in alloys and in their melts

as well as due to the mismatch in density between melts and WC, hardmetals are mainly produced

by sintering or powder metallurgy. Niobium carbide, a refractory metal, like tungsten, has been well

known for decades. The tribological properties of niobium carbide are, thus far, unexplored. The

supply of niobium is today assured and the reserves of the actual operating niobium mines, including

the known deposit and secondary resources, largely exceed those of Tungsten. Niobium carbide

offers several benefits:

a. the density of NbC is with 7,71-7,81 gr./cm3 close to Fe, Ni, Co-alloys favorable for casting and
dynamic, mechanical applications,

b. the solubility of NbC, at high temperatures in alloys are few percents (reduced tribo-chemical
wear at cutting edges) and enables casting of MMCs,

c. NbC has a thermo-mechanical fit (linear expansion coefficient times elastic modulus) to alloys in
comparison to WC.

The recently established tribological profile of NbC bearing materials revealed a strong position

under tribological considerations and for closed tribosystems against established ceramics and

hard metals [1].
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EXPERIMENTAL

-Material

The procedures for plasma-spark sintering (SPS) of the different NbC grades bonded with cobalt or
FeszAl shown in Table 1 are described elsewhere [1,2]. The cobalt and FezAl bonded NbC hard-

metals were SPS sintered using a stoichiometric and commercially available NbC, o (Treibacher 100,

Austria; dgo= 3.66 um, measured powder raw density= 7.60 gr./cm?3) denoted in the diagrams by “T.
The sub-stoichiometric powder NbCgyg; had a granulometry of dgo= 7.42 um) with a measured
powder raw density of 7.37 gr./cm? and is denoted in the diagrams as “H1. Its primary grain size was

~100 nm.

The MMC was directly produced by alumino-carbothermic reduction of powder mixtures of Nb,Os,
Fe,03, Fe30,, Fluoride, Lime, aluminium and excess of carbon (as coke). This Fe;Al-NbC MMC had
~61 % of NbCygq4s as hard phase. The carbon content was determined by combustion analysis
(LEUCO test) NbC grains leached out of the MC. Figure 1 displays the microstructure of the MMC
with coarse NbC grains metallurgically bonded in the metallic matrix, where the colours “light-brown’
(FesAIC) and “light-blue” (FesAl) distinct the two metallic phases [3]. The hardness of the metallic

matrix can be tailored from ~480 HV0,05 by FesAl to ~670 HV0.05 with FesAIC.

Figure 1: Microstructure of NbC-based MMC (light optical microscope, polished with SiO,-based
suspension “OP-U")

L0

Table 1 Properties of Niobium Carbides (development grades)

Property T  Method
Powder — —
Densification — —

Densification — —

temperature [°C]

Binder [vol.-%] —

Density [gr./cm?] RT

Elastic modulus [GPa] RT ASTM
1000°c E1875

Bulk modulus [GPa] RT
Poissonratio RT
4-point bending RT DIN EN
strength [MPa] 843-1
Microhardness HV0.2 RT

HV0.5 700°C

HP= hot pressing; SPS= Spark Plasma sintering

HP-NbC
NbC (A07132)
HP

2.150
(4 h; 50 MPa)
0
7,67
477

333
142
1.681+ 92
539+20

NbC-8Co
NbC100
SPS

1.280 (4 min;
30 MPa)

8
7,78
443
382
181
0,22
742
1180

1.451+54

200

NbC-12Co
NbC100
SPS

1.280 (4 min; 30
MPa)

12
7,76
437
368
177,5
0,225
1.215
1197
1.453141
734+60

NbC-12FesAl

NbC100
SPS
1.300 (4 min;
30 MPa)
12
7,50
447
379
183,5
0,22
822
1117
1.632%50
553430

NbCo_sa-lzco
NbCo,gs (H1)
SPS

1.285 (6 min; 30
MPa)

12
7,62
406
341

164

0,235

1.005
+158

1.7651130
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Figure 1 illuminates a rim of Fe;AlIC around the NbC grains. In consequence, an interphase is
present, because carbon from the NbC dissolved into the Fez;Al matrix. This clearly indicates a
metallurgical bonding of NbC in the FesAl matrix, which is beneficial in order to transduce tribo-
logical shear stresses. The present study compares the effect of increasing the binder (or matrix)
content to ~40% on wear resistance in comparison to hard metals of NbC densified by spark
plasma sintering (SPS) as well as the effect of stoichiometry on friction and wear.

-Properties of niobium carbides
The mechanical properties (strength, hardness, moduli) of different niobium carbide hardmetals are
displayed in Table 1.
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Figure 2 Evolution of moduli with temperature of stoichiometric NbC grades versus WC

20 SPS-NbC T (binderless)
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Indentation load [kg] 1285°C for 6 min under 30 MPa,
100°C/min, NbC powder (Hoganas H1)

Figure 3 Micro-hardness as function of indentation load for binderless and metal bonded NbC hard
metal grades

RESULTS AND DISCUSSIONS

-Properties

The evolution of moduli in Figure 2 is for NbCs less dependent from temperature and can be tailo-
red through stoichiometry. The sub-stoichiometry reduced the elastic modulus of NbCygs-12Co H1
by ~7%.The micro-hardness can be tailored by the stoichiometry and the type on binder. Overall,
the NbC bonded by the intermetallic phase Fe;Al had a significantly higher hardness at any
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indentation load than the cobalt-bonded homologues (see Figure 3). The use of sub-stoichiometric
NbC, and FesAl increased the micro-hardness of the NbC based hardmetal. The hot hardness is
also of great importance for cutting. The drop in hot hardness is less pronounced for NbC grades
than for WC grades. At 700°C, the NbC-12Co T presented the same hardness as the WC grades.
The evolution of micro-hardness (See Figure 4) of the sub-stoichiometric NbCygs-12Co H1 was
parallel to the WC grades, whereas above 700°C, NbC,gs-12Co H1 had a higher hardness.

=l —e—NbC-12Fe3AI T (SPS)
—8-HP-NbC1 (RE 1638-1)
i —4—NbC-12Co T (SPS) Rx7
—=—WC-6Co (fine)
© -o—-WC-10Co (fine)
o
[C) ——NbC0.88-12Co H1 (SPS)
w15 p
(7]
o
c
2
f£10 |
Fy=5N
5 -
Dr. John Nunn, NPL, 07-2015
0 ||||||| LA A A 1 A i 1 LA A A L 4 1 1 LA A A A A 1 4 LA A A A A 4 1 J

0 200 400 600 800 1000
Temperature [°C]

Figure 4 Micro-hardness as function of temperature for metal bonded NbC hard metal grades

-Wear resistance in closed tribosystems

The tribometers for unidirectional sliding are proprietary developments of BAM and the details are

disclosed elsewhere [4]. Total wear rate is the sum of both specimen. As shown in Figure 5, the RT

wear rates of the MMC Fe3Al-NbC, o4 are slightly higher than those of the NbC-bearing hardmetals
and for all NbC grades the wear rates decreased with increasing sliding speed, what is beneficial for
cutting applications. It is also apparent, that metallurgically synthesized or sintered NbC bearing
materials tribologically compete with WC and CrsC, bearing hardmetals or cermets. The wear
resistance of Co- and FezAl-bonded NbC hard metals is highest at RT and high sliding velocities.

The low solubility of NbC in alloys in association with the wear resistance enables casted MMCs with

a high hard phase content. These casted MMCs give a high freedom in design (size, geometry) of

wear resistant components, in comparison to sintered hard metals or ceramics.

At 400°C, the cobalt bonded NbCs presented lower wear rates than the NbCs bonded with FezAl or

having such a matrix, because of the well-known effect of Coz0,4 formed by tribo-oxidation lowering

the wear rate [5]. Basically, the wear particles from the wear tracks displayed in Figure 6 were wiped
away. The microstructure of the matrix and NbC is still clearly visible and nor grain pull-out or
fragmentation of NbC grains became predominant. The metallurgical interphase NbC-matrix

withstands shear and NbC didn’t fragment (See Figure 6).

The wear resistance of niobium carbide is determined by different material properties:

a. First, NbC has a very high melting point of 3,522°C, whereas WC melts at ~2.870°C

b. Tribo-oxidatively formed Nb,Os melts at 1,512°C, whereas WOQO; tends to sublimate above
750-800°C and WC looses its tribo-oxidative wear protection. Nb,Os is with 500-650 HV0.2 not so
soft.

c. The elastic moduli and hardnesses of NbC are quite stable with increasing temperature as well as
can be tailored through stoichiometry. The micro-hardness and hot hardness can tailored exceed
those from WC.

d. It was recently shown, that reduced Nb;,0,9 contributes to the wear resistance of NbC [6],
especially at high sliding speeds at RT, where the wear rate of Nb;,0,9 at 7 m/s of k,= 4.9 10°®
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mm3/N-m is close to that of NbC-based cermets in Figure 5.

4X ALOJ/(Ti,M0) (C,N)*Ni/Co === Al,0,/NbC,,,-12Co H1

3 BN 4xALO,/Cr,C,NiCr75-25 sssass AlLO./HP-NbC

mm AlLO,/(WC+CoCrWC-CrC-Ni) == =  Al,0,/Fe,Al-NbC (Oxide)

N-m e (Ti,Mo) (C,N)+15NiMo ==== ALO,/NbC-8Co
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Figure 5 Total wear coefficients of cobalt or Fe;Al bonded NbCs and Fez;Al-NbC (MMC) compared to
different ceramics and hard metals under dry friction

File Name = 1405718tf EHT =
WD = 6.1 mm

Figure 6 Morphology of wear tracks at 22°C (Fe3Al-NbC, AD5258, (counter body: 99,7% alumina;
v=1m/s, s= 5.000 m (or 50.000 cycles), Pomax= ~1020 MPa)

Figure 7 displays the load carrying capacity expressed as P-V values (contact pressure times sli-
ding velocity). For all NbC grades P-V increased at room temperature from 1-2 MPa-m/s at 0,1 m/s
up to 100 MPa-m/s at 8,0 m/s, because tribo-oxidation of NbC to different polytypes of Nb,Os was
enhanced with increasing sliding speed (or generated frictional heat) and a stable, non-volatile
Nb,Os was formed. In contrast at 400°C, the P-V values ranged more or less on the same level as at
RT. The NbC grades illuminated a high wear resistance under dry sliding associated with exceptio-
nal load carrying capacity. Normally, P-V values of dry sliding tribo-couples decrease with increasing
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sliding speed [7]. The triboactive materials [8,9] like Tin.Cr,O,,.1-phases, (Ti,Mo0)(C,N) are coming
close to NbC-based materials having slightly lower P-V values or maximum frictional heat flows.

100 ¢

10

- =

Load carrying capacity P-V [MPa-m/s]

-

——HP-NbC at 22°C
——NbC-8Co at 22°C
——NbC-12Co at 22°C
——NbC-12FeAl at 22°C
NbC0.88-12Co H1 at 22°C

= =HP-NbC at 400°C

— =NbC-8Co at 400°C

— —NbC-12Co at 400°C

— —NbC-12Fe3Al at 400°C
Nb(C0.88-12Co H1 at 400°C

1

10

Sliding velocity [m/s]

Figure 7 Load carrying capacity (maximum frictional power loss) of NbC-based materials as
function of sliding speed under dry sliding conditions at room temperature and 400°C

-Cutting

Cutting tests of inserts in SNMA geometry are presented in Figure 8 and Figure 9 [10]. In
semi-finishing with an emulsion under 10 bar, the NbC inserts have a very good strength. The
NbC-12FesAl (SPS) insert is less sensitive to sticking of machined material [10]. The comparison of
the flank wear and the crater wear is shown in Figure 8 for WC-6%Co and NbC-12%FesAl. The flank
wear is until 50% of the turning distance parallel between both. The advantages in flank wear of the
WC-6%Co insert can be explained by its (Ti,Al)N coating applied on the WC-6%Co insert. The crater
wear was even 3 times greater for the WC-6%Co than for the NbC-12%Fe;Al after only 1 minute of
machining. These results show that uncoated NbC inserts exhibit a higher resistance to abrasive
wear than coated WC inserts. The low solubility of NbC in alloys and its stable hot hardness
determines the high wear resistance of NbC inserts.

Flank wear Crater wear
0.4 T T T T T T T T
—e— WC-6%Co —— WC-6%Co
NbC-12%Fe3Al 3.0 NbC-12%Fe3Al
03 B
E E ]
Eo2} 1 E
," —
0.1 ¥ o g
| Ul
0 | | | 1 |
0 10 20 30 40 50 60 60
t [min] t [min]

Figure 8 Comparison of the flank wear (left) and the crater wear (right) between the WC-6%Co
insert and the NbC-12%Fe3Al insert for the semi-finishing tests (100Cr6 205 HB, Vc =100 m/min,
hex.= 0,2 mm, DoC = 1,5 mm, 10 bars emulsion, lead angle at 75°, nose radius 0,8 mm) [10]
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In hard turning with an emulsion under 10 bar, the cratering for the WC insert is substantial, while
the flank wear remains acceptable as shown in Figure 9. In contrast, for the uncoated NbC insert,
the wear on flank wear and cratering (See Figure 9) remained acceptable. The initial machining
striae from the edge preparation are still visible indicating a very low crater wear. On the other hand,

after about five minutes of hard turning, a crack appeared from released residual stresses genera-
ted during SPS sintering.

Note: The flanks
of WC-6Co are
coated with
(Ti,Al)N

s P

Figure 9 Comparison of crater wear in hard turning of NbC-8Co SPS (left) and WC-6Co (right)
(100Cr6 (205 HB), machining time=5 min. 33 s., Vc= 100 m/min, f = 0,415 mm/rev, hex= 0,4, DoC =
3 mm, Kr (lead angle) = 75°, nose radius= 1,5 mm, emulsion 10 bars) [10]
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Figure 10 Comparison of insert behaviour during coolant-free interrupted milling of SABS
1431:300WA-SS (98,2 £+ 0,66 HRC) at v, = 250 m/min (a,= 0,5/1 mm) [11]

Effect of reduction of axial depth of cut a,from 1 mm to 0.5 mm at a v, of 250 m/min in coolant-free
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interrupted milling of uncoated SNMA inserts is shown in Figure 10. During coolant-free milling at
250 m/min, the NbC-12Co SPS insert performed better than both the SPS and LPS WC-10Co
(wt%) [11]. It has to be noted, that the N-12Co (NbC-12Co) presented an attractive profile with low
friction and flank wear rates, which compete with nickel bonded WC. The nickel bonded WC grades
(7Ni and 11Ni) contained secondary carbides, like TiC and Mo,C, which improved the resistance to
chemical wear, whereas the NbC-12Co were straight grades without secondary carbides.

CONCLUSIONS

Stoichiometric or sub-stoichiometric niobium carbides have under dry sliding at RT and 400°C a
pronounced intrinsic wear resistance associated with an exceptional high load carrying capacity,
either as hard metal or as metal matrix composite. The wear rates decreased with increasing sliding
speed and were associated with high load carrying capacities (P-V-values), in excess of 100
MPa-m/s. Tribological properties, micro-hardness and elastic modulus can be tailored through stoi-
chiometry and/or binder type. The dry sliding wear resistance of the sub-stoichiometric NbCg gg-
12Co H1 were at the lower end of the stochiometric NbC grades. From the tribological point of view,
the cobalt binder in the NbC hardmetals can be substituted by FezAl. At RT, the wear rates of the
MMC Fe;Al-NbCy o4 are very close to those of the NbC-bearing hard metals.Cobalt-free niobium
carbide inserts have been shown to be very efficient for semi-finishing operations and are very pro-
mising under hard turning. Properties, like micro-hardness, hot hardness, sliding wear resistance,
elastic modulus and toughness can be tailored by the C/Nb ratio, the addition of secondary carbides
and the type of binder.
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Introduction

Abrasion is one of the four main wear mechanisms that is determined in components being in con-
tact with mineral goods. Typical examples of use are found in the processing technology during
chopping up, classification, transport and storage of mineral goods as well as in contact of tools
with hard counterbodies like rock or concrete [1]. Characteristic for this kind of undesirable material
loss is a penetration of harder particles that, with movement relative to the surface, generate
grooving abrasion. Worn surfaces are characterized through indentation marks of mineral particles
and grooves which, in their geometry, are defined through the particle size, their form and through
the normal force in the tribological system.

Material engineering countermeasures are firstly based on an increase of the material hardness,
as it can be derived in ferrous materials by martensitic transformation. A high hardness causes a
large resistance against the indentation of mineral particles into the surface. This leads to less
abrasion through reduction of the groove depth. Against deep grooves, hard phases are especially
effective, such as carbides that are introduced into a metallic matrix. They further increase the
hardness and impede the penetration of the mineral particles into the material surface. Besides,
they put themselves against the grooving mineral as an obstacle if they are harder than the attack-
ing minerals (Figure 1). Thereby, the abrasion resistance can be increased with increasing hard
phase volume fraction. A dispersive distribution of hard phases is favourable, albeit with high hard
phase proportion, especially when the mean free matrix path length is reduced so that only a small
matrix area is exposed to grooving [2].

Tangential force  Normal force mineral grain

carbides metal matrix ~ grooved volume

Figure 1: Schematic diagram of abrasion caused by a mineral grain according to [2]

The design of Fe-base alloys against abrasion must take the above implementations into account.
However, in technical materials, the influence of the manufacturing on the desired microstructure is
also to be considered. Here, powder metallurgical production offers greater design freedom than
fuse metallurgy.

Hereinafter, the fundamental material aspects of the metal matrix and the hard phases will be dis-
cussed first. Subsequently, wear resistant materials that are nowadays employed will be intro-
duced and described with regard to the effectiveness of the material-technical countermeasures
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against abrasion. The materials range from simple wear-resistant structural steels to hardened and
tempered steels and tool steels up to wear-resistant white cast iron, weld deposits and powder
metallurgy- generated Metal Matrix Composits (MMC).

2. Structural constituents
2.1 Metal matrix

The properties of Fe- base metal matrices are based essentially on the mechanisms that are also
exploited for the heat treatment of steel. The solid solution hardening of ferrous matrices is based -
as in steel - on the substitutional incorporation of the elements chromium, molybdenum, manga-
nese, nickel, silicon and vanadium as well as the interstitial incorporation of carbon, wherein the
hardening through carbon in the martensite is the most effective. Nowadays [4], calculations ac-
cording to the Calphad method deliver a major gain in knowledge. With commercial software pack-
ages and databases, it is possible to calculate the originating phases in nearly any compositions in
equilibrium and to issue them as phase diagrams. This may save a lot of experimental work and
time in alloy development.

Fe- base alloys are hardened martensitically. A specific tempering treatment - where hardness
decreases with the tempering temperature and the toughness increases - follows after a rapid cool-
ing after austenitizing for martensitic transformation. In the presence of the elements chromium,
molybdenum, vanadin or niobium, secondary carbides can be solidified which cause a secondary
hardness maximum at tempering temperatures around 500 °C and thus confer a certain hot
strength of the metal matrix. At high hardness temperature or while cooling down from the casting
heat, the martensitic transformation is often incomplete at C- contents above 0.5 wt.-%. In these
cases, the martensite finish temperature is below RT, so that residual austenite remains behind in
the microstructure. Soft, stable residual austenite in contents above approx. 30 Vol.-% reduces the
wear resistance against abrasion, however, offers a certain deformation reserve at the same time.
Alloy-technically, the stability of the residual austenite can be reduced, so that this can be trans-
formed into a strain or stress induced martensite during grooving wear. As a positive effect, this
leads to a hardness increase in the near-surface edge zone while the bulk material beneath, how-
ever, remains tough [3].

2.2 Hard phases

Hard phases are generally designated according to their composition with the chemical structural
equation Ya.X,. They can be divided, with respect to the predominant binding character of their at-
oms, into covalent, ionic and metallic hard phases, where the latter are suited in a special way for
embedding them into metallic matrices. Typical properties are high hardness, a high modulus of
elasticity and high melting point as well as a low thermal coefficient of expansion with good chemi-
cal and thermal stability [4].

In Fe- base alloys, in particular the carbides of the transition metals have acquired a significant
importance. They are designated according to their chemical structure with MaCyp, where, in M de-
pending on carbide type, more or less metal atoms from the alloy are bound. Thus, FesC - known
as cementite in Fe-C- alloys - also dissolves chromium and becomes a little harder thereby. In
higher chromium-containing and carbonaceous Fe- alloys, the carbides M23Cs and M-Cs are stable,
in which iron as well as chromium is dissolved at high proportions in the metal part. This also has
effects on the properties of these carbides. While a pure chromium carbide of the type M-C; re-
veals a micro hardness well above 2000 HV0,05, the hardness decreases with increasing Fe- con-
tent in the carbide to about 1350 HVO0,05. With regard to a high wear resistance, the three mono
carbides of the elements titanium, niobium and vanadium have turned out to be favourable as MC
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carbides with the same amount of metal and carbon. They show micro hardness levels above 2000
HV0.05 and therefore cannot be grooved by many minerals (Table 1). All three of them are face-
centred cubic and due to the fact that they are isomorphic they appear in hybrid forms in which
carbon may also be partially replaced by nitrogen so that mono- carbonitrides emerge [4].

The solubility for other metal atoms is very different in the NbC, in the TiC and in the VC. The NbC
has proved to be extremely advantageous in stainless Fe- materials because it hardly dissolves
Fe, Cr or other alloy elements in the steel. Therefore, the early forming high hardness NbC can be
solidified with niobium and carbon from the molten bath, which leave behind chromium in contents
above 12 wt.-% in the Fe-Matrix for corrosion resistance.

Table 1. Physical properties of metallic hard phases used in Fe-base alloys [2] and predominantly
own measurements

hard-  density o E- Ts
ness [g/cm®] [10° K] Module [°C]
[HV0,05] [GPa]
FesC 850  7.67° 42°  177° 1152
(F%fr” 1400 692 103 360 1780
crC, 2150 668  10.6 400 1890
WCW, 2800
M2 2560 1653 59 680 a: [5]
NbC 2200 778 7.2 580 3613 f:’; [[%
VC 2900 541 7.3 430 2800 d- [8]

TiC 2950 493 8.3 470 3070

2.3 Properties of hard phases and metal matrices

Important properties of hard phases and metal matrices can be gained in an easy way from inden-
tation experiments. With micro- and nano-indenters, load-indentation curves can be accommodat-
ed in nearly arbitrarily small structural phases from which the indentation hardness and the modu-
lus of elasticity can be determined (Figure 2). In addition, the cracks often appearing in hard phas-
es in and around the indentations can be used for the evaluation of the fracture toughness. Very
important knowledge of the interaction of mineral particles with the microstructure constituents is
being provided by individual scratch tests that can also be carried out on a micro- and nano-scale.
Here, a geometrically determined indenter made from diamond or cubic boron nitride (CBN) is ex-
posed to normal force and moved over the surface of a wear material for the generation of single
grooves. If here the tangential force measured is related to the cross-sectional area of the groov-
ing, the so-called specific scratch energy es can be calculated, which constitutes a measure of the
resistance of a phase against grooving. Figure 3 shows the scratch energies for some hard mate-
rials and select metal matrices. The diagram shows that the temperature-related softening in Fe-
Matrices is large, in the hard phases smaller and differs according to hard phase type. As the ser-
vice temperature increases, the hardness of the metal matrix decreases and recovery as well as
recrystallisation processes take place. Up to = 500°C the scratch energy of a martensitic metal
matrix (X40CrMoV5-1; 1060°C/oil/620°C) is about twice as high as that of a ferritic (X2Cr11) or an
austenitic (X2CrNiMo17-13-2) matrix. However, at higher temperatures the scratch energy of a bcc
matrix decreases to a greater degree than the fcc matrix, which exhibits the higher scratch re-
sistance above 800°C.
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Beside the specific scratch energy, the micromechanisms of abrasion (micro cutting, micro plough-
ing and micro cracking) provide information about the behaviour of the respective structural con-
stituents during grooving wear. Out of this, another characteristic value follows, which indicates the
relative ratio of micro cutting to micro ploughing fa, in particular for the area of the metal matrix.
Here, micro cutting means material loss, while micro ploughing causes plastical deformation and
the displacement of the groove volume to the groove edge without material loss. Hence, a low fa-
value means a lower wear amount can be expected.

3001
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load, P in mN
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0 100 200 300 400 500 600 700 800
indentation depth, # in nm

Figure 2: Indentation mark with typical load-penetration curve (hmax = 750 nm) in NbC carbide

specific sratch energy in J/mm?

0 260 460 660 860
temperature in °C
Figure 3: Specific scratch energy as a function of temperature from single scratch tests for select-
ed hard phases and metal matrices (CBN-Indenter, angle of attack a=90°C, flank angle 26=115°C,
Fn=0.3N, scratch velocity v=2 pm/s) [2]

As in other cases of the engineering sciences, the simulation of the material stress is also applied
in the course of the design of wear-resistant materials [9]. Though it is not possible to the present
day to dependably simulate the material loss occurring through repeated grooving, however, the
efforts concerning the individual events of indentation and scratching are partly far advanced. Fig-
ure 4 a) shows the stress field that can be simulated through indentation with a geometrically de-
termined indenter. Nowadays, such calculations can already very well illustrate the behaviour of
metal matrices and hard phases in the indentation test. Figure 4 b) shows the result of a Fe- simu-
lation in a metal matrix with small hard phases (with respect to the indentation size). In this man-
ner, it is possible to simulate the contributions of hard phases in the interplay with the metal matrix
and to utilize it for the microstructure design. Such simulations are explained in more detail in an-
other contribution to this conference.
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b)

Figure 4. FEM-Simulation of the Indentation in a) a hard phase and b) a hard phase containing
material

3. Abrasion resistant materials
3.1 Special wear-resistant structural steels

In many application cases, abrasion-resistant and at the same time economical metal sheets are
required that have to be weldable, too. In these cases, wear-resistant special structural steels are
being used. With C- contents ranging between 0,2 and 0,3, there are different varieties named af-
ter their hardness (e.g. Hardox 500 working hardness 500 HB), containing approx. 1,5 % Mn, 1,2
% Cr and up to 0,5 % Mo as well as to increase the hardenability 0,005 % B. They are water
guenched and tempered at the steel manufacturer so that a tempered martensite is present, which
due to the low C- content can still be welded crack-free with preheating. Typical application cases
include linings of hoppers, chutes and shovels of construction vehicles, where abrasion occurs
through mineral sliding wear.

3.2 Quenched and tempered steels

For the crushing of mineral goods and/or under high surface pressures, harder steels with carbon
contents between 0.3 — 0.6 % C are being used. There is widespread (e.g. for chain links of cater-
pillar vehicles) use of the steel 34MnB5 that can be martensitically hardened in small cross sec-
tions. Crushing hammers in hammer mills are produced, for example, from tempered steel castings
55NiCrMoV6. Via the tempering temperature, the tempering hardness and/or the notched impact
strength is set. In hammers from tempered steel, the impact tip is set to a working hardness above
52 HRC and the hammer eye, because of the higher toughness important there, is heat-treated to
less than 40 HRC. Briquetting and compacting rollers for potash, fertilizer, gypsum, dusts and fine
ores consist of similar steels, according to operating conditions (56NiCrMoV7). Steel rings for the
cutting discs of shields in tunnel boring machines are made from the higher alloyed steel
X50CrMoV5-1, because a higher working hardness and a high strength are required. After marten-
sitic hardening and tempering in the secondary hardness range, tensile strengths are achieved of
up to 2000 MPa while the working hardness reaches 56 HRC. Surface hardening with flame or
induction heating has proved itself beside continuous heat treatment of the bulk [2].

3.3 Hard phase containing steels and white cast iron

With greater abrasion stress, ledeburitic cold work steels are used. They often contain up to 12 %
of chromium and 1.6 % C (e.g. X153CrMoV12-1) because through this carbide of the type M-Cs
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can be solidified from the melt. The alloys often designed as casting tools are martensitically har-
denable and are suited as crimping tools for ceramic bodies and as crushing tools. If the carbon
content is further raised in the direction of 3 % of carbon, the hard phase content increases further
and the group the white cast iron is achieved. With Cr- contents < 4 wt.-% carbides solidify, where-
by the matrix becomes martensitic as a rule through cooling from the casting heat. Higher alloyed
varieties contain between 15 and 30 % Cr, so that the harder M;Cs can be embedded in a marten-
sitic matrix. If niobium is added in contents between 5 — 7 %, then the significantly harder niobium
monocarbides NbC will form from the molten bath first, which further increase the abrasion re-
sistance [10]. It is advisable, to lower carbon and Cr- content then, however, because the risk of
cracking in the necessary hardness treatment increases with the hard phase content.

Figure 5: Microstructure of hard phase containing Fe-base alloys
a.) ledeburitic tool steel X153CrMoV12
b.) white cast iron GX300CrMo015-3

Austenitic manganese steel castings (e.g. GX140MnCrl17-2) pursue another microstructure con-
cept. The alloy system is designed thus that an austenitic microstructure without hard phases orig-
inates. Therefore, the alloys are toughs, however, are able to increase the hardness, in particular
with impact load in the surface, through cold work hardening, to up to 58 HRC in their hardness,
whereby the self-generated surface zone is less than 100 um thick [2].

3.4 Weld deposites and MMC for HIP Cladding

There is still the possibility to provide economical substrate materials with a high hard material con-
taining layer through flux cored wire deposition welding. The range of coating materials extends
from simple martensitic steels with 0.3 - 0.5% C to hypereutectic alloys containing superhard
phases and up to 6%C, 2% B, 40% Cr and further metallic elements (Nb, V, W, Mo, Co). In alloys
with up to 5 % of carbon and 30 % of chromium, M;Cs- carbides are eliminated primarily from the
molten bath in the maximum 15 mm thick layers in a volume fraction > 50 Vol.-%. Alternatively,
during the Plasma-Transfer-Arc (PTA-) welding, hard material powder (e.g. fused tungsten carbide
WC/W-C) can be sprinkled into the molten bath. More recent developments replace the expensive
Ni-Matrices commonly used in by hardenable Fe-Basis-Matrices into which, at the same time, al-
ternative oxidic hard materials can be deposited [11].

By hot-isostatic pressing (HIP) hard phases containing Metal Matrix Composites (MMC) can be
produced by powder metallurgy and be applied as a several millimetres thick layer on wear parts
(HIP-Cladding). This happens on the basis of gas atomisation tool steel powders to which, from
case to case, hard materials in contents between 5 and 30 Vol.-% are admixed. Through a com-
pacting process at a temperature of 1150 °C and a pressure of 1000 bar, the powder particles are
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compacted up to theoretical density and at the same time bonded with a base metal. MMC have
the advantage compared with microstructures produced by melting metallurgy that the hard phases
can be freely selected and hence be optimally coordinated to the attacking minerals. In addition, by
means of HIP-Cladding coatings, mechanically more stable layers can be produced than is possi-
ble by means of deposition welding or through thermal spraying.

Figure 6: Gas atomized steel powder (a.) and fine hypoeutectic microstructure (b.) in the as
sprayed condition

Figure 6 shows a photograph of a steel powder and the typical solidification microstructure of a
ledeburitic cold work steel powder of the type X230CrVMo13-4 in the gas atomisation state. These
are identified through very fine metal cells are surrounded by a fine eutectic mixture of M;Cs- car-
bides and an austenitic/martensitic metal matrix (Fig. 6b). With above-mentioned process condi-
tions and dwell times of four hours, the fine eutectic carbide lamellae will transform to a rounded
shape and will grow, through Ostwald ripening, to a size of 3 — 5 um and finally, are dispersed in
the metal matrix. (Figure 7a) A similar microstructure can be achieved with a steel powder of the
type X240VCrMol10-5-1, where the dispersion carbides are mono carbides of the type VC in this
case because of the high vanadium content.

Figure 7: Microstructure of ledeburitic steels in the as hipped condition containing M-Cs3 carbides
(light grey) an VC (black)
a.) X230 CrVMo13-4
b.) X240VCrMo10-5-1
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The microstructure of the MMC is governed by the processes occurring during hot compaction,
significantly interdiffusion of elements, as well as by the grain-size ratio of the powered compo-
nents (Fig. 8a) [4]. As a consequence of approaching a thermodynamic equilibrium, a diffusive
shell develops in the steel matrix around the original hard phases during hot compaction, e.g. for
fused tungsten carbide (WC/W2C). This shell consists of W2C as well as M6C towards the outer
regions and has a positive effect on embedding the hard phase in the steel matrix because it less-
ens sudden changes in the properties (E, HV, a) at the hard-phase/matrix interface. The distribu-
tion of hard phases can be influenced by the grain-size ratio and by the volume fractions of hard
phase and matrix powders. Hard-phase fractions of < 30 volume-% can form brittle networks if the
hard-phase powder is significantly finer than the matrix powder (Fig. 8b). In contrast, a respective
hard-phase fraction with a narrow range of grain sizes similar to or larger than that of the matrix
powder produces a tough material with a dispersed hard phase (Fig. 8a) [12].

= > s'.f-. v;t.-. = S‘-’ﬁ-;’.w A.. '- v »‘ B / . LR . ».')'n, g
Figure 8: MMC on base of a cold-work steel matrix X225CrVMo13-4 (~150 pum) with

a) Fused Tungsten Carbide WC/W,C (~150 pum)
b) Vanadium Carbide VC (< 40 um) according to [11]

4. Abrasive wear resistance

In the pin-on-disk test using abrasive paper with flint (80 mesh), which is softer than the hard
phases in the microstructure of the materials investigated, the wear resistance Wa,™" increases with
the proportion of hard phases. Tool steels, martensitic chromium white cast iron and welding alloys
generally contain M-C? carbide and lie within the same scatter band. Despite their high proportions
of hard phases, martensitic nickel white cast iron lie underneath the band because they contain
softer MsC. The MMC layers, which can have almost any thickness, exhibit excellent wear re-
sistance.
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Figure 9: Results from pin-on-disk test against flint (80 mesh) [2]

A MMC made of atomized X225CrVMo13-4 and a hard-phase fraction of 30 volume-% WC/W,C
(150 um) shows a wear resistance that is greater by a factor of 40 than that of the pure steel matrix
and greater by a factor of 6 than the martensitic chromium cast iron GX300CrMo5-3 hardened to
800 HV30. This is due not only to the high hardness of the tungsten carbides but also to their high
fracture toughness. They have proven very resistant, even against Al,Os, and give the composite a
significantly greater wear resistance compared to a weld deposit.
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ABSTRACT

Hot stamping of high strength automotive body parts is a key technology to fulfill safety requirements
and CO»-emmision limit values which are made by the EU. In the last ten years, high effort was made
to improve the hot stamping process. Besides optimizing workflow and heating of the sheet metal
blanks, new tools steel grades were developed which show beneficial properties with respect to hot
stamping and hard cutting of high strength body parts. Furthermore, engineering of cooling systems
results in different cooling strategies which all shall improve the cooling efficiency of hot stamping
tools. In combination, these improvements lead to a reduction of cycle time and maintenance work
and therefore increases productivity of hot stamping processes. This paper gives a short summary
of the latest developments with respect to tool steels for hot stamping and hard cutting tools including
concepts for active cooled hot stamping tools.

KEYWORDS
High strength steels, hot stamping, hard cutting, tool steels, cooling concepts

1. INTRODUCTION

The demand of high strength steels for automotive body parts increased continuously in the last 30
years (Fig. 1 a). One reason is the increasing safety standard for passengers. As it can be seen in
Fig. 1 b, the passenger cab of the VW Golf VII is made of high strength steels which shall protected
the passenger in case of accident.
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Fig. 1: a) Increasing demand of high strength material for automotive body parts; b) Sheet metals used for automotive body
parts for the VW Golf VII [1].

Another driving forces are the CO2-emission limit values for the automobile industry. One strategy
to fulfill these requirements is the reduction of weight and therefore the reduction of petrol
consumption [2]. As an example, the autobody weight of the new VW Golf VII was reduced by 23 kg
just by including a higher amount of high strength steels [1]. Therefore, the use of high strength
steels for automotive body parts has two big benefits. However, the production of high strength body
parts is not easy. Cold forming of high strength steels has many disadvantages. Besides high
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deformations forces and mechanical loads on the cold forming tools, the spring back and the risk of
cracking of the deformed parts is very high. Therefore, engineers reused a production method which
was developed in the seventies of the last century and was first used to produce high strength body
parts in the year 1987 [3, 4]. It is called hot stamping — sometimes also hot forming or press
hardening — and it evolved to a key technology with respect to the production of automotive body
parts. As it is shown in Fig. 2, the demand on hot stamped body parts has been increasing
continuously since the beginning in 1984 and it was suggested that it achieves 350 million parts in
2015.
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Fig. 2: Demand on hot stamped body parts in the automotive industry [5].

There are two different hot stamping processes which have to be distinguished (Fig. 3). Using the
direct hot stamping process, a sheet metal blank is directly formed and quenched in a single hot
stamping tool. In comparison, using the indirect process, forming and quenching is done in two
separate tools. In the first tool, the blank is preformed. In the second tool, the preformed parts is
guenched and calibrated after austenitization [4]. Due to the long process chain of the indirect hot
stamping, it is not widely used in the automotive industry. Most assembly lines work according to the
direct method.

Direct Hot Stamping

Coil Blank Furnace Transfer Stamping & Transfer Hard Cutting/
Cutting Quenching Laser Cutting

Indirect Hot Stamping

¢ F 8 E & I
Coil Blank Preforming Furnace Transfer Calibration Transfer Hard Cutting/
Cutting & Quenching Laser Cutting

Fig. 3: Process flow of the direct and indirect hot stamping.

However, using the direct hot stamping process, there is a significant higher impact on the hot
stamping tool. The major failure is abrasive and adhesive wear which is caused by sliding of the
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sheet metal against the tool surface [6]. It is also influenced by sheet metal coating which is usually
used to protect the blank against oxidization during austenitizing [7]. Furthermore, during forming of
the sheet metal blank, high mechanical loads are induced which might lead to deformation or
cracking of the tool. In addition, inserting a hot sheet metal blank into the tool results in additional
thermal loads which will add to the mechanical loads [8].

To resist wear, mechanical, and thermal impact, tool steels have to fulfill several requirements when
used for hot stamping tools. They should offer a high hardness and tensile strength to withstand
thermal and mechanical stresses and to increase wear resistance. However, they also should offer
a sufficient toughness to avoid spontaneous cracking. Furthermore, they should exhibit a high
thermal conductivity to reduce thermal stresses which are caused by internal thermal gradients.
Additionally, a high thermal conductivity also improves product quality and the productivity of the hot
stamping process because heat can be transferred much faster from the sheet metal into the tool.
Therefore, the risk of bainitic or pearlitic transformation is reduced and the hot formed body part can
be removed much faster from the tool which increases the number of hot stamped parts per hour.

However, after hot stamping, the high strength body parts have to be hard cut. In this case, thermal
conductivity is less important whereas the demand on hardness, wear resistance, and toughness
increases. Therefore, hot stamping and hard cutting of high strength automotive body parts require
special tool steel material properties which have to be ensured by using different tool steel grades
or by performing special heat treatments for each application.

The present article gives a concise overview of the state of the art with respect to hot stamping and
hard cutting tool steels. It is shown that during the last 15 years many different tool steel grades were
developed which already established in practice.

2. GENERAL CLASSIFICATION

As it is shown in Fig. 4, tool steels used for hot stamping and hard cutting of automotive body parts
can be divided into three groups. Steels in group 1 show a good toughness and resistance against
thermal fatigue. Steels in group 2 achieve a higher hardness and therefore offer a higher wear
resistance. Steels in group 3 have a high carbide volume fraction. They can be heat treated to a very
high hardness and exhibit a very high wear resistance.

Tab. 1: Tool steels used for hot stamping and hard cutting of high strength body parts.

X38CrMoV5-3 0,38 0,40 5,00 3,00 0,50 =

1. X40CrMoV5-1 0,40 1,00 5,30 1,40 1,00 =
WP7V 0,50 0,90 7,80 1,50 1,50 =

AMO / GAMO 0,60 0,35 4,50 0,50 0,20 =

2. CP4M® | GP4M® 0,60 1,00 5,00 + + =
CP2M®/ GP2M® 0,65 0,20 2,00 + + +
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Fig. 4: Classification of tool steels used for hot stamping and hard cutting of high strength body parts.

It is obvious that steels in group 1 show advantages with respect to hot stamping whereas steels in
group 3 have benefits in case of hard cutting. Steels in group 2 exhibit advantages for both
applications. However, as it was already mentioned, lifetime of tools used for hot stamping and hard
cutting is not just a question of wear resistance and resistance to thermal fatigue. There are much
more requirements which have to be fulfilled and which change from tool to tool.

3. TOOL STEELS USED FOR HOT STAMPING TOOLS

Tool steels used for hot stamping tools should offer a high hardness and good wear resistance to
withstand tribological attack during service time. However, they should also have a sufficient
toughness to avoid cracking due to thermal and mechanical overloads. A high thermal conductivity
is beneficial to reduce thermal gradients inside tools which produce high thermal loads. Furthermore,
using tool steels with high thermal conductivities, there is a faster heat transfer from the hot blank
into the tool which reduces closing times and increases productivity of the hot stamping process.
Additionally, tool steels should also show a good tempering resistance, especially with respect to
tailored tempering applications. However, the materials should also have a good machinability and
they should be nitridable and coatable to increase wear resistance.

In the past, many different tool steel grades were developed which show some advantages with
respect to hot stamping applications. As it is shown in Fig. 5, the standard grade X38CrMoV5-3
(1.2367) has advantages with respect to toughness and machinability. However, its wear resistance
and thermal conductivity is low compared to other tool steels. X38CrMoV5-3 is widely-used for hot
stamping tools and it is sometimes taken as a reference material when new tool steel grades are
tested.

The special steel WP7V is an 8%-chromium steel which shows a low thermal conductivity. However,
it has a good toughness and sufficient wear resistance which can be increased by nitriding of the
surface. WP7V is also widely-used for hot stamping tools and it shows very good results with respect
to wear and lifetime.
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Fig. 5: Comparison of the properties of steels X38CrMoV5-3, WP7V, CP4M®, and CP2M® which are used for hot
stamping tools.

CP4M® was developed for high wear impact. Its wear resistance can be enhanced by nitriding and
coating. However, its toughness is lower compared to X38CrMoV5-3 and WP7V. In case of hot
stamping tools, it is recommended to use CP4M® quenched and tempered to a hardness of 56-58
HRC.

The new special steel CP2M® was particularly developed for hot stamping tools [9]. Besides a high
thermal conductivity it also offers a high wear resistance and temperature stability. As it shown in
Fig. 6, CP2M® can be quenched and tempered to high hardness which is comparable to CP4M®.
However, at lower hardness it achieves significant higher thermal conductivities than CP4M®. In
these conditions it is comparable to the high conductive steel 30MoW33-7. In comparison to the
standard grade X38CrMoV5-3, CP2M® shows always a better performance with respect to hardness
and thermal conductivity. The wear resistance of steel CP2M® was investigated according to ASTM
G 65 (rubber wheel). The results are shown in Fig. 7. Here, CP2M® was tested in comparison to the
standard grade X38CrMoV5-3 and the high conductive steel 30MoW33-7, all quenched and
tempered to a hardness of 50-52 HRC. As one can see, CP2M® shows a significant lower wear loss
and therefore a higher wear resistance.

1 CP4M®
800 CP2M®
X38CrMoV5-3
- 30MoW33-7
S8 700
I *
£
@ 600
Q
c
-E *
£ 500
400 *
10 20 30 40 50 60

Thermal Conductivity in W/mK

Fig. 6: Thermal conductivities of the special steels CP4M® and CP2M® in comparison to the standard grade X38CrMoV5-
3 and the high conductive steel 30MoW33-7 after quenching and tempering to working hardness.
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Fig. 7: Results of wear test according to a) ASTM G 65 and b) ASTM G 75 for steels CP2M®, X38CrMoV5-3, and
30MoW33-7.

First practice with CP2M® confirms that it shows a better wear resistance than other steels used for
hot stamping tools. Trials were made for segments used in a bumper tool for the Golf VII. The
segments were quenched and tempered to 58-60 HRC and plasma-nitrided and the drawing radius
was measured continuously during service time. Using the standard steel grade X38CrMoV5-3 (52-
54 HRC, plasma-nitrided) the tool have to be changed after 120,000 to 150,000 parts. With CP2M®
wear was reduced and lifetime was enhanced up to 200,000 parts which is 25-67% longer service
time of the tools.

To improve chilling by the hot stamping tools, most tool segments have internal cooling channels.
Up to date there are three constructive ways for active cooled tools (Fig. 8). Most operators use
drilled holes which have to be machined in the soft the soft annealed material. Although drilling is a
well-known process, this production way shows many disadvantages. There are many machining
operations which cost time and money. Furthermore, it is just possible to drill straight holes. Curved
cooling channels are not possible although this would enhance cooling effect.

a) b) c)

drilled
cooling channels

in-casted
cooling tubes

Fig. 8: Cooling strategies for hot stamping tool: a) one-part with drilled cooling channels, b) two-parts with shell and core
segment, c) one-part with in-casted cooling tubes.

Another way is to use tools which are divided into an upper (shell) and a lower (core) part. In this
case there is a higher degree of flexibility with respect to the cooling channel construction. However,
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there are still high machining cost and time consumption and one need a good sealing of the two
parts to avoid leakage during service time.

The third way is to use in-casted cooling channels. In the past this was done by inserting tubes which
were fixed in the sand mold [10]. However, fixing the tubes is very difficult and there is always a risk
of melting when pouring the melt into the sand mold. A new approach is to use sand molds which
were 3D-printed (Fig. 9). In this case, fixing the cooling channels is much easier and there is a big
flexibility for cooling channel construction. However, casting is still very difficult.

Fig. 9: A printed sand mold with cavity and cores for cooling channels.

Ongoing research projects are dealing with new processing technologies. In case of selective laser
melting (SLM), a metal powder is used to build up a bulk material in layers. Every powder layer is
melted using a special laser system. By means of SLM it is also possible to produce very complex
cooling channels which is beneficial with respect to cooling efficiency. A related technology is called
selective laser sintering (SLS) where the metal powder is not melted but sintered. Similar processes
can also be done by electron beam which is then called electron beam melting (EBM). Another
processes are build-up welding and cold spray deposition which are also used to build up 3D tools
by processing metal powders.

4. TOOL STEELS USED FOR HARD CUTTING TOOLS

After hot stamping, automotive body parts have a high tensile strength and are in semifinish
condition. They just need to be cut to bring them into final dimension. There are two ways to cut the
high strength parts. Laser cutting is a very flexible and non-tool-dependent process. However, laser
cutting is an energy and time consuming process [11]. Therefore, hard cutting is a common process
to bring hot stamped body parts into final shape.

Hot stamped body parts normally have a tensile strength of about 1500 N/mmz2 (Fig. 10). Therefore,
cutting tools need to have a high compressive strength and toughness. Furthermore, they should
also offer a high working hardness and wear resistance. Due to sliding of the sheet metal against
the tool surface there is a high friction and adhesive and abrasive wear.
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Fig. 10: Total elongation vs. tensile strength of different steels used for automotive body parts.

For hard cutting applications, hard and wear resistant steels show the best results. As it can be seen
in Fig. 11, there are three types of steel which fulfill these requirements. For high wear resistance,
cold work tool steels with a high carbide volume fraction are used which are quenched and tempered
to a working hardness of 60-64 HRC. With increasing demand on toughness steels are used which
show lower carbide volume fraction. Those steels are normally quenched and tempered to a working
hardness of 58-62 HRC. If wear resistance and toughness are both of high importance it is also
possible to use high speed steels like 1.3343 which can be heat treated to 60-64 HRC and still show
a sufficient toughness. The third group of cold work tool steels show a low carbide volume fraction
and therefore offer a higher toughness. However, they still reach a hardness between 56-60 HRC
and provide a sufficient wear resistance.

For high demands on wear resistance and toughness there are two ways to ensure a good tool
lifetime. The first way is to use powder metallurgical (PM) steels like CPOHPLYS, According to the
PM-processing route, these steels show a very fine microstructure although they exhibit a very high
carbide volume fraction. These steels offer a very good wear resistance and toughness and are used
for advance cutting applications. A second way is to use hard and tough steels which are nitrided
and PVD-coated. In this case the base material still shows a sufficient toughness whereas the
surface is covered with a very hard and wear resistant layer.

'y
Nitriding, coating
(Toughness depends on base material)

1.3343

CPOH,
72

CPSE, CPAM®,
CP2M®

Resistance against abrasion

1.2358, 1.2550

WP7V, 1.2631, 1.2767

Toughness

Fig. 11: Wear resistance vs. toughness of tool steels used for cutting tools.
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Hot work tools steels and very tough cold work tool steels are normally not used for hard cutting
applications. There is a too high risk of deformation and mechanical fatigue during service time.
However, if sheet metal thickness increases the demand on toughness will increase in the same
way. For these special applications it can be beneficial to use very tough tool steels to avoid cracking
according to mechanical overload.

5. SUMMARY

During hot stamping, sheet metal blanks are hot stamped and afterwards hard cut. Both sub-
processes require special tooling strategies. In case of hot stamping, a fast heat transfer from the
hot blank into the tool is required. Furthermore, wear resistance, tempering resistance and resistance
against thermal and mechanical loads are required. Therefore, hot stamping tools are normally made
of hot working tool steels which exhibit a good tempering resistance and toughness. For higher wear
resistance cold work tool steels are used which can be quenched and tempered to approximately
58-60 HRC and which still exhibit a good toughness. New steel grades were developed which offer
higher thermal conductivities. One of these developments is the special steel CP2M® which achieves
thermal conductivities between 30 and 45 W/mK in dependence of heat treatment condition. Practice
shows that CP2M® additionally shows a high wear resistance which is significant higher than
compared to X38CrMoV5-3.

To improve chilling of hot stamping tools, cooling channels are machined into the tools. The standard
procedure is to drill bore holes into forged steel products. A second way is to use tools which are
divided into a shell and a core segment. In both cases, there is a high machining effort which cost
time and money. The third way is to use cast tools with in-casted cooling tubes. A new development
is the 3D-printing of sand molds which improves the design of cooling channels. Future technologies
are additive manufacturing processes like selective laser melting with which tools can be printed
using metal powders.

For hard cutting applications, tools are exposed to high mechanical and tribological loads. They need
to be hard, tough, and wear resistant. If wear resistance is of major importance, carbide containing
cold work tool steels are normally used for hard cutting tool. With increasing demand on toughness
hard cold work tool steel with lower carbide volume fraction are beneficial with respect to tool life
time. For advanced cutting application it is favorable to use PM-tool steels or nitrided and coated
cold work tool steels.

The aim of current developments is to combine the hot stamping and hard cutting process in one
operations. This will affect the requirements of tool steels used for those tools because wear impact,
mechanical and thermal loads will increase. Therefore, new advanced tool steels have to be
developed with respect to these new requirements.
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Abstract

In this work microstructure of Al-base coated press-hardening steel 22MnB5, austenitized at
920°C, was analyzed with respect to the phase formation at the steel/coating interface. Thereby,
iron diffusion into the Al-base coating led to the formation of intermetallic AlFe, phases. The
intermetallic phases transformed to more Fe-rich phases with increasing dwell time. The coating
was characterized by a layered structure of phases AlsFe, and AlFe after a dwell time of ty,s = 6
min (conventional press-hardening parameters). Cracks were formed in the coating due to the low
fracture toughness of the formed intermetallic phases mainly of type Al13Fe4, Al5Fe2 and AlFe.
Forming and quenching in the press-hardening tools took place at a temperature range of approx.
800°C to room temperature (RT). We found that the high hardness (520-1130 HV) and low fracture
toughness of the intermetallic phases led to strong wear of the press-hardening hot-work tool steel
X38CrMoV5-3. The hardness of the intermetallic phases decreased in the direction of a higher
temperature, leading to less abrasive wear at higher forming temperatures, thus wear by adhesion
is more pronounced. Phase AlFe was found to mainly induce adhesive wear, while phase AlsFe,
led to strong abrasive wear due to the delamination of coating particles.

Keywords: Al-base coating, Intermetallic phases, Hardness, Wear, Press-hardening,
Temperature

Introduction

Security relevant structures in automotive bodyworks are conventionally manufactured using high
strength steels which possess a high strength to density ratio. Component parts such as
longitudinal rear rails, B-pillar reinforcements and inner roof rails are produced using the high
strength steel 22MnB5 [1,2]. The steel 22MnB5 is processed by direct press-hardening due to its
low formability in hardened condition. During direct press-hardening, steel sheets are austenitized
at temperatures of 880-950°C. Subsequently, the steel sheets are transported into the forming tool
and then formed and quenched in one step [3]. After cooling, the formed steel sheets have a fully
martensitic microstructure and a strength of 1500 MPa [4]. A protective Al-base coating is
commonly deposited on the steel surface prior to the press hardening process, thus preventing
strong oxidation of the steel sheets during austenitization. Thereby, high austenitization
temperatures (880-950°C) lead to diffusion processes at the steel/Al-coating interface and to the
formation of intermetallic AlFe, phases in the coating [5,6].

Wear of the press hardening tools strongly depends on the mechanical properties (hardness,
fracture toughness) of the Al-base coating during cooling and quenching. The mechanical
properties of the Al,Fe, intermetallics were only fragmentary investigated by Koster et al. and
Kobayashi et al. [7,8]. They found that especially Al-rich Al,Fe, intermetallics of types of Al;sFe,
and AlsFe, exhibited high hardness and low fracture toughness, simoultaneously. In this context,
low fracture toughness promotes crack formation and propagation in the Al-base coating
microstructure which may lead to the delamination of coating constituents and thus can cause

229



Windmann, M.; Réttger, A.; Theisen, W.
Wear Mechanisms of Coated Steels During Press Hardening

wear of the press hardening tools. However, mechanical properties of the intermetallic phase were
only measured at room temperature. Mechanical properties at higher temperatures of the forming
and quenching process (800°C to RT) were not published.

This work deals with the investigation of the phase formation in the Al-base coating of steel
22MnB5 during press-hardening. The hardness of the formed intermetallic phases was measured
at different temperatures according to the forming and quenching process. Furthermore, the wear
behavior of the press-hardening hot—work tool steel X38CrMoV5-3 was investigated with respect
the formed intermetallic Al,Fe, phases at different temperatures.

1. Experimental
Materials and heat treatment

Steel sheets of 22MnB5 with a thickness of 1.5 mm were coated with an AlSi10Fe3 layer (17 to 25
pum) by hot dipping and manufactured industrially by Thyssen Krupp Steel in Duisburg (Germany).
The chemical composition of steel sheets of 22MnB5 and the AlSil0Fe3 coating is given in Table
1.

Table 1: Chemical composition of the materials used [mass%]; measured by spark
spectrometry (22MnB5) and EDS (AISi10Fe3) in hot-dipped condition [5]
C Si Al Mn Cr Ti B Fe
22MnB5 0.234 0.289 0.034 1.258 0.119 0.028 0.002 bal.
AlISi10Fe3 10.23 bal. 2.16

Squared specimens (20 x 20 mm) of the Al-base coated 22MnB5 sheets were heat-treated in
argon atmosphere at Tays= 920 for tas = 1, 2 and 6 min. The cross-section of each specimen was
ground with 18 um abrasive paper and polished with a 3 pm diamond paste and % pm SiO,
polishing suspension. Microstructural examinations were performed by means of scanning electron
microscopy (SEM) using device Leo-Gemini 1530VP at a working distance of 12 mm and a current
of 21 keV. The chemical composition of the structural constituents was analyzed by energy-
dispersive X-ray spectrometry (EDS) using an acceleration voltage of 10 keV and a working
distance of 8.5 mm.

Wear specimens of the hot work tool steel X38CrMoV5-3 with a spherical testing surface (r = 5
mm) were hardened and tempered in accordance to the manufacturer's instructions (Tays=
1060°C, Temp= 520°C) in an inert gas furnace to a hardness of 630 HV30. Specimens of the
intermetallic phases AlsFe, and AlFe were produced by powder metallurgical route. Aluminum and
iron powder was mixed in accordance to the respective stoichiometry. The powder mixture was
then fully melted at 1300°C for 1 h under argon atmosphere in a hot press. The intermetallic
phases were formed by solidification during slow cooling down to room temperature. The existence
of the formed phases was confirmed by EBSD investigations.

Phase Analyzing

Determination of the formed phases in the AISi1l0Fe3 coating was performed by diffraction
measurements using synchrotron radiation. The measurements took place at the Delta electron
storage ring in Dortmund (Germany) using a wavelength of A= 0.45919 A. Debye-Scherrer circle
segments (140-155°) were integrated and conditioned with the program Fit2D (ESRF). Integrated
diffractograms were analyzed using X-Pert analyzing software and ICDD-JCDPS database PDF-2.
The local distribution of phases in the coating microstructure was performed by EBSD
measurements with a Leo 1530 VP Gemini SEM equipped with an EBSD camera (TSL-
DigiView1612). The EBSD measurements were carried out at a working distance of 13 mm with a
tilt of 70°, an acceleration voltage of 20 keV, and an extractor voltage of 6.2 keV. The results were
conditioned and evaluated using OIM analysis software (TSL).
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Hardness measurements and wear experiments

Hardness and wear measurements were performed with an Optimol SRV4 measuring device at
room temperature, 400 and 800°C. Hardness measurements were carried out in accordance to
DIN EN ISO 6507-1 with an applied load of 4,903 N (HV0.5). Steel X38CrMoV5-3 specimens were
tested against the before polished surface of the AlsFe, and AlFe specimens with a frequency of 10
Hz over a distance of 4 mm (F = 10 N, t = 30 s) in a sliding wear test. Hardness and wear
measurements were performed in forming gas to avoid strong oxidation of the worn surfaces.

2. Results and Discussion

In the first section, the phase formation at the steel/coating interface during press-hardening will be
presented. Subsequently, the mechanical properties of the formed intermetallic phases and the
wear behavior of the hot-work tool steel X38CrMoV5-3 will be discussed.

2.1 Phase formation at the steel/coating interface during press-hardening

Thin layers of intermetallic phases at the steel/coating interface were already formed during hot
dipping of the steel sheets in the Al-base melt. On this account, intermetallic phases AlgFe,Si,
AlsFe,, and Al,FesSi; could be identified after hot dipping (Fig. 1). The formation of these phases
can be explained by intensive iron diffusion into the liquid aluminum during hot dipping. With
increasing iron content in the aluminum melt, the liquidus temperature increases and phase
AlgFe,Si was formed as a result of solidification processes. The phase AlgFe,Si transforms to
AlsFe, with increasing iron diffusion into the coating and thus increasing iron content. In addition,
Al,Fe;Si; precipitates were formed at the AlsFe, boundaries, as a result of the low solubility of the
element silicon in the phase AlsFe,. The phase formation during hot dipping and the following
press hardening process was analyzed in detail in [5].
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Hot dipped condition

Flg 1 SEM mlcrograph of the phase formatlon in the AlISi10Fe3 coatlng after hot dlpplng and
austenitization for different dwell times at 920 °C.

The coated steel sheets are austenized at 920°C for a dwell time of 6 min in the conventional
press-hardening process. During the first minute, strong diffusion of iron into the Al-base coating
led to the growth of phases AlsFe; and AlsFe; in the direction of the coating. As indicated by Fig. 1,
the growth of the AlsFe, phase was stronger compared to that of phase Al;Fes. The faster
formation of the phase AlsFe, can be explained by the high vacancy rate of 30% along the c axis in
the orthorhombic AlsFe, lattice [9]. The high vacancy rate supports directional diffusion of iron
towards the AlsFe, phase in the Al-base coating. The precipitations of type Al;Fe,Si, grew at the
grain boundaries in the phase of type AlsFe,. After two minutes, the Al-base coating was
completely transformed into the intermetallic phases AlsFe, and Al,Fe;Si; (Fig. 1). The steel
substrate was strongly enriched with aluminum near the steel/coating interface. Aluminum
stabilizes the bcc lattice of iron. Thus, the austenitic microstructure transforms into a-Fe with
increasing aluminum diffusion into the steel substrate during austenitization at 920°C. The formed
a-Fe layer did not transform into martensite during the following quenching. Thus, a thin ferrite
layer remained at the steel/coating interface after the press hardening process. The thickness of
the formed o-Fe layer increased with increasing dwell time. Formation of Al,Fe,Si, intermetallics in
the steel substrate was not detected. The different diffusivity of Al and Fe in the intermetallic
phases led to the formation and growth of Kirkendall pores at the steel/coating interface. The size
of the Kirkendall pores was also increased with increasing dwell time, which can be traced back to
the opposed diffusion of the elements Al and Fe at the steel-coating interface.

Between a dwell time of 2 and 6 min, the phases AlsFe, and Al,Fe;Si; transformed into the more
Fe-rich phase AlFe. Silicon was solved in the phase AlFe (~12 at.-% [5]) and formed silicon-rich
oxides on the coating surface. After a dwell time of ta,s= 6 min, the coating consisted of a layered
structure of the phases AlsFe, and AlFe. Furthermore, high crack density could be identified in the
coating. After a dwell time of tas = 6 min, the austenized steel sheets are conventionally
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transported into the forming tool to be quenched and formed. During this process, the forming tools
are in direct contact to the coating surface.

2.2 Wear mechanisms during press hardening

The hot-work tool steel X38CrMoV5-3 possesses a hardness of approx. 630 HV in quenched and
tempered state. The hardness of phase AlsFe, was found to be much higher (1130 HV), while the
hardness of phase AlFe (520 HV) was below the hardness of the hot-work tool steel at room
temperature. Thus, especially phase AlsFe, should lead to strong abrasive wear of the tools during
forming and quenching at lower temperatures. The low fracture toughness promotes the
delamination of coating particles and further increases the abrasive wear of the tools.

Table 2: Hardness and fracture toughness of the phases AlsFe, and AlFe [5,10]
Hardness Fracture Toughness
[HV0.1] [MPa/m"4]
AlFe 520 26
AlsFe, 1130 ~1

However, the presented results were measured at room temperature. During the quenching and
forming process, the coated steel sheets and thus the intermetallic phases undergo a temperature
profile from approx. 800°C (after transport from the furnace into the tool) to room temperature.
Consequently, the wear mechanisms of the hot-work tool steels during quenching and forming
depend on the mechanical properties of the intermetallic phases at the respective forming
temperatures. The hardness of the phases AlFe and AlsFe, at RT, 400°C and 800°C are presented

in Fig. 2. In contrast, room temperature hardness of tool steel X38CrMoV5-3 is indicated as a
dashed line.

Il AlFe

1200
. B AlLFe,

1000+

800+
1 X38CrMoV5-3

600

Hardness [HV0.5]

RT 400 800
Temperature [°C]

Fig. 2: Hardness of the intermetallic phases AlsFe, and AlFe at different temperatures

The hardness of both intermetallic phases decreased with increasing temperature. The hardness
of phase AlFe was lower than the hardness of the hot-work tool steel at each temperature. A
minimal hardness of 80 HV was measured at 800°C. The hardness of phase AlsFe, was lower than
the hardness of the hot-work tool steel at 800°C, but increases above this hardness at lower
temperature of 400°C and RT. Thus, the tool wear should be lower during cooling and forming
from 800°C to 400°C than subsequently during cooling from 400°C to RT.

Wear experiments of the hot-work tool steel X38CrMoV5-3 against specimens of the phases AlsFe;
and AlFe were performed to evaluate the temperature-dependent wear mechanisms. Fig. 3 shows
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the worn surface of the hot-work tool steel after wear experiments against AlFe and AlsFe, at
400°C and 800°C.
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Fig. 3: SEM micrographs of the X38CrMoV5-3 hot-work tool steel worn surfaces after wear tests
against AlFe and AlsFe, at 400°C and 800°C.

Fig. 3 shows that the phase AlFe mainly led to adhesive wear on the tool steel surface. Locally,
welded patrticles of phase AlFe could be identified. The wear mechanism and intensity were almost
similar for both investigated temperatures. Phase AlsFe, led to strong abrasive wear on the steel
surface at 400°C, due to the delamination of brittle intermetallic particles. The delamination of
intermetallic particles can be explained by the low fracture toughness of AlsFe,. These particles
remained on the tool steel surface and caused additional wear. Delamination of brittle intermetallic
particles could only be locally identified on the steel surface after the wear experiment at 800°C.
Thus, the fracture toughness of phase AlsFe, seemed to be strongly increased at this temperature.
Investigations of the steel surface structure after the wear test at 800°C indicates that adhesive
and abrasive wear occurred. Locally, melted aluminum as well as delaminated AlsFe, particles
could be identified on the steel surface.

Summarized, wear mechanism on the hot-work tool steel surface can be described by the micro-
mechanisms of adhesion and abrasion. Thereby, phase of type AlFe mainly led to adhesive wear.
In contrast, phase AlsFe, promoted abrasive wear due its high hardness and the delamination of
brittle intermetallic particles. While mainly adhesive wear occurred at 800°C, the amount of
abrasive wear increased at lower temperatures.
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3. Conclusions

The following key results were found within this work:

During austenitization, diffusion of iron into the AISi1l0Fe3 coating lead to the formation of
Al,Fe,Si, intermetallics in the coating.

After two minutes, Al-base coating completely transforms into intermetallic AlFe,Si,
phases.

The coating consists of a layered structure of phases AlsFe, and AlFe after ta,s = 6 min
(conventional press-hardening parameter). Furthermore, a high crack-density is formed due
to the low fracture toughness of the intermetallic phases.

The hardness of phases AlFe and AlsFe, decreases in the direction of higher temperatures.
The hardness of phase AlFe is below the hardness of the hot-work tool steel X38CrMoV5-3
at all investigated temperatures. The phase AlsFe, possesses higher hardness than the
hot-work tool steel from RT to 400°C. The hardness decreases below the hardness of the
tool steel above 400°C.

Phase AlsFe, mainly lead to abrasive wear on the tool steel surface, while phase AlFe
promotes adhesive wear.
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ABSTRACT. A short review of experimental data about the effect of deep cryogenic treatment,
DCT, on the abrasive wear of tool steels is presented along with available hypotheses. Using
Mossbauer spectroscopy, X-ray diffraction, mechanical spectroscopy and transmission electron
microscopy, it is shown that the isothermal martensitic transformation proceeds in the course of
DCT. Moreover, the softness of the virgin isothermal martensite initiates the plastic deformation
during martensitic deformation, which results in the partial removal of carbon atoms from the solid
solution by the gliding dislocations. This effect eliminates the precipitation of the g(n)-carbide
during subsequent tempering, shifts cementite precipitation towards higher temperatures and
delays precipitation of special carbides at temperatures of secondary hardness. Thus, the
precipitation potential of the y solid solution is preserved and can be realized during the usage of
tools increasing thereby the tools life. Based on the obtained results, a new concept of DCT is
developed and the correction of its technology to the temperature range of the isothermal
martensitic transformation is proposed.

KEYWORDS: Tool steel; Heat treatment; Deep cryogenic treatment; Martensitic transformation;
Plastic deformation; Tempering; Wear; Mechanical properties.

INTRODUCTION

Cryogenic treatment of tool steels was proposed in the first half of the nineteenth century and more
attentively studied since the fifties (see, e.g., [1, 2)]). In the nineties, first studies appeared
concerning a mechanism responsible for its effect on the properties of tool steels. One
distinguishes between the conventional, CCT, and deep, DCT, cryogenic treatments. The first one,
also known as shallow cryogenic treatment, SCT, is used at temperatures between the room
temperature, RT, and —100 °C and mainly aims a decrease in the fraction of the retained austenite.
Its effect amounts to the increase of hardness accompanied by a decrease in toughness. The
second one is performed usually at -196 °C and leads to the increased wear resistance and
toughness. It is remarkable that, in this case, hardness can be even decreased.

The last two decades were characterized by the increased interest of researchers to DCT and a
number of obtained results are analyzed in the review articles [3-5]. At the same time, a definite
gap exists between the scientific research and practical applications of this treatment. A reason for
that is some scattering of experimental results and the absence of knowledge about phenomena
taking place in the as-quenched steels cooled down to cryogenic temperatures. The aim of this
paper is to discuss available results on the DCT in comparison with CCT and, based on the studies
of a mechanism for DCT, propose some optimal technology of this treatment.

1 REVIEW OF EXPERIMENTAL RESULTS AND AVAILABLE HYPOTHESES

According to numerous studies, the increase in the wear resistance is the main effect of DCT, and,
for brevity, we will pay due attention to this property. A pioneer work was published by Barron [6]
who compared the effect of DCT at —196 °C and CCT at -84 °C on the abrasive wear of
martensitic, stainless austenitic and plain carbon steels, as well as the cast iron. The wear
resistance of martensitic tool steels was markedly improved due to DCT, whereas not significant
effect, smaller than 10%, was observed in austenitic steels. No effect was found for the plain
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carbon steels and the cast iron. Two essential preconditions for a positive effect of DCT were
clearly demonstrated in this study, namely the thermodynamic instability of steels and the
occurrence of carbon in the solid solution. In fact, they were ignored by the following researchers.
The main feature of subsequent studies was a huge scattering of experimental data. E.g., for the
same steel D2, Collins and O’'Rourke [7] obtained the improvement in the wear resistance of about
10% in comparison with about 800 %, according to Barron [5].

The D2 type steels were the object for a number of studies on DCT effect. The decrease of the
sliding wear rate up to 700 % due to DCT at —180 °C was reported by Meng et al [8]. A remarkable
result of their measurements was that, at small sliding speeds of about 0.5 to 1.5 m/s, no
difference occurred between the wear resistance subjected to DCT and standard quenching,
whereas, with increasing sliding speed, the wear rate has not changed in the first case and
significantly increased in the second one. Pellizzari and Molinari [9] studied two cold worked tool
steels of D2 type, X155CrMoV12 1 and X110CrMoV8 2, after different heat treatments: (i)
guenching at RT and DCT at -196 °C followed by double tempering at about 500 °C, (ii) applying
DCT between two tempering stages and (iii) using one tempering stage after DCT. The decrease
in the wear rate occurred if DCT was applied before double tempering, and even higher
improvement of wear resistance has been achieved in case of single tempering. Oppenkowski [10]
has also confirmed that DCT provides a possibility to use only single tempering. Das et al. [11]
studied steel AISI D2 after austenitization at 1020 °C, DCT at —196 °C for 12 to 84 h and tempering
at 210 °C. The highest decrease in the sliding wear rate was observed for the holding time of 36 h.

In the studies of high speed steels, the interesting finding was reported by Mohan Lal et al. [12]
who have shown that the time of holding during DCT is more important than the decrease in its
temperature, namely: the sliding wear resistance of steel M2 was higher in case of DCT at -110 °C
for 24 h in comparison with DCT at -180 °C for 6 h. The same steel was tested by Mahmudi et al.
[13] after austenitization at 1200 °C, DCT at —196 °C for 90 min and final tempering at 560 °C. The
DCT-caused improvement of the resistance to sliding wear was better by 20 % in comparison with
the conventional quenching at RT and by 15 % as compared to CCT at —80 °C. Even the higher
effect on the abrasive wear of this steel, the improvement of about 43% in comparison with
guenching at RT, was obtained by Googte et al. [14] due to DCT at -185 °C for 24 h. The high-
speed steel T142 (1.27C, 4Cr, 9.5W, 3.2V, 10Co) was studied by Tated et al. [15] after
austenitization at 1230 °C, DCT and triple tempering at 560 °C. As compared to the non cryo
treated tools, the highest decrease in the flank wear, by 42%, is obtained in case of DCT at —185
°C for 8 h.

One of the first hypotheses for DCT is based on the enhanced precipitation of ¢'(n)-carbide, as it
was shown by Meng et al. [8]. These authors were the first to study the microstructure using
transmission electron microscopy and ascribed the obtained DCT effect to fine disperse particles of
n-carbide precipitated during tempering instead of the g-carbide. It is relevant to note that n-carbide
was observed earlier by Hirotsu and Nagacura [16] in the high carbon martensite subjected to low
temperature tempering without any preliminary DCT or CCT. Later on, Taylor et al. [17] have
shown that this “new carbide” is formed as a result of ordering in the carbon atoms distribution,
which transforms the hcp ¢ lattice into the orthorhombic n one. They denoted it as ¢'.

In a number of following studies, the precipitation of the n(¢')-carbide was also described as a
reason for the improvement of wear resistance. As mentioned in [13, 18-21], these nano-carbide
particles are precipitated during subsequent low temperature tempering or even in the course of
DCT and the following heating to RT [19,21]. Such a concept was supported in a number of
subsequent publications (e.g., [9, 22, 23]), although at least two experimental facts are not
consistent with it. First, as mentioned above, the n(¢')-carbide was found to precipitate in the high
carbon martensite without any DCT. Second, this intermediate carbide is dissolved at temperatures
above 200 °C, whereas the positive effect of DCT occurs also in steels tempered at significantly
higher temperatures, e.g. at 500 °C.
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The hypothesis of “low temperature conditioning” (e.g., [7, 9, 14, 18, 24]) includes the precipitation
of fine carbide particles and describes preconditions for this event in terms of time-dependent
decomposition of primary martensite, i.e. some crystallographic and microstructural changes like
martensite contraction, decrease of entropy etc. According to this concept, the long time soaking at
cryogenic temperatures results in migration of carbon atoms towards the dislocations followed by
formation of nanoclucters which, in turn, serve as nucleation sites for nano-carbides. This
assumption is at variance with the absence of any detectable migration of carbon atoms in the Fe-
C martensite at temperatures below —100 °C, as it follows, e.g., from Mdssbauer spectra which are
extremely sensitive to any small change in the atomic redistribution [25].

Any hypothesis of DCT should take into account a number of so far inexplicable experimental data
about the increase in the fraction of small carbide particles with average diameter below 1 um
(e.g., [13, 14, 26, 27]) and even of 20 to 60 A [18]. It can be only note in this relation that ultrafine
precipitates of cementite of about 20 to 40 A in size were detected in steels of D2 type,
X220CrMoV 13 4 and X155CrMoV12, just after quenching at RT, as well as after subsequent DCT
at —196 °C [25, 28]. These cementite particles were obviously precipitated due to the auto-
tempering of martensite in the course of cooling down to RT. It is also important for further analysis
that Gogte et al. [14] presented some impressive evidence of how DCT itself, without subsequent
tempering, can cause the fracture of the coarse primary carbides and create the population of fine
carbides resembling the “milky way” in the high speed steel T42.

2 MECHANISM FOR DEEP CRYOGENIC TREATMENT

2.1. Isothermal martensitic transformation.

Both above mentioned hypotheses deny any role of martensitic transformation in the effect of DCT
on the properties of tool steels. This statement is based on the conviction that it is finished at
temperatures above —100 °C. In other words, the martensitic transformation is identified with its
athermal mode, whereas the isothermal one is ignored. As shown in Fig. 1, the dilatometric curve
of cooling the steel X153CrMoV12 from 1080 °C down to —-150 °C confirms that athermal
marternsitic transformation is really completed at about =100 °C.

1,50 - Fig. 1. Dilatometry  of  steel
195 1080—» -150 °C X153CrMoV12 during cooling from
° T 1080 °C down to -150 °C with a cooling
_°C, 1,00 rate of 30 K/min from 1080 °C to 400
‘ga 0,75 - °C and under the flow of liquid nitrogen
o 1 below 400 °C. Ms = 130 °C, M¢ ~ -100
c 0,50 - °C.
> 0,25 -
c ]
2 0,00 - .
3 ] However, at lower temperatures, it
2 0,25 4 continues with the isothermal kinetics.
D 0,50 - Some signs of martensitic
b : transformation at a constant
'0175200 T o a0 oo st 1o temperature were sporadically
i observed even in the beginning of
Temperature, °C nineteenth century (see, e.g., [29-31]).

The first fundamental research was carried out in 1948 by Kurdyumov and Maximova [32] along
with a Kurdyumov™ concept of martensitic transformation in steels as a typical phase
transformation with the nucleation and growth stages. Earlier, the martensitic transformation was
described like the mechanical twinning.

The replacement of the burst athermal kinetics by the “soft” isothermal one is controlled by a
balance between the driving force of transformation and the amplitude of thermal atomic vibrations.
The increase in the driving force with decreasing temperature slows down in the cryogenic
temperature range. It occurs, e.g., because of strengthening of the austenite and retards the burst
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character of transformation which, in turn, reveals the nucleation stage if the energy of atomic
vibrations remains sufficiently high to provide thermal fluctuations for the appearance of critical
martensitic nuclei (see about details [33]). A further decrease in temperature retards the nucleation
and, finally, the transformation ceases resulting in the transformation kinetics with a maximum at
some intermediate temperatures.

The following experimental data give the evidence of martensitic transformation within the
temperature range below —100 °C. Using mechanical spectroscopy, a phase transformation was
revealed in steels of D2 type, X153CrMoV12 and X220CrMoV13-4, with a maximum at about
-150 °C (Fig. 2)

Fig. 2. Temperature dependence of
internal friction for steels
X153CrMoV12 and X220CrMoV13 4.
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broad damping in between -50 °C and
+50 °C is controlled by the vibrations of
Q*ﬁ X153CrMov12 dislocations of which mobility increases
0,04 with  increasing temperature  and,
thereafter, decreases at approaching RT,
where the carbon clusters formed during
the ageing of martensite prevent
dislocation movement. The low temperature peak belongs to martensitic transformation. Its
intensity is proportional to the fraction of the transformed martensite. It follows from Fig. 2 that
transformation proceeds with maximal intensity at —150 °C, which is consistent with the results in
[32] obtained on the modeling steel X100Mn6. These data demonstrate that the isothermal
martensitic transformation also occurs in the course of permanent cooling-heating, which suggests
that the virgin isothermal martensite is
3000 - (101), . - present in the tool steels held for DCT in
Steel X153CrMoV12 s ‘ s liquid nitrogen and subsequently heated
to RT. The x-ray  diffraction
measurements confirm this conclusion
(see Fig. 3).
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Fig. 3. Fragment of diffraction pattern of
steel X153CrMoV12 quenched at RT,
subsequently held at -170 °C for 15
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20, Co Ka austenitic reflection (200), in the course
of the isothermal martensitic
transformation at —150 °C is shown in the upper right corner.
All the measurements were carried out at the temperatures of holding.
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It is seen that the isothermal martensitic transformation is suppressed at —170 °C where the
holding for 240 min does not change the intensity of martensitic reflections. The fraction of
martensite has increased due to heating to =100 °C with holding at this temperature for 30 min. In
consistency with the IF peak in Fig. 2, the holding at —150 °C assisted the intensive martensitic
transformation, which can be estimated on the decrease in the fraction of the retained austenite.
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The quantitative information about a scale of the isothermal martensitic transformation in the
course of holding at cryogenic temperatures was obtained using Mdssbauer spectroscopy which
allows to estimate the fraction of the martensitic and austenitic phases with the accuracy of about
1.0 % (see in detail [25,28]). Mdssbauer spectrum of steel X153CrMoV12 quenched at RT and
cooled down to —196 °C with subsequent holding at this temperature for different time is presented
in Fig. 4. Again, in accordance with the IF and x-ray results, see Figures 2 and 3, no transformation
occurs during the holding in liquid nitrogen.

Fig. 4. M6ssbauer spectrum of steel

® .
= 100#“% X153CrMoV12 after quenching from
@ b% 1150 °C at RT and subsequent
E ool ¥ - holding at -196 °C for 24, 48, 72, 96
2 . 7 S hours.
- 1 All measurements are performed at -
92 4 * Holding and run at -196 °C 196 °C.
%0 e 24h
A—48h .
86 f,géﬂ In another Mossbauer study, the sample
] was heated to —150 °C after preliminary
861 cooling in liquid nitrogen, and, as
4 6 4 2 0 2 4 6 8 10 expected, the isothermal martensitic
Velocity, mm/s transformation has being developed

with holding time at this temperature.
The data of Mdssbauer measurements are presented in Table 1. About 8 % of the isothermal
martensite was transformed during holding at —150 °C in addition to that obtained during the
cooling from RT down to =196 °C.

Table 1. Areas (%, scatter +1%) under components belonging to the martensite, retained austenite
and carbides in Moéssbauer spectra of steel X153CrMoV12 after quenching from 1150 °C at RT
and subsequent holding at =196 or —150 °C. Measurements were performed at -196 °C, where
martensitic transformation does not occur.

Temperature and | =196 °C,96 h | —150C, 24 h
time of holding

Martensite 58.6 66.6
Austenite 32.6 24 .6
Carbides 8.9 8.3

Thus, it is established that the isothermal martensitic transformation occurs during deep cryogenic
treatment of tool steels within the temperature range in between —-100 °C and -170 °C with its
highest intensity at =150 °C. This transformation also proceeds in the course of cooling/heating in
between —100 °C and —-196 °C and does not occur during holding in liquid nitrogen.

2.2. Plastic deformation of martenite during DCT and its effect on properties.

The virgin isothermal martensite is characterized by the following unique properties. Pietikainen
[34] was the first to demonstrate that it is rather soft and acquires a low strength. Moreover [35],
the microcracks are not formed in the course of the isothermal transformation and appear only
during subsequent heating of the virgin martensite to temperatures of about — 50 °C when the
ageing starts. Another feature of the low temperature martensite is its abnormally low tetragonality,
which was first time observed by Lysak and Vovk [36]. Two main hypotheses were proposed for
this phenomenon: (i) the intermediate fcc—hcp transformation occurs before the bcc martensite
formation resulting in the partial location of carbon atoms in the tetrahedral interstitial sites which
do not contribute to marensite tetragonality [37], (i) the twinning on the {111} atomic planes
transfers a part of carbon atoms from the ¢ sublattice of the octahedral pores into the a and b
ones, which decreases tetragonality [38]. The third feature of the isothermal martensitic
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transformation and, correspondingly, of the isothermal martensite is that carbon atoms do not
migrate at transformation temperatures [25,39].

Taking into account the properties of the low temperature isothermal martensite and based on the
analysis of the mentioned above experimental data on DCT of tool steels, the following idea is
proposed as a physical reason for the effect of DCT on the properties of tool steels: due to
softness of the virgin martensite, the isothermal martensitic transformation is accompanied by
plastic deformation.

The volume effect of transformation serves as a driving force of plastic deformation which, in turn,
is expected to be accompanied by the following effects: (i) the previously formed RT martensite is
expected to be included in the deformation process, e.g., like that occurs with cementite in pearlitic
steels; (ii) the gliding dislocations should capture carbon atoms and transport them creating carbon
dislocation atmospheres; (iii) the partial removal of carbon atoms from the solid solution is a reason
for the abnormally low tetragonality of martensite; (iv) the carbon atoms at dislocations do not take
part in the ageing of martensite and prevent formation of the low temperature carbide phases.

The data of transmission electron microscopy give the convincing proof of plastic deformation
during DCT (see in detail [28,40]).

Fig. 5. Precipitation behaviour in steel X153CrMoV12 due to tempering for 2 hours: (a) e-carbide
after quenching at RT and tempering at 200 °C; (b) no n(g')-carbide after DCT at —150 °C for 24
hours and tempering at 100 °C and (c) the same after DCT at —150 °C and tempering at 200 °C.

The g-carbide is precipitated during the low temperature tempering of the martensite obtained at
RT. The e-carbide particles appear at about 100 °C and grow with increasing temperature (Fig. 5a).
This intermediate carbide is transformed into cementite at about 300 °C. However, if the steel was
subjected to DCT at —150 °C, no &- or n(g')-carbide precipitation occurs up to 200°C (Figures 5b,c).
The analysis of TEM reflections shows how stressed is this martensite (see the insert in Fig. 5b).
The obtained data are consistent with the observations carried out in the fifties by Wilson [41] who
demonstrated that plastic deformation of Fe-C martensite quenched at RT eliminates precipitation
of the e-carbide during subsequent tempering. We can explain this effect based on the comparison
of the carbon-dislocation binding enthalpy (~ 0.8 eV, [42]) and the solution heat of e-carbide (~0.26
eV) and cementite (~0.4 eV) in the a-iron (see, e.g., [43]).

It is natural to suppose that plastic deformation in the course of DCT should also retard the e—6
transformation and affect subsequent precipitation of special carbides. TEM data in Fig. 6 confirm
this prediction. Special carbides M;Cs; and M.C are present in steel after quenching at RT and
subsequent tempering at 500 °C (Fig. 6a). In contrast, the only coarse plates of 6-cementite and no
special carbides are seen in the structure formed at this temperature after DCT at —150 °C and
-196 °C (Figures 6b,c). This is why the secondary hardness does not become clearly apparent in
case of DCT (see, e.g., [40]).
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Fig. 6. Precipitation in steel X153CrMoV12 due to tempering at 500 °C for 2 hours after different

preliminary treatments: (a) quenching at RT; (b) quenching at RT and DCT at —150 °C for 24 h; (c¢)
quenching at RT and DCT at —196 °C for 24 h.

Using Mossbauer spectroscopy [40], it is shown that, after DCT and tempering at 500 °C, the a-
solid solution contains clusters enriched in carbon and alloying elements (Cr, V) and, therefore,
conserves a remarkable potential for precipitation, e.g., during subsequent tools service.

18+ Fig. 7. Sliding were rate of D2 type steel
£ 161  —a—with cryotreatment as a function of sliding speed.
2 4] - a- without cryotreatment ,,
[ad] J /
E 12 . Taking this into account, one can
104 ! interpret the above mentioned
X gl ! remarkable effect of sliding speed on the
g /! wear rate (Fig. 7), as firstly observed in
E 6] .’ [8]. DCT decreases the wear rate with
§ 4 A Pl increasing sliding  speed,  which

2 e T . increases temperature and assists the

o /A\‘ﬁ_—““”-a . | . stress-induced precipitation of special

00 05 10 15 20 25 30 35 40 carbides.

Sliding speed, m/s Therefore, plastic deformation occurs

during the DCT and plays an important
role in the carbide precipitation during tempering of tool steels. It is also worth noting that one can
interpret the non-trivial fracture of primary M;Cs; carbides and the “milky way” carbide picture
caused by DCT in the high speed steel, as obtained by Googt et al. [14].

The occurrence of the isothermal martensitic transformation during DCT, the plastic deformation
caused by this transformation and its effect on the subsequent carbide precipitation shed light on
the phenomenon of DCT and makes possible to derive some recommendations concerning its
optimal technology.

SUMMARY

The isothermal martensitic transformation constitutes a decisive structural phenomenon in tool
steels subjected to deep cryogenic treatment. The isothermal martensitic transformation proceeds
with the highest intensity in vicinity of —150 °C. In absence of ageing, the virgin low temperature
martensite is rather soft, and plastic deformation of steel occurs due to the volume effect of
transformation.

As a result of dislocation slip, the immobile at these temperatures carbon atoms are captured by
dislocations and removed from the o solid solution. The binding between carbon atoms and
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dislocations prevents precipitation of the low temperature e-carbide during subsequent tempering
and shifts precipitation of cementite and special carbides to higher temperatures.

The cementite is the only carbide formed at temperatures of about 500 °C after DCT, which
explains the low effect of secondary hardness. Correspondingly, the o solid solution contains
clusters of carbon and carbide forming elements, which creates a remarkable potential for further
precipitation. Admittedly, the stress-induced precipitation of special carbides can occur during
subsequent usage of tools, which increases the tools life.

A change in technology of DCT can be recommended aiming the holding within the temperature
range of —150 °C, which can cut the time of DCT and be the most effective for the increase in the
wear resistance of tool steels.
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Abstract. In future, tunneling and mining will play a major role due to the opening of new
resources and living environment, as an irreversible consequence of the growing world population.
To improve the efficiency of a tunneling or mining project, an increased durability of the used tools
and the knowledge about the remaining service life constituent a key instrument in this context. It is
the aim of this work to illustrate the different tribological systems which are present during a
tunneling or mining process, depending on the soil or rather the material to be mined. In addition,
different tool concepts, a description of the respectively tool-mineral interaction and common
material concepts will be described, basically.

Keywords: Tunneling, Mining, hard face alloys, abrasive wear, metal matrix composites, hard
phases

Introduction: Due to the increase in the world population from 7.28 mrd. people in 2015 to 9.6
mrd. people in 2050, more resources like energy, food, materials for consumer goods and more
living space are required in the future [1]. To provide these demands, new technological solutions
have to be developed, enabling a saving of limited resources by an improved efficiency of
machines/plants or allowing the use of global available materials as substitution candidates.
Independently of the respectively increase of the plants efficiency, there is no doubt that more
resources are required, thus representing the continuing relevance of mining processes in the
future. Beside more resources, more living space and the associated infrastructure is mandatory
by an increase of the world population. Keeping in mind that megacities like Tokyo, Jakarta, Delhi
or Shanghai are still overpopulated today, new living space and transport networks for example
can only be developed by build upwards or into the ground. Especially, the height of skyscrapers is
limited due to statically limitations, weather influences and geological conditions, thus underground
urbanization becomes more attractive [2]. Although tunneling and mining are pursuing different
objectives (tunneling= building of infrastructure; mining= extraction of resources), the used
exploration techniques are almost the same. However, for the construction of a tunnel in heavily
populated areas like cities, settlements of buildings and an associated damage as a result of a
subsidence of the ground has to be avoided. For this purpose, more sensitive and saver
techniques have to be used. In this context, tunneling machines, as shown in Figure l1a and 1b,
have gained an improved importance within the last decades. Tunneling machines are mobile
factories, allowing the mining of rock and soil at the working face, the transport of the minded
materials out of the tunnel and the buildup of the tunnel construction by tubbings, mortal and
shotcrete at the same time. In the case of the extraction of resources, economic aspects and the
accessibility to the deposit (depth) are mainly determining the mining conditions, thus blasting,
drilling, rock milling and the use of excavators are commonly used. Beside the cost-intensive
underground extraction of hard coal, soft coal is mainly extracted by opencast mining by a large-
surface extraction using open cast mine excavators (see Fig. 1c), which can operate in a more
economical way. This more economic mining process is the main reason for the still pronounced
soft coal production in Europe. To ensure competitive lignite exploitation in comparison to low-
wage countries, economic mining process as a result of minimized downtimes and increase
extraction efficiency has to be ensured. The efficiency of a tunneling and mining process is mainly
determined by the geological properties like hardness, bulk density as well as moisture content for
example and the associated wear of the used tools [3]. However, strong wear is leading to a
blunting of the tools which is counteracting a high extraction rate due to a deteriorated tool
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performance [4]. In addition, if the wear limit of the respectively tools is reached, cost-expensive
tool changes and repair measures are necessary. Especially in the case of a tunneling process,
tool wear is a complex topic. If tunneling occurs by a closed shield technigue, tool wear cannot be
measured directly, thus there is no time resolved knowledge about the functionality and the
remaining tool life. This means that an accurate prediction of the tool life time before a tunneling
project must exist with regard to geological reports and experience which were gathered from
previous projects. As a result of an insufficient knowledge about the geological conditions, an
incorrect planning of tool change intervals may lead to additional maintenance intervals which
causing a delay in construction and an increase of the overall project costs. This means that only a
comprehensive understanding about the interaction between the tools and the geology allows the
right selection of the mining and tunneling conditions (tool, mining method, machine parameters),
ensuring an economic operation of a tunneling or mining process. This work focuses on the
tribological system of surface mining and tunneling. It is the aim to describe the extraction
mechanisms and the occurring interactions between the tool and the respectively ground, from a
metallurgical point of view. Therefore, the used tool design and the wear resistant materials will be
introduced, briefly.

Figure 1: a) Tunneling machine being ceremoniously started b) Tunnel breakthrough c)
brown-coal excavator [g]

Materials for Mining and mineral processing: Soft coal is mainly extracted by open cast
mining. Since 1930, wheel loaders are used for this application, allowing an economic mining of up
to 240.000 t of coal per day [5, 6]. The coal mining takes place by a bucket-wheel, rotating in front
of a cantilever arm, which is penetrating and parallel moved to the material to be mined. Due to the
movement, the rotating buckets are collecting the coal and are feeding an adjacent conveyor belt.
By a further bench conveyor, the coal or the overburden is transported with regard to the intended
purpose to a power plant, a coal storage or to a stacker machine.

During mining, tribo-mechanical interactions between the extracted mineral and the bucket material
occur, effecting strong wear by abrasion. Thereby, hard mineral particles (abrasives) are indenting
and moved relative to the softer tool surface, effecting material removal, deformation or/and strain
hardening. Counteracting these negative interactions, mining tools (teeth and shovel edges) are
commonly protected by applying a wear resistant coating on a low alloyed steel substrate.
Thereby, the function of the steel substrate can be found in the absorption and transmission of
forces to adjacent component parts. In contrast, the deposited wear resistant coating is protecting
the steel substrate against external influences. To achieve a high wear resistant and an associated
high tool life, deposited materials have to counteract indentation and material removal by the
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abrasives as well as catastrophic failure due to a brittle material behavior in the case of an impact
load. To fulfill these requirements, wear resistant materials should feature a high hardness and a
sufficient toughness, simultaneously. Due to the high hardness of the minerals 550 (apatite) — 1100
(quartz) HV0.05, pure metals do not possess a sufficient protection behavior and will be worn by
the abrasives. In the case present, the microstructure of the wear resistant materials have to
feature high volume fraction of particles like carbides, borides or nitrides having a higher hardness
compared to the abrasives. Conventionally, the requested microstructure can be achieved by hard
alloys, highly alloyed in carbon and/or boron, forming carbides, borides and carboborides with the
hard phase forming elements like Cr, Ni, Fe, Mo, W, and V for example. For mining applications,
Ni- and Fe-base hard alloys are of high importance. Their microstructure consists of a tough
metallic matrix and primarily (blocky shape) and eutectically (network like shape) hard phases. In
table 1, basically hard facing alloying concepts of the three main hard alloying systems for mining
applications is tabled.

Table 1: Overview of the essential alloying elements in Fe-, Ni- and Co-based hard alloys [7]
Matrix Alloying Metalloid Hard phase Type of hard phase
element concept forming element
Fe FeCrC C,B,N Cr, Mo, W, Ti, V, M23Cs, MsC, M;C3, M3C, MoC, MC
FeCrvC M23(C,B)s, M2B, M3(C,B), M3B:
FeCrXC
Ni NiBSi C,B Cr, Mo, W MsB, M2B, MB2, M23Bs, Nis(Al,Ti)
NiCrBSi
NiCrBSiX
Co CoCrC C Cr, W, Mo M-Cs, MC, M2C, MsC, M23Cs
CoCrwcC MB., MB, Cos(W,Mo)
CoCrMoC
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Figure 2: Erosion wear mechanisms of wear resistant materials (toughness Kic, hardness HV

map), with regard to the work of [7-10]

As shown in table 1, the metalloids carbon and boron can form different hard phases with hard
phase forming elements like Cr, M and V and with the matrix element Ni (NisB) and Fe (Fe:B,
FesC) itself. Thereby, the properties like hardness and fracture toughness of the respectively hard
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phases depends on the bonding mechanisms which can be more metallic (soft) or strong covalent
(hard) (see figure 2). In the case of the mainly metallic-covalent bonded hard phases in table 1,
covalent bonding and the associated hardness increases with a decrease in the ratio of the
metal/metalloid-ratio (M/X-ratio), whereby the metal are the refractory elements in the fourth (Ti, Zr,
Hf), fifth (N, Nb, Ta) and sixth group (Cr, Mo, W) of the periodic table and the metalloids are
carbon, boron and nitrogen. Basically, Cr-rich hard phase of type M;Cs and Ni-boride of type MsB
are of high interest for the here regarded hard alloys, characterizing the basic systems Fe-Cr-C
and Ni-B-Si (Si improves weldability). Both hard phases possesses a higher hardness (M:;Cs~
1500 to 2200 Hv0.05, NisB~ 1100 to 1400 HVO0.05) than the hardest mineral quartz (~1100
HV0.05) and thus effecting a sufficient resistance against abrasion. By changing the hard phase
volume fraction (alloying concept, mainly amount of metalloids), the type (alloying concept,
changing hard phase forming elements) as well as the morphology (processing route, solidification
characteristic) of the hard phases, the respectively hard alloys can be adapted to the present
tribological system. In figure 3, the microstructure of conventionally used hard alloys for wear
protection application is shown in deposition welded condition.

G NS, - G N ‘

; Ni-matrix' B L U A o
g : 44r N t - i / ¢ £

Figure 2: Microstructure of hard alloys: a) NiCrBSi+WC, b) FeCrCB, c) CoCrwC

In the case of the presence of coarse abrasives and a high load, small hard phases offer an
insufficient protection against abrasion and will be worn out together with the soft metallic matrix. A
high wear resistance is only obtainable, if the hard particles are adapted to the acting abrasives
with respect to their volume fraction, size and hardness. However, thermodynamic restrictions with
regard to the hard phase volume fraction and the solidification path counteracting these demands.
In this context, Metal Matrix Composites (MMC), produced by sintering, thermal spraying or
deposition welding, should be mentioned as a solution. The microstructure of MMC consists of a
metallic matrix with additionally inserted ceramic particles, having a size of several um to mm. In
figure 4, the characteristic microstructure of a Ni-based MMC, processed by build-up welding, is
shown. Thereby, coarse carbides (brightly displayed) are distributed homogeneously in the darker
displayed Ni-base metal matrix. Typical hard particles are spherical tungsten monocarbides, blocky
fused tungsten carbide and Cr-carbide of type MsC,. Selection of hard particle depends on the
present tribological system. In the case of sliding wear, tungsten monocarbides or cheaper Cr-rich
MsC. carbides are often used due to great costs to property ratio. A special position can be
attributed to fused tungsten carbide (FTC). The microstructure of these hard particles consists of a
eutectic network of WC and W-,C needles, possessing advantages if impact load is present. In the
case of crack formation, further propagation occurs across the respectively needle interfaces, thus
extend the crack length and the associated energy requirements for crack grow. This increased
energy requirements results in a higher fracture toughness of about 6 to 7 MPam®®, which is
extremely high for ceramic bonded materials (see also figure 2). Beside the great material
properties of tungsten carbides, the availability of raw materials and the metastable material
behavior are disadvantages. Metastable behavior of fused tungsten carbide is shown in Fig 4b.
Thereby, strong reaction of the tungsten carbide with the Ni-base metal matrix is shown, promoting
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the formation of more stable but also more brittle n- and x-carbide-film at the carbide-matrix
interface. The formation of this interlayer is promoting a metallurgical embedding of the carbides in
to the metal matrix and is soften the abruptly change in properties at the carbide-metal interfaces.
Due to the higher M/C-ratio of the n- (MeC=6) and x-carbides (M1.C= 12) in contrast to fused
tungsten carbides (MC/M2C~ 1-2) or tungsten monocarbide (MC=1), overall volume fraction of the
carbides is increased, leading to a strong embrittlement of the MMC. In addition, hardness of the
new formed m- and x-carbides is lower compared to the tungsten carbides. Opportunities to
counteract n- and k-carbides formation can be found in the processing the MMC at lower
temperatures to avoid strong diffusion and to use a metal base, having a lower tendency to form
these carbides, for examples.

Figure 4: Microstructure of Metal Matrix Composites; a) NiCrBSi+30 mass% FTC processed
by deposition welding, b) higher magnification of the FTC carbides in Ni-base matrix

In this context, Ni-base alloys of the systems NiBSi or NiCrBSi should be mentioned, which can be
processed at lower temperatures in comparison to Fe-base materials. Due to the lower processing
temperatures, less n-carbide formation takes place, thus materials having a high hardness and
simultaneously high fracture toughness can be manufactured. Due to this less carbide dissolution,
Ni-based MMC are preferably used for mining application, although Fe-base materials are cheaper
and featuring the possibility of a martensitic hardening.
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Figure 5: a) Interface of a hardfacing on a steel substrate; dilution as a result of an energy

input during welding, b) hardness track across the substrate-weldment interface

Counteracting the aforementioned disadvantages, some works are dealing with the development of
new hard particles [11-12]. In this context, oxide ceramics like alumina, zirconia or covalent bonded
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ceramics like SiC, cBN and diamonds are of high interest, which can be attributed to their
hardness, fracture toughness or both. On the one hand, oxides possess a worse wettability by
liquid melts, thus only mechanical bonding is present. Otherwise, SiC and diamond for example will
dissolute strongly in the Fe-base matrix for example, forming more stable phases like Fe-rich
silicide and graphite [13]. Metallization of the particles surfaces by thin layer techniques (CVD,
PVD) might be a solution and is surely a worthwhile focus of future research. In this context, these
layers can promote the embedding of the carbides, while acting as interlayer for oxides or as a
barrier coating in for metastable ceramics. As stated above, MMC materials are placed on steel
substrate by deposition welding or thermal spraying to protect technical surfaces against abrasion,
erosion or corrosion. Typical buildup welding techniques are gas welding, shielded gas welding
and plasma powder buildup and laser welding which differ in the type of the heat source (flame,
plasma, laser), the respectively filler materials (wire, rod, powder) and the deposition rate (1 to 25
kg) [14]. During build-up welding, heat input leads to a melting of the filler material as well as of the
substrate material. As a consequence, the melt pools are blended which is well known as dilution
(Fig. 5a). The dilution of the substrate material (mostly construction steel) and the highly alloyed
hard facing alloy is forming an interlayer. Thereby, the chemical composition of this interlayer can
be described as a gradient between the chemical compositions of the mixed materials, thus the
change of the materials properties is softened at the interface. On this account, delamination of
coating due to thermal stresses, formed at material transition, can be avoided. The change in the
materials properties by the gradient transition from the substrate material to the hard facing alloy
can be described by hardness profiles across the interfaces. In Fig. 5b, hardness profile of a build-
up weldment is shown. A hardness profile is characterized by an increase in hardness coming from
the substrate material (left side) to the coating (right side). Thereby, rise in hardness can be
explained by the heat affected zone, formed in the substrate material, and the dilution effect due to
the mixing of the fully melted hard facing alloy and the partially melted substrate material.

Figure 6: Tools for mining and mineral processing locally protected by deposition welding, a)
edge of an excavator bucket, protected by a hardfacing, b) cultivator c) mixer blade
for minerals, d) microstructure of the a MMC applied on the cultivator (Fig 5b)) by
InduClad, e) worn surface of MMC (Fe-base+sFTC) applied on the mixer blade in
Fig 5c by laser welding [14, 15]

Abrasion in Tunneling
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The basically selection of a tunneling method has to be determined with regard to geological
(building ground and ground properties) as well as technical aspects (transportation and recycling
of overburden, tunnel construction). Tunneling can be achieved by driling and blasting, by
tunneling machines and by sawing techniques using cutting blades for example. Subsequently,
only drilling and tunneling by using tunneling machines will be described in the following, briefly.

Drilling: In the case of drilling, a hydraulic hammer drill is conventionally used. Thereby, a drill bit
is placed in the front of a boring bar, which is penetrating the rock with a rotation speed up to 300
rounds/min, a stroke frequency of 40 to 60 hearts and a maximum torque of 500 to 600 Nm. The
drill bit consist mainly of a of hot work steel substrate (X38CrMoV5-1, X40CrMoV5-1) which is
reinforced by hard metal, cermets or polycrystalline diamond pins (see Fig. 7) [16]. Studs made of
cemented carbides are typically inserted by brazing or by mechanical clamping if lower loads are
present during operation. In addition, channels for flushing purposes are present in the substrate
material, supporting material removal. The interaction between the drill bit and the ground during
drilling is mapped in Figure 8. Therebhy, the studs are frequently impacting on the ground which
leads to crack formation and crack propagation. After several impacts, a close crack network is
formed, promoting fragmentation of the material to be mined. Due to the additional rotating of the
driller bit on the working face, the before produced fragments are scratched out and removed
sideways by the flush. In the case of a softer and tougher rock the fragmentation is less efficient,
thus mineral removal due to the rotating of the hard metal pins is more pronounced.

front peripheral
buttons button
pressure
air steel
substrate

Figure 7: A rock drill bit equipped with 13 CC buttons [17]

The drilling tool has to be adapted to the geology and the machine parameters with respect to the
amount of inserted studs, grade and shape of the used studs (round, sharp) and the geometry of
the substrate body (flush pipes, cutting geometry, diameter). Especially, type of cemented carbide
is dominating the efficiency of the drilling process. In Fig. 9, different microstructures of
conventionally used cemented carbide grades for mining applications are depicted. The
microstructure consist of blocky tungsten carbide particles (bright displayed) having a size of 2
(fine grain grade) to >6 um (coarse grain grade) um, which are embedded into a darker Co-base
binder matrix. Thereby, volume fraction of the tungsten carbide is in range of 75 to 90 vol.%. The
property of cemented carbide is strongly influenced by the volume fraction of the Co-binder and the
size of the tungsten carbide particles. In the case of fine to coarse grain cemented carbide grades,
the hardness increase with increase in WC-content and in the direction of smaller WC-particles. At
the same time, fracture toughness is decreased in the direction of smaller WC-particles. Especially,
high hardness and high temperature stability for turning and drilling of metals is of high interest,
thus fine grained and PVD/CVD-coated cemented carbides are commonly used. Counteracting
grain growth and oxidation during the operation at elevated temperatures or to improve the
chemical resistance, additionally hard particles like Mo.C, TiC, TaC, CrsCz, NbC and VC are
regarded. In addition, novel developments in the field of cemented carbide are dealing with
ultrafine grained WC. Contrary to the before mentioned relationship between WC-size and
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properties, toughness as well as hardness increases at the same time in the case of ultrafine
cemented carbide grades [18, 19].

}

|cemented carbide]|

Figure 8: Hard rock degradation process by drilling with regard to the work of Thuro [20]

During mining high impact load due to the rapid excavation process, changes in geology and
boulders are present. In addition tribo-meachanical load is superposed by thermal fatigue and
thermoshock due to high peak-temperatures during impact of about 1000°C, followed by an abrupt
cooling. Therefore, cemented carbide for mining applications possesses a coarser WC-grain size
and a binder-content of 5 to 30 vol.% compared to that grades used for metal processing, providing
a high toughness and a sufficient hardness, simultaneously. For drilling application, cemented
carbide grades have a medium to large WC-size (2-5 um) and a Co-Content of about 5 mass%.
Especially, bigger grains are useful for this application because of the better thermal conductivity
and a lower thermal expansion in contrast to finer WC-sizes. For tunneling tools, like scraper
knifes, chisels and reamers as discussed later, cemented carbides which are higher in Co-content
of about 10 to 15 mass% are typically used. The properties vary in a hardness range from 500 to
1300 HVO0.05 and a range in fracture toughness of 9 to 22 MPa%®* depending on binder content and
WC-size (typically 3-10 um). Compared to cemented carbides for the metals processing, new
development of hard metals for mining applications are dealing with an opposed motivation by
increasing the WC-grain size and to strengthen the binder matrix by nano-grains for example [21].

WC=90 vol% s WC= 85 vol% g 3 28 WC= 75 vol%
HV10 = 1130 = HV10 = 970 §)° HV10 =760
b ~ ; - -
: “ 4
) - 50 UM . [o) RIS 50Um (o) Rk Pl 50 um
Figure 9: Microstructure of different grades of cemented carbides used for mining

applications; a) hard-grade: medium grain size and high WC-content, b) hard and
tough grade: coarse grain size an medium WC-content and c) tough grade: biggest
WC-grain size and lowest WC-content
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With regard to the work of Betse et al., damage of hard metal during mining operation can be
divided into five main mechanisms [17, 22]. 1) During drilling, high impact load can effect crack
formation and propagation in WC-grains, leading to a fragmentation of the respectively grains.
Thereby, fragments are losing their bonding to the Co-base binder matrix and will be worn out [Fig.
10a]. 2) Beside the material loss due to fragment formation, complete WC-grains can loss their
bonding in the binder matrix and will be detached [Fig 10b]. 3) The third mechanism is
characterized by an intensively removal by the binder matrix. Thereby, Co-binder matrix is
removed by abrasives by scratching mechanisms. However, it is often supposed that the binder is
strengthened during the drilling operation, thus the removal of fragments of the binder can be
attributed to brittle behavior as described before for the WC-fragmentation mechanism. 4)
Combining the before mentioned mechanisms, material removal by the break out of big fragments
can occur, as shown in Fig. 10d. 5) At least high temperatures can cause strong oxidation of the
WC particles, forming W-rich oxides. If this oxidation process is overlapped by an additional
mechanical load, the formed oxide layers can be removed easily due to their brittle behavior,
leading to the so called tribochemical wear mechanism. Till now, damage mechanisms were
mainly described by a negative change in the material behavior, leading to crack formation and
propagation, the formation of oxides and finally to a material removal. However, based on micro
scratch experiments using a diamond indenter, we found a more ductile behavior of the
investigated hard metal grad (WC-Co05%). As shown in Fig. 11, a plastic to brittle material behavior
by scratching could be recognized. Thereby, small scratching loads lead to a more plastic
deformation (micro-cutting) of the material, especially of the Co-base matrix. Whereby cracks are
formed in the WC grains. If the load is increased, micro scratching and micro ploughing
accompanied with a fragmentation of the WC grains is becoming more evident.

a) e)

Figure 10: Damage mechanisms of cemented carbide during drilling and mining with regard to
[17], a) WC-removal by fragmentation, b) outtake of WC-grains, c) removal of the
Co-matrix, d) surface oxidation, e) fragmentation of WC-Co-conglomerates

Till now, only the wear of the cemented carbide studs was discussed. However, if drilling occurs in
softer rock or soil, steel substrate is worn out by abrasion. The reason for the more pronounced
interaction between the abrasives and the steel substrate can be traced back to stronger
penetration of the cemented carbide studs into the material to be mined. As a result, abrasives are
transported between the respectively hard metal studs and are indenting and scratching the
substrate material, promoting wear by erosion. Subsequently, the substrate material is erode
continuously by the abrasives and the cemented carbide studs are lose their integration to the
substrate material. If the erosion is in an advanced way, there is an insufficient embedding
behavior of the cemented carbide studs into the steel substrate, thus a complete ripping out of the
studs from the steel substrate can occur. This means a loss in functionality of the tool. For this
reason, materials featuring a high resistance against indentation (high hardness) and scratching
(sufficient hard phase content) by abrasives should be used.

Tunneling machines: Tunneling machines can be roughly divided into tunnel boring machines
(TBM), single/double shield machines (TVM) and combinational shield machines. TBM are
commonly used for hard rock where no stabilization of the face is necessary. Thereby, the material
to be mined possesses a high strength, thus no risk of falls of rock is present. Enabling tunnel
driving, TBM is pressed against the before build tunnel wall by a gripper system and the further
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tunnel building can be achieved by tubbings (ring segments made of concrete) placed by an
erector in a circular arrangement. At least, the space which is formed between the tubbings and
the rock surface is filled by mortal. If some risk due to the falls of rocks may occur during operation,
TBM can be also equipped by a shielding system. Tunneling in soft ground and below the
groundwater level is a more complex process, because the working face has to be secured against
collapsing and the penetration of the tunneling machine by water has to be avoided. For this
purpose, shield machines are used which are equipped with a supporting system using
compressed air, earth pressure or liquid substances (bentonite). With respect to the ground,
different tools are used, which are placed on the shield, as illustrated in figure 12. In the following,
different tool concepts, the used materials and the wear mechanisms will be described for
operating TBM in hard rock and soil.

SEM HV: 15.0 KV ’ “WD: 12.76 mm MIRA3 TESCAN
View field: 31.3 ym | Det: BSE
SEM MAG: 8.82 kx | Date(m/dly): 07/23/15 LWT
B45-Scratch-BSE-Spitze-x8.8k

SEM HV: 15.0 kV ‘ WD: 12.76 mm | ;IIIRAS TESCAN
View field: 39.5 ym \ Det: SE 10 ym
SEM MAG: 7.00 kx \ Date(m/dly): 07/23/15 LWT
B45-Scratch-SE-x7k

Figure 11: Microstructure of a cemented carbide, scratched by a diamond indenter; micro-
cutting of the cemented carbide due to the ductile behavior of the Co-base binder
matrix; micro-breaking inside of the respectively WC grains

Tools for hard rock: Independently of the type of the tunneling machine, similar tools are used
with respect to the present geological conditions. Thereby, tunneling tools can separated into the
three basically types of 1) cutting disk, 2) scraper and 3) removers. For hard rock or the
penetrating of concrete walls, cutting disks as shown in Figure 13a are used. These tools are
rotary mounted on the shield at different distances from the center of the cutting wheel. The
circumferential layout of the cutting discs has to be attributed to the requirements of minimizing the
eccentric forces, the eccentric moments of the cutter head and to reduce the overlapping areas
among the cutter discs between two adjacent discs [21]. Due to the high penetration of the
machine towards the mineral to be mined, the cutting disks are introducing high hertzian stresses
into the ground. Thereby, maximum stresses are formed below the mineral which interacts with the
cutting disk. Furthermore, high quasi-hydrostatic stresses are leading to crack formation below and
parallel to the rock surface. The following crack propagation occurs between two adjacent cutting
disks and finally a chip is extracted due to an elastic spring back of the mineral (see figure 14). A
detailed analysis of the stress distribution in cutting discs during tunneling can be gathered from
the work of Rostami [22].

With regard to the work of Plinninger et al. six different damage mechanisms can be observed
during hard rock tunneling by cutting disk, ranging from soft abrasion wear to a brittle fracture and
mixed forms of both. From a material technology view on the wear of cutter disks, we distinguish
between abrasion, wear due to a brittle material behavior and loses of tools functionality due to
strong deformation of the cutter head (blunting of the cutting head). In the case of abrasion, the
cutting disk made of martensitic hardenable steel is rotating over the material to be removed.
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Thereby the abrasives can have a higher hardness than the steel of the cutting disk. In this case,
abrasives are indenting into the steel matrix and promote an elastic-plastic deformation of the
cutting disk steel, accompanied by strain hardening. In a next step, the abrasives are moved
relative to the cutting disk steel surface, leading to abrasion wear by scratching and ploughing.
Beside wear of the cutting tip in the case of hard rock, intensify wear at the flanks of the cutting
disk may occur if soft rock, soil or clay-quartz like abrasion paste is present. This behavior can be
attributed to a stronger penetration of the cutting disk into the softer materials, thus enhanced
mineral removal at the flanks of the cutting disks takes place. Counteracting this located wear at
the flanks of the cutting discs, CCS-cutter discs (constant cross section) were developed. By these
type of cutting discs, the wear at the flanks leads to a self-sharpening effect, thus the cutting
behavior is ensured during tunneling. Conventionally, so called V-shaped cutter discs varying in
the disc diameter (330 to 508 mm) and disc edge angle are used [24]. Beside abrasion, primary
wear of the cutting discs can cause catastrophic failure, if a brittle behavior of the material is
present. Generally, this brittle material behavior can be traced back to high impact loads due to a
bouncing of the cutting discs on the tunneling face as a result of a change in the geology or due to
the presence of big boulders. To achieve a high life time of the tools, a high hardness, toughness
and strength must be provided, simultaneously. Due to this account, hot work tool steels like
X40CrVMo5-1 (1.2344) and X50CrVMo5-1 (1.2345) are commonly used. Hardness and toughness
of both steels can be adjusted by a heat treatment, whereby quenching and tempering temperature
has to be chosen with respect to the respectively alloying concept.
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Fig. 12: Different types of tunneling machines; front view of the shield. Shield configuration is
adapted to the machined ground; a) standard configuration, b) configuration for soil ground, c)
configuration for hard rock.

Steel X40CrMoV5-1 possesses high hardness directly after quenching, as a result of a full
martensitic microstructure. A further tempering in a range of 100 to 200°C is accompanied with a
decrease in hardness and an increase in toughness. However, strong decrease in toughness is
present, if the steels are tempered at temperatures of about 300 and 500°C. On the one hand it is
proposed that this embrittlement effect at 300°C can be traced back to the formation of cementite
(blue brittleness). On the other hand, embrittlement at tempering temperatures of about 500°C
(temper embrittlement) may occur due to the segregation of the element phosphor, antimony, tin
and arsenic at grain boundaries, thus promoting a brittle intergranular crack propagation [25]. In
this context, tempering temperature has to be chosen with respect to these regions where blue
brittleness or tempering embrittlement can be avoided. However, hardness increases at a
tempering temperature of about 450°C and drops down again exceeding a hardness maximum of
about 55 HRC for the steel X40CrMoV5-1 at a temperature of 530°C. This increase in hardness
can be traced back to carbide formation, leading to a microstructure consisting of an annealed
martensite metal matrix with finely distributed secondary carbides. Based the aforementioned
relationships, highest hardness (strength) and a simultaneously high material toughness can be
achieved by quenching and tempering at a temperatures of 500 to 550°C. It should be mentioned
here that the heat treatment of steels is more complicated than represented here. Thereby,
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secondary hardness peak and regions of embrittlement are strongly influenced by the alloying
concept and the quenching temperature, for example. For further details on the heat treatment of
steels see [25].

\ initial state | [ wearofdiscflanks | [ worn cutting edge |

Figure 13:  Tunneling tools used for the excavation of hard rock, a) new disc, b) constant worn
disc, c) unilateral wear due to secondary wear (clamping of the bearing)

With regard to the work of Frenzel et al. wear of the cutting discs can be divided into primary and
secondary wear. Thereby, primary wear is characterized by a direct influence of the counter body
(rock, boulders, soil) to the cutting discs itself. In contrast, secondary wear means that wear takes
place on other parts of the discs. Often, the bearing of the cutting discs is blocked by rotation due
to damaged bearings or muck adhesion [26]. In this case, cutting discs are clamped mechanically
in the bearing which is associated with a unilateral wear. By the conditioning of the muck with
foams water for example, secondary wear can be reduced, efficiently. Beside the bearings,
secondary wear can as well takes place at the housing of the cutting discs if an insufficient wear
protection is given. In this case, seal retainers, hubs and wedges are subjected to an intensified
secondary wear.

Figure 14:  Scheme of the hard rock degradation process by using discs by with regard to the
work of Thuro [20]

Tools for soil: Tunneling in soil is more complicated than tunneling in hard rock. This statement
can be attributed to the complex tribological interaction between the ground and the tools.
Therefore, the tools have to be chosen with regard to the ground. The standard tool configuration
is shown in Fig. 12a and 12b. Thereby, the tunneling shield is equipped with cutting discs, chisels
and reamers.

Excavation in soft ground is commonly performed by the use of chisels and reamers. These tools
consist of a steel substrate which possesses a cutting edge made of cemented carbide. During
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processing, this cutting edge is penetrated into the soil and cause a material removal at the
working face by scratching mechanisms. During excavation, the removed ground passes across
the tool surface, leading to material removal of the tool by abrasion. Therefore, surfaces of the
chisel is protected against abrasion by studs made of cemented carbides and a hardfacing next to
the cutting edge. The protection mechanism of the cutting edge and the studs made of cemented
carbide can be described with the help of Fig. 15. The cutting edge shows a wavelike material
removal which can be explained by the staggered arrangement of the respectively chisels on the
tunneling shield. With regard to our work, material removal of the cutting edge has to be discussed
on the mechanisms micro-scratching and micro-braking of the cemented carbide, as discussed
before (see figure 11). Thereby, nanoscratch experiments show a plastic (binder matrix) to brittle
(tungsten carbides) material behavior. In the case of low loads, micro-scratching and micro-
ploughing could be observed. If the load was increased, micro-braking of the respectively tungsten
carbide particles becomes more evident. But we believe that micro-braking represent the
dominating wear mechanism in the case of tunneling tools. Thereby, cracks are formed in the
cemented carbide as a result of the dynamic interaction between the tool and the ground. During
the further tunneling process, cracks are propagating in the cemented carbide, forming a crack
network and thus leading to a brittle material removal. Thereby, growth rate of the cracks is
influenced by the load (circumferential speed of the tools, penetration rate, etc.) and the geology
(density of soil, water content, particle size distribution, etc.).

L4 cutting edge .
/ (cemented carbide)
y 2ot hardfacing
& (NiBSIi-FTC)
. (cemented carbide)
substrate material S *\\\
(34MnB5) N, -
,a—)\ | 50 mm | C) S0 pm_

Figure 15:  Build-up of a chisel which is locally protected against abrasion by studs and a
cutting edge made of cemented carbide and a hardfacing; Interaction of the
respectively materials against scratching are shown for the hardfacing in figure 15b,
for the substrate material in figure 15c and for the cemented carbide in figure 11.

In addition, strong wear of the substrate material can be observed directly behind the cutting edge.
Thereby, material removal is pronounced sidewise of the studs, indicating a washing out of the
substrate material by abrasion. In the further course of the substrate removal by wear, studs and
the cutting edge are exposed, which might result into a break out of the cemented carbide
components due to a loss of embedding. After a removal of the cemented carbide, strong wear of
the substrate material will takes place, leading to total failure of the tool within a very short time.
Due to the fact that the tunnel shield can rotate clockwise as well as counter clockwise, tools has to
be protected against wear from both sides. Commonly, MMC-hardfacings (NiBSi/NiCrBSI-FTC) are
applied on the substrate material by build-up welding techniques (see figure 15). The
microstructure and the wear mechanisms of these hardfacings were explained before, wherefore at
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this point a repeated description shouldn’t take place. However, scratch across an MMC (NiBSi-
FTC) hardfacing is shown in figure 15b. Thereby, scratch width was decreased strongly if the
indenter was coming from the metal matrix and strikes on a carbide.

In addition, failure of the chisels or reamers can also occur due to a strong plastic deformation of
the respectively tools. These strong plastic deformations are the result of high impact load, which
might occur if big boulders, metallic parts like T-beams or retaining walls are present. These
massive structures in the ground cannot be crushed and therefore removed by the cutting tools. As
a consequence, the tools are hitting periodically on the aforementioned structures which are
remaining in front of the tunneling shield. To avoid undesirable interactions between the chisels
and the reamers with boulders or retaining walls, tunneling shields are as well equipped with
cutting discs. It is the tasks of the cutting discs to crush the boulders and therefore to counteract a
damaging of the chisels and reamers by the boulders due to an impact load. In figure 16, different
tools which are used for tunneling in soil (chisels, reamers, discs) and hard rock (discs, reamers)
are displayed in new and worn condition.

\ chisel | | reamer \ \ disc |

| cemented carbide |

50 mm

Figure 16:  TVM-tools; a) chisel (initial state), b) worn reamer, placed on the exterior sections of
a tunneling shield, c) cutting disc with cemented carbide studs, d) worn chisel, )
worn reamer, worn discs with cemented carbide studs

Conclusion and outlook of current research: In this paper the tribological systems of surface
mining and tunneling processes were discussed with regard to the commonly used tool concepts,
the different materials and the acting wear mechanisms. Thereby, hardfacing alloys, cemented
carbides and metal matrix composites were introduced in this context. Based on the
microstructural scale, the interaction between the tool microstructure and the present geology and
the resulting wear mechanism was introduced, briefly.

Commonly, tools for mining and tunneling applications are made of a weldable construction steel
substrate which is locally protected against abrasion by hardfacings or inserted cemented carbide
studs or cutting plates. In both cases, high amount of the critical element tungsten is required for
the materials production. Counteracting a further shortage of suitable wear resistant materials, new
materials as a substitution candidate have to be found. In this context, hard particles for the
production of MMC materials and hard particles for the production of new cemented carbides or
cermet are required.
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The inaccessibility of the tunneling tools counteracts a mapping of the wear condition during
operation. On this account, the remaining service life cannot be determined. As a result,
maintenance times for a tool change are designed in such a way that a complete breakdown of the
tunneling tools will not take place. If the geology is changed unpredictable, wear limit can be
achieved earlier or later. In both cases, an efficient use of the tool is not reached. Therefore, high
technological as well as scientific interests exist to evaluate the tool life based on a realistic wear
prediction before a tunneling project. Nowadays, wear prediction of the tunneling tools base on
experiences gathered from previous tunneling projects or were evaluated in laboratory scale by
determining the abrasivity of the present ground. However, all laboratory tests (LCPC, Cerchar) do
not map the real tribological system and the existing experiences are just giving a rough idea about
the wear behavior. Summing up, to counteract the aforementioned disadvantages, new realistic
wear test and data logging systems which allow evaluating the remaining service life have to be
developed.
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ABSTRACT

The abrasivity of rock and soil is a commonly determined property, which is used for the estimation
of the wear of excavation tools. Therefore, different laboratory test have been developed over the
last decades. Within this work, the often used LCPC- and Cerchar-test are presented. The
influence of the steel sample material on the determined abrasivity is analyzed in terms of the
tribological system, which describes the components and interactions influencing the wear of the
tunneling tools. The problems and inaccuracies in terms of the test methods are discussed and
described from the view of materials technology. To determine a sufficient wear-prediction model
for excavation tools, laboratory tests like LCPC and Cerchar are useful, but they have to be
considered in the tribological context. This means that it is necessary to map as much
characteristics as possible from the associated tribological system. The different system
components and their interactions have to be taken into account to determine a precise and
sufficient wear-prediction model. The mandatory influence of the steel sample material on the
results of the presented test methods and thus on the abrasivity of rock and soil has been pointed
out.

INTRODUCTION

In recent years, mechanized tunneling and especially tunneling with a TBM has gained in
importance. The constantly increasing need for infrastructure and construction sites aroused the
intensified interest for underground expansions. The mechanized tunneling with a TBM has
become very popular because of some significant advantages. Due to the simultaneously
excavation and removal of the ground next to the subsequent tunnel lining, the efficiency of the
process is higher compared to other tunneling methods (e.g. blasting or dredging). This increase
leads for example to higher advance rates and thus to lower costs caused by shorter project
duration. To exploit these advantages, the planning and budgeting of those tunneling projects
plays a significant role. Calculations related to the estimated tunneling progress and thus to the
overall costs are depending on multiple parameters and influencing factors. One of those
parameters can be found in the wear of the tunneling tools, which are mounted on the cutter head.
When tunneling tools are subject to excessive wear, penetration and thus the advance rate
decreases. The tools have to be replaced during a maintenance interval, which leads to very high
costs due to unplanned downtimes. With the help of wear-prediction models, the wear of the tools
in dependency of the met geology is investigated. Therefore, actual approaches are based on the
abrasivity of the geology and some soil mechanic properties (e.g. equivalent quartz content (EQu)
or shear strength). From the view of materials technology, wear has to be considered in the
predominant tribological system. This means that it is necessary to take all components, which
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have a major influence on the wear of the tools into account (e.g. the tool material, the geology and
the interactions in between). This work focusses on these interactions in terms of the tribological
system to assess actual used wear-predictions. Thus leading to a better understanding of the wear
processes, which in turn is the key to more sufficient wear-prediction models for TBM tools. To
illustrate the influence of the tribological system and its components, commonly used testing
methods to determine the abrasivity of hard-rock and soil have been performed (LCPC- and
Cerchar-Abrasivity-Test). The results are analyzed related to the influence of the used steel
sample material to clarify the importance of the TBM tool material on the tribological system and
thus on the wear of the tools.

1 EXPERIMENTAL

In the course of the investigations, specimens for the different test methods were made of various
materials in accordance with the requirements of the different standards. The materials used, their
classification, heat treatment and hardness in Vickers are listed in Table 1. These grades are also
used in mining and tunneling for welded steelworks (construction steel), chain links (quenched and
tempered steel) or excavation tools (tool steel, cemented carbide). The intention is to investigate
the influence of these material groups on the test results in order to derive realistic wear
predictions for the wear pairs that occur in real applications. The use of heat-treated steels, tool
steels with high carbide content and cemented carbide is intended to widen the scope of
application and thus the validity of its statements.

Table 1. Categorization of material groups with regard to the different properties and features,
which are picked up in the following chapters. The numbering refers to the diagrams in chapter 2.

Material Material group No. Heat-teatment Ha[r:\l;;ess Microstructure
1 soft-annealed 130+ 15 ferritic/pearlitic
c45 qul;zil:;\(/:le:nd 2 normalized 180 £15 ferritic/pearlitic
(1.0503) tempered steel 3 tempered 320+ 15 tempered martensite
4 quenched 440 £15 martensitic
5 soft-annealed 120 £ 15 ferritic/pearlitic
S275 ) 6 normalized 130+ 15 ferritic/pearlitic
(1.0044) construction steel 7 tempered 190 +£15 ferritic/pearlitic
8 guenched 250+ 15 ferritic/pearlitic
9 soft-annealed 250+ 15 ferritic/pearlitic
34CrNiMo6 quenched and 10 normalized 320+15 pearlitic/martensitic
(1.6582) tempered steel 11  quenched and tempered 460+ 15  tempered martensite
12 quenched 590 + 15 martensitic
13 soft-annealed 220+15 ferritic/pearlitic
42CrMo4 quenched and 14 normalized 310+ 15 ferritic/pearlitic
(1.7225) tempered steel 15  quenched and tempered 450+ 15  tempered martensite
16 quenched 600 + 15 martensitic
17 soft-annealed 150 + 15 ferritic/pearlitic
X40CrMoV5-1 .
(1.2344) hot-work tool steel 18 tempered (SHM) 450 + 15 tempered martensite
19 guenched 440 £ 15 martensitic
20 soft-annealed 470 + 15 carbide-rich
X210Cr12 . .
(1.2080) cold-work tool steel 21 guenched 860 £ 15 carbide-rich
22 tempered at low temp. 780 £ 15 carbide-rich
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23 tempered at high temp. 680 + 15 carbide-rich
24 soft-annealed 390+ 15 carbide-rich
X155CrVMo12-1 cold-work tool steel 25 qguenched 750+ 15 carbide-rich
-wW
(1.2379) 26  tempered at low temp. 870 +15 carbide-rich
27 tempered (SHM) 690 £ 15 carbide-rich
HS6-5-2 high d tool 28 soft-annealed 400 £ 15 carbide-rich
-5- igh-speed too ) .
860 + 15 i,
(1.3343) steel 29 quenched carbide-rich
30 tempered (SHM) 890 + 15 carbide-rich
cemented carbide 1800 £ 15 90% carbide, 10%
K40 . . 31 - .
(medium grain) matrix

1.1 Heat treatment

In order to create the desired microstructure and the correlating mechanical properties, materials
are heat treated according to the manufacturers’ instructions (Tab. 1). To keep the article concise,
the heat treatment parameters are not listed.

1.2 Hardness measurement

The Vickers (HV 10 and HV 0.05) hardness of the samples was determined according to DIN EN
ISO 6507-1 (hardness tester KB-30s; test load 98.7 N). In order to maintain reproducibility, five
values were measured for each sample and averaged

1.3 LCPC tests

The LCPC test was performed in accordance with the standard AFNOR P18-579 [1] with sand-
blasted impellers of dimensions 50 x 25 x 5 [mm] and air-dried soil samples (500g + 2g) of grain
size 4 to 6.3 mm. The test duration was 5 min. and the rotational speed of the impeller was set to
4,500 rpm. The steel impeller rotates in the soil sample thus leading to wear of the impeller (Fig. 1).
LCPC abrasiveness coefficient (LAC) was determined from the mass difference of the impellers
according to equation (1), in which mo is the mass of the impeller before and m is the mass after
the test; M is the mass of abrasive used. Three measurements were performed for each material
and averaged. As abrasive, crushed quartz gravel and fused corundum were used, crushed to the
required grain size. The used abrasives for all performed tests are listed in table 2.

LAC = (mo —m)/M [g/t] (1)
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. electric motor

steel plate

sample container _
+ 500g sample

Figure 1. Schematic experimental set-up of the LCPC-test [2].The abrasive is filled in the sample
container, which contains the steel impeller/plate. The impeller is driven by an electric motor.

Table 2. Outline of the used abrasives for the investigated test methods. Only for the Cerchar-
Tests, the Equivalent-Quartz-Content (EQu), the Uniaxial-Compressive-Strength (UCS) and the
Rock-Abrasivity-Index (RAI) were determined [3].

Test-method Abrasiv Mohs- EQu UcCs RAI
hardness [%0] [MPa] [-]
LCPC guartz gravel 6-7
¢ fused corundum 9
Cerchar Bebertal-sandstone 6-7 65 72 46,9
¢ Keuper-sandstone 6-7 90-95 26 23,4 -24,7

1.4 Cerchar-Test

The Cerchar-Abrasivity-Test was developed in 1973 by the “Laboratoire du Centre d’Etudes et
Recherchers des Charbonnages de France” (CERCHAR), which published the first test
specification in 1986 [4]. A steel sample is scratched across a rock surface under an applied static
load. The wear of the tip represents the abrasivity of the hard-rock, which is classified with the
Cerchar-Abrasivity-Index (CAl). The first test setup was optimized in 1989 [5] (Fig. 2) and
additionally characterized in the french specification “NF P 94-430-01” in 2000 [6]. The 90° conical
tip of the test body, which is mounted in a socket, is scratched across a predefined freshly broken
or sawn rock surface over a distance of 10mm. A static load of 70N is applied on the test body. In
terms of the used test body material, only the hardness is defined in the actual specifications. The
first specification recommends test bodies with a hardness of 54-56 HRC [3]. WEST (1989)
recommends a hardness of 40 HRC for his modified apparatus [5]. The wear of the tip is used to
determine the CAI with an optical microscope. Therefore, the diameter of the worn tip d [mm] is
multiplied with a factor of 10 (Equ. 2).

CAl=dv- 10 [] 2
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The Cerchar-tests were performed with test bodies made of different steels and heat-treatments as
mentioned in table 1. For every material, at least five values were measured and averaged. Two
sandstones with freshly broken and sawn surfaces were used as abrasives (Bebertal and Keuper).

CERCHAR WEST

Figure 2. a) Setup after CERCHAR [4]. b) modified setup after WEST [5]. 1-load; 2-sampleholder;
3-test body; 4-rock sample; 5-mounting; 6-crank-handle [7].

2 RESULTS

2.1 LCPC-tests

The results of the performed LCPC-test with the various impeller materials are shown in figure 4
(LAC values for the crushed quartz gravel and the fused corundum against hardness of the
impeller in Vickers). The LAC and thus the abrasivity of the abrasive decreases with increasing
hardness of the sample. The various specimen materials are categorized in different groups
referring to their present microstructure (ferrite/pearlite, bainite/martensite, carbide-rich and
cemented carbide). Related to the higher Mohs-hardness of the fused corundum (Tab. 2), the LAC
values are higher as for the quartz gravel over the whole hardness range. The LAC seems to
decrease linearly with increasing steel impeller hardness. Only for the carbide-rich materials
(marked with 21 till 30) the progression of the LAC is not distinct. The LAC increases slightly with
increasing hardness. The impeller made of cemented carbide leads to the lowest LAC values for
both abrasives.
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Figure 4. LAC value against hardness of the impeller for the abrasives crushed quartz gravel and
fused corundum. The used materials are grouped referring to their microstructure. The numbering

Hardness in HV

denotes the relevant impeller material and heat treatment state (Tab. 1).

2.2 Cerchar-tests

The experiments presented were done with the abrasives Keuper- and Bebertal sandstone in two
different surface conditions (sawn and freshly broken). As for the LCPC-test, the sample materials

were varied. The results of these tests are shown in figure 5 and 6.

In figure 5a the CAI value for the Keuper-Sandstone with a sawn surface is plotted against the
hardness of the used specimen material. The results for the different materials show a high
deviation. Furthermore the scattering of the CAIl over the entire hardness range is significant high.
CAl values from 1 till 7 can be seen for the same abrasive. Figure 5b illustrates the differences in
the CAIl in dependency of the hard-rock sample surface condition. The determined values on the
freshly broken surface (Fig. 5b) are lower over the whole hardness range of the used test body in

comparison to the CAl values for the same abrasive on a sawn surface (Fig. 5a).
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Figure 5. CAl value against hardness of the test body for the abrasive Keuper-sandstone with a)
sawn and b) freshly broken surface. The used materials are grouped referring to their
microstructure. The numbering denotes the relevant test body material and heat treatment state

(Tab. 1).

Figure 6 shows the CAI values for the abrasive Bebertal-sandstone with a sawn (Fig. 6a) and a
freshly broken surface (Fig. 6b). As indicated in figure 5, a high deviation in the values over the
whole hardness range can be seen. Especially for the carbide-rich sample materials no direct
correlation between hardness and resulting CAl-value can be found. This discontinuity can be
transferred to all samples, due to the high scattering and irregular progression of the determined
CAl values, leading to no distinct correlation between hardness of the sample and CAl of the
abrasive. The influence of the surface condition of the abrasive can be seen in both figures (Fig. 5
and 6. For most sample materials, the CAIl on a freshly broken surface is lower compared to a

sawn surface.
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Figure 6. CAl value against hardness of the specimen for the abrasive Bebertal-sandstone with a)
sawn and b) freshly broken surface. The used materials are grouped referring to their
microstructure. The numbering denotes the relevant test body material and heat treatment state

(Tab. 1).

3 DISCUSSION
The presented results of the LCPC- and Cerchar-tests will be discussed in terms of the tribological

system. Therefore, tribological system related to a TBM tool is presented and analyzed at first. The
tribological system summarizes all components, interactions and influences that have an impact on
the stress and thus on the wear of the investigated object [8]. A tribological system always consists
of four main system components: base unit, counter body, load spectrum and ambient/intermediate
medium [8]. Schematically, figure 7 shows the tribological system “TBM-tool”, which is composed
of the tunneling tool (base unit), the working face/geology (counter body) and the load spectrum
(contact pressure, advance rate, etc.). The ambient/intermediate medium (e.g. groundwater or
bentonite) is not considered in this work.
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Figure 7. Tribological system for a TBM tool in soil. The tool (base unit) scratches over the tunnel
face/geology (counter body) and excavates the soil. This degradation process and the correlated
wear of the tool are strongly dependent on the load spectrum of the tunneling process (e.g.
advance rate, penetration, rotational speed).

The wear of the TBM tool is dependent on the interactions between these system components. It
becomes obvious that if one component is varied, the system is changed thus leading to different
wear-mechanisms and wear-rates of the tool. If we transfer this knowledge to the presented
laboratory test methods, first problems and inaccuracies occur. In a laboratory scale test set-up,
the tribological system cannot be reproduced exactly. The load spectrum of a tunneling process
cannot be simulated in wear test in a laboratory scale, thus leading to the first deviations in the
investigated tribological system. In the same line, the used base unit and counter body have a
mandatory influence on the achieved results. Thus leading to the key question of this work: The
influence of the sample material on the investigated test methods to determine the abrasivity of soil
and rock.

The results for the LCPC-test presented in figure 4 reveal that the microstructure of the used steel
impeller has a significant influence on the LAC. The LAC decreases with increasing macro-
hardness of the microstructure from ferrite/pearlite, bainite/martensite, carbide-rich to cemented
carbide (Fig.4). The first impression that the regression curve of the LAC values over the hardness
of the sample material decreases linearly has to be regarded with suspicion. If the carbide-rich
samples (marked with 21-30) are only considered, the LAC slightly increases with increasing
hardness. The explanation for this behavior is based on the composition of the microstructure
(grain size, hard particle size and distribution, etc.). These correlations are investigated and
discussed in [9] and will not be remarked in this work, additionally. The severe influence of the
steel impeller material on the abrasivity of the investigated soil becomes obvious. If the focus lies
on real tunneling application, a wide range of different steel grades is used in a TBM. For example
frameworks or the shield made of ferritic/pearlitic steels, parts of the conveying system made of
bainitic/martensitic steel grades and tools made of carbide-rich materials or cemented carbide.
Another example would be a composite tool, which consists of a ferritic/pearlitic or
bainitic/martensitic substrate, carbide-rich build-up weldments and cemented carbide inlets. These
examples in correlation with the results of the LCPC-tests (Fig. 4) illustrate the mandatory influence
of the sample material on the tribological system and thus on the wear of the tools.
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The results of the Cerchar-tests show an analogous behavior (Fig. 5 and 6). The influence of the
different system components in a tribological system on the wear or respectively abrasivity can be
demonstrated. Figure 5a illustrates the influence of the sample material on the CAl. As for the LAC,
the CAIl decreases with increasing hardness although the deviation and scattering of the
measurements are high. The previous mentioned discrepancy for the carbide-rich sample
materials can be seen in the CAl values too. The abrasivity increases with increasing hardness for
the steel grades marked with 21 till 30 (Fig. 5a). By taking figure 5b into account, the influence of
the surface condition (counter body in the tribological system) can be seen. The CAI values for the
Keuper-sandstone with a freshly broken surface (Fig. 5b) are significantly lower compared to the
values on a sawn surface (Fig. 5a). The change in the surface condition leads to a change in the
rock mechanical properties (e.g. cohesive forces between grains and particles). The influence of
the counter body in the tribological system can be proved additionally with figure 6. The differences
in the CAI for the Bebertal-sandstone in dependency of the surface condition can be seen by
comparing figure 6a and 6b. The CAI values determined on a freshly broken surface are lower
compared to the sawn surface whereby the progression of the values over the sample hardness
(Fig. 6b) differentiate from the progression of the CAIl of the Keuper-sandstone with a freshly
broken surface (Fig. 5b). Although the Keuper- and Bebertal-sandstone have the same Mohs-
hardness of 6-7 (Tab. 2), the CAl values and thus the classification of the abrasivity differ. Again
the rock mechanical properties of the abrasive reveal a significant influence on the abrasivity and
thus on the tribological system (load spectrum of the system is changed). The uniaxial
compressive strength (UCS) and the equivalent quartz content (EQu) of the investigated abrasives
differ (Tab. 2). Although the EQu of the Bebertal-sandstone (65%) is much lower than the EQu of
the Keuper-sandstone (90-95%), the CAl of the Bebertal-sandstone is approximately equal (Fig. 5a
and 6a) or even higher (Fig. 5b and 6b). If the UCS of the abrasives is taken into account, the
differences in the CAl become more comprehensible. The UCS of the Bebertal-sandstone is more
than three times higher than the UCS of the Keuper-sandstone (72 and 26 MPa). PLINNINGER et
al. [3] and ROSTAMI et al. [10] have already mentioned that several rock mechanical properties
have to be taken into account, if the abrasivity of hard-rock should be determined sufficiently. An
example would be the Rock-Abrasivity-Index (RAI) [3], which is determined by the multiplication of
the UCS and the EQu. This leads to a RAI for the Bebertal-sandstone of 46, 9 and for the Keuper-
sandstone of 23,4 — 24,7 (Tab. 2). The RAI seems to be a more precise approximation for the
classification of the abrasivity. In the context of the previous explained tribological system, it
becomes obvious that the accuracy of such index values increases with the number of considered
rock mechanical properties and influencing factors. So the central statement of these observations
is again the mandatory influence of every system component and their interactions in the
tribological system.

By transferring these correlations to the need of sufficient wear-prediction models for TBM-tools,
the major concerns in terms of the validity become obvious. Models which are based on the
abrasivity of the geology determined with the LCPC- or Cerchar-test cannot be precise due to the
insufficient mapped tribological system. Improved wear-prediction models have to take the different
system components into account. Base unit, counter body, load spectrum and
ambient/intermediate medium have to be regarded. Their interactions and thus their influence on
the wear have to be described by meaningful parameters, which are directly linked with the
associated tunneling project.

4 CONCLUSION
This work deals with the determination of the abrasivity of hard-rock and soil, which is used to

generate wear-prediction models for TBM tools. Two test methods were performed with different
steel sample materials. The results of the LCPC- and Cerchar-tests illustrate the impact of the
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used sample material on the classification of the abrasivity of an investigated abrasive. Wear-
prediction models, which are based on such laboratory scale index values are very imprecise and
show a large scattering. To determine sufficient models, the application-oriented tribological
system with all components and interactions has to be taken into account. First approaches in
terms of the counter body were done in literature [3, 10], but not for the other system components.
This work illustrates the influence of the base unit on the abrasivity of the ground and thus on the
tribological system. The abrasivity is strongly dependent on the used sample material. The
mentioned correlations lead to the comprehension that it is necessary to map the tribological
system with all components to determine precise wear-prediction models.
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Abstract

Economic and political driving forces are leading to an ambitious search for substitutes for fused
tungsten carbide (FTC) in ultra-high wear-resistant metal matrix composites (MMC), which are
used for mining applications. In the presented paper, possible substitutes such as alumina (Al.O3),
zirconia (ZrO) and silicon carbide (SiC) are discussed. To enhance the wettability of oxides (e. g.
Al,O3, ZrO,) by Fe-base melts or to counteract strong dissolution of metastable covalent bonded
hard-particles (e.g. SIC) it is proposed to coat the particles with a thin titanium nitride (TiN) layer by
means of chemical vapor deposition (CVD). For this reason a CVD-apparatus for particle coating
was constructed and is shown in this paper. In addition, it is demonstrated that such a TiN coating
on the oxide particles can increase the wettability and therefore improve the embedding behavior
of the particles into a Fe-base matrix. In addition, it is shown that TiN coatings on covalent bonded
hard-particle SiC can be used as a diffusion barrier coating, thus counteracting a dissolution of the
hard-particles during processing by sintering technigques. However, due to the difference in linear
thermal expansion coefficients the coating tends to delaminate, partially.

Keywords: Metal Matrix Composites, Wear-Resistance, Chemical Vapor Deposition,
Surface Metallization, Diffusion Barrier Coating, Particle Coating

Introduction

To protect mining tools against abrasive wear the state of the art material for protective coatings
can be found in metal matrix composite (MMC) consisting of a Ni-base metal matrix which is
reinforced with additions of fused tungsten carbide (FTC). The use of FTC can be traced back to its
superior tribo-mechanical properties which are characterized by a high hardness of 2000 — 3500
HV0.05 and a simoultaneously sufficient fracture toughness of 5-7 MPam®® [1].

However, due to several studies [2, 3] the European Union (EU) classified the element tungsten as
critical, leading to an ambitious search for substitution candidates. The criticality of elements is
defined by its supply risk and their economic importance (Figure 1). The supply risk is
characterized by the substitutability and recycle rate of the element and the country concentration
and governance of the supplying county. Since China is supplying 85% of tungsten for the
European Union it is controlling its availability [2]. More than 60% of the annual tungsten output is
used for the production of tungsten carbide which is mainly processed to wear protection products
like cemented carbide or particles to produce wear resistant build-up weldings [4]. But in contrast
to cemented carbide, recycling of worn tungsten carbide in wear resistant build-up weldings is not
possible, making the substitution of FTC in protective coatings an essential part for the decoupling
of international material policies.

In addition to the political driving force for the search of substitutions, there is an economic driving
force due to high price of tungsten combined with a high price volatility. Within the last decade, the
price for tungsten ore (WOs) has risen over 200%, accompanied by a price volatility of up to 50 %
in one year [5]. For most production routes nickel-based alloys are used for MMCs containing FTC,
since FTC tends to dissolute in iron-based alloys as a result of the higher processing temperatures.
Thus, substitution of FTC by other hard-particles does also give the chance to replace the Ni-
based matrices by cheaper iron based matrices.
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Figure 1: Critical raw elements for the EU, withdrawn from [2]

1. Material concepts

Potential substitutes for FTC need to possess higher hardness than the hardest mineral quartz
(~1100 HV 0.05) for sufficient wear protection. Mainly ceramic materials feature such a high
hardness. Rottger [6] classified hard materials according to their chemical bonding in a van Arkel-
Ketelaar triangle (Figure 2).

All of the mentioned hard materials are ceramics with mainly covalent and ionic bonds, whereat
diamond is completely covalent and other compounds made of B, C, N and Si with each other are
almost completely covalent. The group of ionic hard materials consists mainly of metal oxides.
Some ceramic materials exhibit some rather metallic properties like high thermal and electrical
conductivity, indicating existence of dislocated electrons within these materials. These metallic
hard materials consist of compounds of transition metals with B, C and N [7, 8].

The groups of hard materials differ in their interaction behavior with iron-base melts, leading to
different challenges which have to be mastered to use them as reinforcements in MMCs. Oxide
ceramics show very little chemical interaction with iron-base melts (Figure 3 a)) leading to weak
bonding between hard-particle and matrix which results in poor tribo-mechanical properties. Three
main reasons can be found for this behavior: 1) oxide ceramics are thermodynamically very stable
[9]. Thus, dissolution of these compounds is very unlikely since the reaction products have to be
more stable than the starting materials. 2) the solubility of oxygen in iron melts is low [10]. This
make the dissolution of metal oxides in Fe-base melts even more unlikely, since if oxygen cannot
be dissolved in iron, it needs to nucleate and form gas. For this nucleation energy is required. 3)
the interfaces between oxides and iron are incoherent which leads to high interfacial energy [1, 11].
In addition, steel melts wet oxide ceramics badly leading to porous materials. This can be
attributed to the predominantly ionic and covalent natures of these materials which results in bad
electron exchange with the respective melt.
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Figure 2: Classification of hard materials according to their specific electrical resistance and their difference in
electronegativity, withdrawn from [6]

However, due to the good mechanical properties of these hard-materials they constitute interesting
substitution candidates for FTC. Alumina and zirconia feature high hardness of up to 2100 HV0.05
and especially the alumina-zirconia mixture (AlZrO) possesses also a high fracture toughness,
exceeding those of FTC [7]. To achieve substance-to-substance bonding between these oxides
and the iron-base matrix, it is necessary to modify the hard-particles’ surface. Metallization of
ceramic surfaces with titanium is known from brazing technology. These thin titanium layers can be
deposited mechanically or by physical vapor deposition (PVD) or chemical vapor deposition (CVD).
This applied layer reacts with the ceramic during the joining process forming interfacial products
which are rich in titanium and in turn are wetted well resulting in improved bonding [12—-14].

These kinds of interlayers have also been used for surface metallization of oxide particles to
increase wettability and bonding strength between hard-particles and Fe-base matrices.
Winkelmann et al. [15] demonstrated that such kind of interlayer on AlZrO-patrticles consisting of
titanium leads to metallurgical bonding between hard-particles and steel matrix. In [16] it was
shown by Jouanny-Trésy et al. that titanium nitride (TiN) can also be used as interlayer for the
production of alumina reinforced M3/2 high-speed steels with CusP addition. These additions leads
to the formation of low melting phosphide phase which wets the coated ceramic and thus leading
to a lower porosity at the interface and improved particle-matrix bonding resulting in an improved
wear-resistance.

The group of covalent hard materials exhibit the highest hardness of all known materials. This
arouses the attention of researches to utilize them as particle reinforcement in composite
materials. The group involves among others super-hard materials such as diamond (up to 10,000
HV), cBN (up to 4600 HV) and CsN4 (up to 4000 HV) [7]. However, substitutes for FTC must be
readily available in large amounts and exhibit a reasonable cost-performance ratio. This is true for
silicon carbide (up to 3500 HV), which is used as structural material as well as cutting tool. For
abrasive machining it used in large amounts in particle shape. Disadvantageously, this group of
materials tends to dissolute when in contact with most metals at elevated temperatures (Figure 3
b)) which is due to the fact that they are metastable and their constituent elements have high
solubility in most metals [6, 17, 18]. Silicon carbide reacts with iron forming more stable iron
silizides (FeSi and FesSi) and graphite according to equation (1) [6, 18]:

2 SiC + 4 Fe - FesSi + FeSi + 2 Corphite (1)
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Terry et al. [18] tried to prevent the dissolution of SiC in steel by using titanium as alloying element.
The assumption that the dissolution can be stopped by an in-situ formed protective layer consisting
of TiC could not be verified since the TiC layer was not closed enough. The same is true for an in-
situ formed Al,Os layer. However, coating of SiC particle by Ni and Ni-Cu prevented dissolution of
the particles when sintered into Fe-base alloy. Réttger [6] used successfully a protective interlayer
consisting of titanium (deposite by PVD) to embed SiC in an Fe-base alloy. However, partial
dissolution of the SiC-particles was still observed. Diffusion barrier coating for SiC can also consist
of TiC or TiN [19, 20]. This mainly stops silicon diffusion, but carbon diffusion cannot be stopped
completely. Also some metals, such as molybdenum, can penetrate these TiN-layers.

Some of the metallic hard materials can also dissolute in metal matrices (like tungsten carbides as
mentioned above), but this can be controlled in technical processes. These compounds belong to
the family of interstitial compounds consisting of a simple cubic face-centered metallic structure
with interstitial carbon or nitrogen [7]. Thus, in the majority of cases the interface between metallic
hard-particle and metal matrix is coherent or semicoherent and corresponding hard-particles are
wetted well by the metal matrix phase [1, 11]. Detrimentally, those metallic hard phases such as
TiC are only available in small grid sizes which can be too small for high abrasive wear as for
example in mining or stone machining application.

In this paper the production route of novel particle reinforced Fe-base MMCs is shown. AlZrO and
SiC were selected exemplarily for covalent and ionic particles. These particles were coated with
TiN by the means of chemical vapor deposition (CVD) and subsequently mixed with steel powder
and densified via supersolidus liquid-phase sintering (SLPS). The additional production step of
particle coating is justified economical by a huge difference in price for the hard-particles. FTC
costs between 50 — 60 €/kg whereas AlZrO- and SiC-patrticles cost between 5 — 7 €/kg. In addition,
due to the much lower density of AlZrO (4.7 g/cm®) and SiC (3.2 g/cm?®) compared to FTC (16 — 17
g/cm?®) the price difference per volume of the materials is even bigger. Based on this assumption
these substitutes are by a factor of 24 to 63 cheaper than FTC. Furthermore, the replacement of
Ni-base matrix by Fe-base matrix is not considered in this calculation.
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2. Coating of particles

Modification of particle surfaces by coating techniques is used in a wide range of industrial
applications. Properties such as wetting, adhesion, biocompatibility, catalytic activity or protection
against wear, corrosion or oxidation are improved for applications in composites, catalysis, energy
production and micro- and optoelectronics. These coatings can either be applied wet by sol-gel or
impregnation techniques or deposited due to gas phase reactions by pyrolysis or physical or
chemical vapor deposition (PVD and CVD) [21].

To coat ceramic particles for the production of particle reinforced Fe-based MMCs the deposition of
a thin, wear and thermal resistant coating is necessary, which in addition is wetted well by iron-
base alloys and exhibit coherent to semi-coherent interfaces to the respective metal. This is the
case for transition metal carbides and nitrides which can be deposited by PVD or CVD technique.
Since the filling aspect ratio of CVD coatings is higher than for PVD coatings, it is more appropriate
for the coating of particle beds. In addition, due to the higher processing temperature, diffusion
between substrate and coating is stronger in CVD processes leading to better adhesions of the
coating to the hard-particle substrates [22].

Chemical vapor deposition of TiN thin films is a well investigated and controllable process for
industrial applications and suitable precursors are readily available in large scale amounts. For
instance it can be deposited by reaction of titanium tetrachloride (TiCls) and ammonia (NHs), which
can be expressed in simple terms by equation (2) [23]:

6 TiCla + 8 NHs = 6 TiN + N2 + 24 HCI (2)

Gas . WIRSERI NS

Gas
Fluidized bed Vibrating plate

Gas
28 0en 8B rtns

Rotary cylinder Screw conveyor Flat hearth

Figure 4: Possible set-ups for particle coating by CVD, adapted from [21, 24]

During the coating process a redistribution of the particles is necessary to achieve homogenous
coatings on all particle surfaces. This due to two main reasons: 1) temperature gradients inside of
the particle bed; 2) consumption of the precursor and generation of byproducts during the flow
through the particle bed. In addition, in a fixed particle bed particle/particle and particle/wall contact
points can result in uncoated surface areas. Besides that, particles can agglomerate due to the thin
film growth [21]. Movement of particles can either be achieved mechanically by vibration or rotation
or via gas flow and subsequent fluidization of the particle bed (Figure 4) [24]. Due to the risk of
blocking by deposition products and damage by aggressive byproducts (like HCI, see equation
(2)), mechanical parts should be avoided in CVD systems. Furthermore, since the gas supply is
installed anyway, particle redistribution by fluidization is obvious in CVD-systems.
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3. CVD device for particle coating

To achieve the aforementioned deposition of titanium nitride on hard-particles, a low pressure
chemical vapor deposition (LPCVD) device was developed and set-up. LPCVD is superior for
coating particle beds since diffusivity in the gas phase is enhanced which improves the exchange
of precursors and byproducts within the bed. TiCls and NHs were selected as precursors and
nitrogen (N.) is used as carrier gas for TiCl.. Furthermore nitrogen is used as fluidization gas to
achieve particle redistribution. To avoid clogging of the frit, the gas inlets of NH; and TiCls are
separated and the gases are not mixed bevor entering the reaction chamber (Figure 5).
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Figure 5: LPCVD device for particle coating; a) schematic diagram; b) photo

4. Results and Discussion

Figure 6 shows SEM images of uncoated AlZrO-particles. The particles are unregularly shaped (a)
and at high magnifications the eutectic structure of alumina and zirconia can be seen (b). The
surface appearance changes after the coating process in the aforementioned CVD-device (Figure
6 c)). The eutectic structure is covered by a cauliflower-like TiN structure (d). Cracks or flaking offs
can just rarely be found, which can be explained by similar linear thermal expansion coefficient ai
of TiN (0r=9.35-10°K?), AlLOs (an=8-9 -10°K?) and ZrO. (an=7.5-10.5 -10°K?1) at room
temperature as well as at elevated temperatures [7].
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Figure 6: SEM images of a) + b) uncoated AlZrO and c) + d) TiN coated AlZrO

In Figure 7 a TIiN coated AlZrO-particle
embedded in a Fe-base hardfacing alloy
X210CrNiBM010-4-2-2 (X210) matrix is shown.
The MMC was produce by supersolidus liquid-
phase sintering (SLPS) at 1190 °C for 5 min in
vacuum. Due to the coating the porosity at the
interface particle/matrix is drastically decreased
(compare to Figure 3 a); densified with the
same matrix material under the same
conditions). This demonstrates the improved
wetting behavior of the X210 melt on TiN
compared to alumina and zirconia.

However, thermally induced strain is a bigger
issue for coating of SiC particles since the
linear thermal expansion coefficient of SiC is
smaller (an=4.4 — 5.7-10°K?). This causes flaking offs during the processing (coating and
sintering) of the coating on the SiC-particles. At free surface area the Fe-base melt reacts with the
SiC-particle according to equation (1) leading to dissolution of SiC and infiltration of the particle by
the melt (Figure 8 a)). Nevertheless, if the coating remains stable, the SiC-particles can be
embedded into the X270CrVMoB13-7-3-2 (X270) matrix by consolidation via SLPS (Figure 8 b)).

Figure 7: SEM image of TiN coated AlZrO-particle in
Fe-base alloys

No reaction between SiC and TiN could be observed after consolidation. However, when
processed at higher temperatures a reaction forming silicon nitrides (SisN4), titanium carbide (TiC)
and titanium silizides TixSiy cannot be ruled out [6]. This would destroy the diffusion barrier coating.
A preferred formation of vanadium carbides (VC) was observed at the interface TiN/X270 steel
matrix. This can be explained by the mutual and complete solubility of TiN and VC [7]. Hence, the
TiN coating can act as a nucleation point for VC solidification during sintering. For further
developments of coated SiC in Fe-base MMCs the authors suggest either multilayer coatings or
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adapted coating materials exhibiting similar linear expansion coefficient to SiC to prevent
delamination of the diffusion barrier coating.

a) ' b) - | ,
Figure 8: TiN coated SiC in X270 martix; a) dissolution of SiC due to flakings; b) stable SiC

5. Conclusions

In this work the need of substitutes for fused tungsten carbide in particle reinforced high-wear
resistant MMCs was shown due to political and economic reasons. Possible substitutes can be
found among the nonmetal-like hard materials (e.g. Al.Os, ZrO, and SiC). However, since the
wetting behavior of iron alloys on oxides is poor and SiC dissolutes when in contact to iron at
elevated temperatures, these hard-particles need to be coated by a transfer layer, which was
performed within this work by the means of CVD. This transfer layer can consist of TiN which
increases the wettability of the oxide-particle and acts as a diffusion barrier on SiC, preventing its
dissolution in Fe-base alloys. It could be demonstrated that this concept is very successful for
oxide particles but it is not sufficient for the protection of SiC. It does prevent the dissolution of SiC
but due to the difference of the linear thermal expansion coefficient of TiN and SiC the coating
tends to flakings.

6. Outlook

Future research by the authors will focus on three main topics: 1) TiN coating properties and
interaction between hard materials and TiN; 2) interfacial reactions and wetting of steel alloys on
TiN; 3) mechanical properties of the developed MMCs. The gained knowledge will be used to
improve the bonding and wetting behavior of the hard-particles by the Fe-base melt, respectively
reduce delamination of the coating on the SiC-patrticles.
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Abstract

High mechanical loads, corrosion and abrasion decreases the life time of many tooling materials
used in the modern economy. One way to increase the wear resistance of tooling materials can be
found in the addition of hard particles for example titanium carbide.

Titanium carbide (TiC) has a high hardness, good corrosion resistance and a low density.

Because of the aforementioned characteristics, TiC is used in Metal Matrix Composites (MMCSs) to
increase the wear resistance of the material. However, TiC is a cost-intensive material, thereby
providing a strong incentive for recycling of TiC from worn parts or machining chips. Due to a new
recycling process it is possible to recycle TiC from worn parts or machining chips.

In this study, the recycled TiC (RecyTiC) is investigated with regard to the morphology, particle size,
chemical composition and phase analyses. In addition, the results were compared to industrial
produced TiC. In the next step, the RecyTiC was reused for the production of MMCs. The MMCs
reinforced with RecyTiC was also characterized with respect to the microstructure and wear
behavior.

Keywords: MMC, TiC, Recycling, Wear,

Introduction

Many applications require resistance to corrosion and wear at the same time. Such demands can
be met by using hard alloys or MMC materials, highly alloyed in chromium, molybdenum or nitrogen.
Hard alloys consist of a metal matrix (Fe-, Co or Ni-Basis) and fine precipitations of hard particles
like carbides, borides or nitrides which increase the wear resistance [1]. The hard particles ensure a
sufficient wear resistance if they are harder than the acting abrasive particles and possess a
sufficient size. Otherwise, attacking abrasives will rip and wear out the hard phases together with
the metal matrix [2,3]. In applications areas with coarse abrasives, fine hard particles do not provide
the required wear resistance. In these cases Metal Matrix Compaosites are one opportunity to achieve
a high wear resistance and a high life time of the components. Therefore, the microstructure of MMC
can be optimized with respect to the required mechanical, physical and tribological properties in
consideration to the existing tribological system [4,5]. MMCs are produced by mixing a metal based
powder with coarse hard particles (WC/WSC,TIC) and a following compaction of the mixture by
sintering techniques or deposition welding for example.

An industrially produced MMC can be found in the material Ferro-Titanit®, which is produced by
Deutsche Edelstahlwerke GmbH. The material Ferro-Titanit® consists of an iron or nickel based
metal matrix with TiC addition of about 33 mass%. Compared to other wear resistant materials, like
cemented carbide, the material FerroTitanit® is suitable for conventional machining technologies like
drilling, milling and turning [6]. The resulting chip material, which includes expensive materials like
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TiC, chromium and molybdenum are regarded as scarp. Therefore, the basically aim of the present
study is to recycle TiC from the received chips and also from worn parts.

Because of the chemical resistance of the TiC, a dissolution of the metallic matrix and the associated
extraction of TiC by the use of an acid is feasible. Therefore, a new TiC-recycling process with regard
to the material FerroTitanit® was developed and patented by the VDEh-Betriebsforschungsinstitut
GmbH (BFI) in cooperation with Deutsche Edelstahlwerke GmbH [7]. In this recycling process
hydrochloric acid and an oxidant, for example hydrogen peroxide, is used for the dissolving of the
metal matrix.

However, for a re-use of the recycled TiC (RecyTiC) a characterization of the change in chemical
composition, particle size and morphology with respect to the initial state (industrial produced TiC)
is of high interest. Therefore, the aim of the present study is to characterize the RecyTiC and to
compare the extracted material with the properties and the morphology of industrial produced TiC,
which represent the initial state. The hard phases RecyTiC and TiC are characterized by Scanning
Electron Microscope (SEM), Energy dispersive X-ray (EDX), Laser Diffraction and Synchrotron
Radiation. After the characterization, the RecyTiC as well as the industrial produced TiC are re-used
for the densification of MMC materials by hot pressing. The produced MMC containing RecyTiC
(MMC-R2) and the reference material including industrial TiC (MMC-2) are investigated by SEM
observations. In addition, wear tests of the densified MMC against the abrasive corundum, varying
in size, were performed with respect to the norm ASTM G105.

1. Experimental

1.1 Materials and processing

The raw material for the recycling process was provided by the Special Materials Division of
Deutsche Edelstahlwerke GmbH (Krefeld, Germany). Two Ferro-Titanit® MMCs varying in the
chemical composition of the metal matrix and in TiC content (approx. 30 mass %) was used for the
recycling process. Sample MMC-1 consists of a soft martensitic microstructure and finely distributed
TiC (30 mass %), as shown in Figure 1a). Contrary, sample MMC-2 possess a carbon martensitic
metal matrix and a TiC amount of 33 mass %. Also chromium-rich carbides, finely distributed in the
microstructure of sample MMC2, can be detected. Both MMCs were powder metallurgical produced
by hot isostatic pressing. After densification MMC-1 was solution annealed at 850°C for 2-4 hours to
achieve for a homogenous microstructure and to achieve a good machinability.
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Figure 1. Microstructure of the sample MMC-1 (a)) in solution annealed state and sample MMC-2
(b)) in soft-annealed state.
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Allowing a machinability of MMC-2, samples were soft-annealed at 750°C for 10 hours. After the
heat treatment, samples were machined and the received chips were supplied for the recycling
process. The recycling of the TiC was done by VDEh-Betriebsforschungsinstitut GmbH (BFI) in
cooperation with Deutsche Edelstahlwerke GmbH in laboratory scale. For the recycling process,
hydrochloric acid and hydrogen peroxide were used [7]. Beside chip material also compacted
material with the scale 2cmx2cmx2cm were recycled. Furthermore the RecyTiC were cleaned with
water and dried in a vacuum mixer.

Table 1: Chemical composition of the materials used [mass-%] [8]
TiC C Cr Mo Ni Fe
MMC-1 30 - 135 5 4 Bal.
MMC-2 33 0.75 135 3 - bal.

In addition, TiC recycling was performed additionally in a demonstrator, allowing the extraction of
500 kg of chip material in one batch. These RecyTiC was used for the industrial production of the
sample MMC-R2 by DEW, whereby R in the samples designation indicates the use of recycled TiC
for the samples production. Therefore, the RecyTiC was milled with the metal matrix and compacted
by hot isostatic pressing. After HIP, samples were cut by electro discharge machining and heat
treated for 1 h at a temperature of 1080°C and quenched in oil. Finally, the material was tempered
at 460°C for 2 h, thus achieving the required tribological and mechanical properties. The produced
components were used for the wear tests and microstructure analyses. Also MMC-2 with industrial
produced TiC was investigated as reference material.

1.2 Microstructure

Microstructural examinations of the recycled TiC and the samples microstructure were performed
via scanning electron microscopy (SEM) using a secondary electron detector, an acceleration
voltage of 15 kV and a working distance of 8.5 mm. Chemical analyses were performed by energy
dispersive X-ray (EDX) using an acceleration voltage of 15 kV and a working distance of 8.5 mm. All
EDX measurements were corrected with ZAF (Z: atomic number, A: Absorption, F: fluorescence).
To analyze the chemical composition of the RecyTiC, EDX signal was calibrated using SiC as a
reference. Determination of the different phases of the RecyTiC was performed by diffraction method
with synchrotron radiation. The measurements took place at the Delta electron storage ring in
Dortmund (Germany) using a wavelength of A= 0.45919 A under reflection mode. To reduce the
influence of the texture of several phases, Debye-Scherrer circle segments (140-155°) were
integrated and conditioned with the program Fit2D (ESRF). Integrated diffractograms were further
imported into X-Pert analyzing software and phase analysis was performed using the ICDD-JCDPS
database PDF-4.

For further microstructural investigations of the samples MMC-2 and MMC-R2 the compacted
material was cut by electro discharge machining and embedded in a conductive polymer resin.
Afterwards, samples were ground with SiC abrasive paper and then polished with 6, 3, and 1 um
diamond suspension. Final polishing was carried out using SiO. suspension with a particle size of
0.25 pm. To determine the volume fraction and morphology of TiC, SEM micrographs of the samples
were analyzed by quantitative image analysis with the software ImageJ.

1.3 Wear tests

Abrasive wear testing was performed by pin-on-paper test according to ASTM G105. A rotating (47*8
rev min) cylindrical specimen with a diameter of 5 mm was moved across an abrasive paper
(corundum, hardness~ 2100 HVO0,05,), with a vertically applied load of 37 N. As a result of the
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samples mass loss (Am) of its surface (A), density (p) and the length of the wear path (I),wear rate
was calculated with regard to equation 1.

Wab = 22 equation 1

PAL
The wear resistance is defined as the inverse of the wear rate. For each specimen, the average wear
rate of three measurements was calculated with a maximum allowed deviation of 2.5 %. Each
specimen was tested on corundum as abrasive paper, having an average particle size of 60 pm
(Mesh220) and 180 um (Mesh80).

2. Results and Discussion

2.1 Characterization of the RecyTiC

As it can be seen in Table 2, EDX measurements indicate a change in the chemical composition of
the RecyTiC compared to industrially produced TiC. The initial TiC consists of the elements Ti and
C in a substoichiometric composition which is in accordance with the data sheet of the manufacturer.
The measurement of the RecyTiC-MMC-1 offers, besides Ti and C, a significant amount of
molybdenum. The diffusion of molybdenum into TiC is mentioned in literature by Le Flem et al. [8].
Also investigations by Hill et al. show an enrichment of the TiC by the elements molybdenum and
vanadium during the production of TiC reinforced MMC by hot pressing, if the element molybdenum
is present in the metal matrix [10]. Thereby, the element Mo is substituting the element Ti in the
RecyTiC (see Tab. 2).

Table 2: Chemical composition of the TiC and RecyTiC in mass% measured by EDX.
C Ti Mo Cr
TiC 17.1+0.1 82.9+0.1 - -

RecyTiC-MMC-1 16.4+1.7 76.6+1.8 6.2+1.23
RecyTiC-MMC-2 17.2+0.4 70.2+0.1 5.4+0.1 5.3+0.4

Compared to the RecyTiC extracted from sample MMC-1, RecyTiC extracted from sample MMC-2
possesses lower molybdenum content. This behavior can be traced back to the higher molybdenum
content in the metal matrix of sample MMC-1 compared to sample MMC-2 (cf. Table 1). Also the
measurements of RecyTiC-MMC-2 offer chromium besides the elements Ti, Mo and C. In addition
to the EDX measurements a phase analysis by synchrotron radiation was performed. The results of
the phase analysis are given in Figure 2. Measurement of RecyTiC extracted from sample MMC-1
has revealed that only TiC can be detected (Figure 1a)).

a) h TiC b) [TiC
TiC “
k ‘ TiC
e l" ’
b \ Tic
i
z ’ ] | I
2 H ‘ ‘ TiC ‘ ||
k5 ,
£ l " i \ H Tic
ll
H " | | e | I | | o
[ | i
T I i T I I
| [ I | i | [
AU A - PLY | S IV e SN G

10 15 20 10 1s 20
Position [*2Theta] Position [°2Theta]

Figure 2: Phase analysis of RecyTiC-MMC-1 (a) and RecyTiC-MMC-2 (b).
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In contrast, phase Cr,3Ce besides TiC can be identified (Figure 2 b)) in the phase analyses of the
RecyTiC extracted from sample MMC-2. Both investigated MMCs possess the same chromium
content of 13.5 mass% (Table 1), however no Cr-rich carbides were found in RecyTiC extracted
from sample MMC-1. The reason for this behavior can be found in the carbon content of the metal
matrix of both samples. Sample MMC-1 is based on a carbon-free soft martensitic metal matrix. In
contrast, sample MMC-2 feature a carbon martensitic metal matrix with a carbon content of 0.75
mass%, thus leading to the formation of Cr-rich carbide during soft annealing process, performed at
750°C for 10h. Due to the high chemical stability of the chromium-rich carbides, phase Cr,3Cs can
be detect in the diffractograms beside the phase TiC. As a consequence, the purity and the chemical
composition of the recycled TiC depend on the chemical composition and the heat treatment
condition of the starting material.

Beside a change in the chemical composition, the conditioning (heat treatment, densification,
machining) of the starting material influences the particle size of the later gained RecyTiC. Therefore,
particle size of the TiC in the three different conditions a) initial state, b) recycled from chips, c)
recycled from bulk materials was investigated by laser diffraction technique (Figure 3).
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Figure 3: Particle size of the RecyTiC respectively TiC depending of the machining grade.

The average patrticle size of the initial TiC powder was measured to dse=10 pum. In contrast the
RecyTiC dissolved from machining chips have a smaller particle size of dsp=3 pm. The change in the
particle size can be explained by the brittle behavior of the TiC and the associated strong TiC-
fragmentation during the machining process. An analysis of the chip material indicates that spiral
chips are created during the machining process (Figure 4). This leads to a high mechanical stress
in the material, thus promoting fracturing of the TiC during machining due to the low fracture
toughness in a range of 1.5-3.6 MPa m'*2 of TiC [10]
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Figure 4: SEM Picture of the chip material used for the recycling process.

Also RecyTiC from bulk material without an additional machining process was investigated.
Compared to the particle size of the initial TiC, the particle size of the RecyTiC increases. The
increase of the particle size can be traced back to diffusion reaction during the densification of the
material, thus sintered agglomerates of TiC are present. SEM investigations of the RecyTiC confirm
the change in the particle size (Figure 5). Also a change in the morphology of the RecyTiC can be
detected. Thereby, the initial TiC (Fig. 5c) features a blocky shape. In contrast, the RecyTiC from
chip material (Fig. 5a) have a round shape and the RecyTiC dissolved out from bulk parts having

(Fig. 5b) a sponge like shapes.
i R R

o!""~

‘ Ly 4 ‘
k | A e - 3§ | P f ()
" s o ,'.”u ﬂ“ ) ¥ ’
. 8 k‘ X ) «

X

Figure 5: Morphology of the investigated TiC in a) initial state, b) recycled from bulk materials,
¢) recycled from chips

2.2 Characterization of the MMCs containing RecyTiC
As mentioned in chapter 1.1 TiC was also recycled in an industrial scale demonstrator and was lead

back into the carbon martensitic metal matrix of the material MMC-2. Therefore the RecyTiC was
milled with the metal matrix powder of the material MMC-2 (see Table 1) and densified by HIP. After
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the densification a quenching and tempering consist of an austenitization at 1080°C/1h and
tempering at 460°C/2h was performed. The microstructure of the reference material MMC-2 and the
sample MMC-R2 containing RecyTiC in heat treated condition is shown in Fig. 6. The microstructure
of the sample MMC-2 is characterized by TiC particles, which are homogenously distributed in the
metal matrix. Most TiC particles have a round shape and are sintered together, thus forming
agglomerates. With the help of optical image analysis (cf. Tab. 2), volume fraction and average size
of the TiC was determined. Sample MMC-2 possess a TiC volume fraction 45+2.9 vol-%. Thereby,
average size of the TiC was measured to 8.3+x1.3 um?. The microstructure of sample MMC-R2
containing RecyTiC is shown in Figure 6 b). Thereby, RecyTiC is homogeneously distributed in the
metal matrix. The morphology of the RecyTiC can be described as a blocky shape and differs to the
morphology of the TiC in the reference material (MMC-2). In addition, formation of RecyTiC-
agglomerates could not be found in the densified material. Compared to the reference sample MMC-
2 the volume fraction of RecyTiC is decreases to 40.1+1.7 vol.-% and the average particle size was
measured to 2.9+0.6 um2. The decrease of the particle size can be explained the strong TiC-
fragmentation during machining of the starting material, forming the chips for the recycling process.
As mentions in chapter 2.1, the machining grade of material which is used in the recycling process
has an influence on the size of the RecyTiC. For the densifications of the material MMC-R2 only
RecyTiC from chip material was used (cf. Fig. 3). This leads to small RecyTiC size in the milled
powder mixture which also leads to a smaller TiC size in the compacted material

;
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Figure 6: Microstructure of the material MMC-2 (a)) and MMC-R2 (b)) in heat treated state.

The change in size, morphology and volume content of the TiC respectively RecyTiC between MMC-
2 and MMC-R2 influences the mechanical, tribological and chemical properties of the material. As
mentioned before, tribological properties were tested by pin-on-paper test according to ASTM G105.
The results of the wear test are given in Fig. 7 showing the abrasive wear resistance of sample
MMC-2 and MMC-R2 against the abrasive corundum, having a particle size of Mesh80 and
Mesh220.

Table 3: Particle sizes and volume content of the TiC in MMC-2 respectively RecyTiC in MMC-
R2 measured by optical image analyses.
Sample Average Diameter Vol.-%
Size [um?] [um]
MMC-2 8.3+1.3 3.2+0.2  45.1+2.9
MMC-R2 2.9+0.6 1.9+0.8 40.1+1.7

The reference sample MMC-2 possesses a wear resistant of 4.59+0.03 (Wab*10%) against the
coarse (Mesh 80) and 15.2+0.02 against the fine abrasive (Mesh 220). The wear behavior of sample
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MMC-R2 is similar to those of sample MMC-2. However, the wear resistance against fine abrasive
is lower compared to sample MMC-2. This behavior can be explained by the difference in the
samples microstructure with respect to the size of the TiC/RecyTiC. The worn surfaces in Fig. 8a
and Fig. 8b reveals that the titanium carbides act as obstacles for the grooving abrasives and reduce
the mass loss.
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Figure 7: Wear resistance of MMC-2 (a) and MMC-R2 (b) in heat treated state.

Against coarse abrasive the particle size of the TiC and RecyTiC is too small for an effective wear
resistance which leads to a grooving out of the TiC/RecyTiC. In case of the fine abrasive the bigger
particle size of TiC in sample MMC-2 (cf. Tab.3) provide a more effective protection of the matrix
against abrasives. This protection is not given by the smaller RecyTiC in sample MMC-R2. However,
it is also in evidence that some of the hard-particles break out by microcracking. This circumstance
reduces the wear resistance twofold: the mass loss is increased and the broken carbides act as
additional abrasive particles. The microcracking can be explained by the low fracture toughness of
TiC, which is in a range of 1.5-3.6 MPa m'*2, depending on the chemical composition [11].
Microcracking can be detected in both investigated materials. Concluding, the wear resistance is
mainly influenced by the particle size of TiC and RecyTiC.

Figure 8: Worn surface of the material MMC-2 (a)) and MMC-R2 (b)) in heat treated state.
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Conclusion

In this study, the properties of recycled TiC, so called RecyTiC, from two TiC reinforced Fe-based
materials (sample MMC-1 and MMC-2) was described. It was shown that the chemical composition
of the recycled TiC changes due to diffusion of molybdenum into the TiC during processing of the
MMC by HIP densification. The measured molybdenum content in the RecyTiC depends on the
molybdenum content of the starting material.

The influence of the machining process on the raw material, forming the chips, and the associated
size and morphology of the TiC was investigated. Thereby, machining leads to a small particle size
of RecyTiC due to the brittle fracture of TiC leading to a fragmentation of the hard particles during
the machining process. However, if the RecyTiC was extracted from worn parts (bulk material) bigger
size of the gathered RecyTiC could be achieved. This behavior can be attributed to the absence of
a machining process (no fragmentation of the TiC particles) and the densification of the starting
material MMC-1 and MMC-2, thus TiC agglomerates are formed.

In addition, it was shown that the RecyTiC could be reused for the production of new MMC. Due to
the change in morphology and especially in the size of the RecyTiC, microstructure and the
associated tribological and mechanical properties of sample MMC-R2 differ from sample MMC-2.
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ABSTRACT

Most modern wear resistant materials feature a multiphase microstructure and the macroscopic
wear behavior is controlled by the local mechanical properties of the single phases. Indentation
testing and in particular nanoindentation allows for the local mechanical characterization of
materials and their phases. This paper addresses the determination of important mechanical
parameters such as hardness, Young’s modulus and indentation energy parameters of single
phases in multiphase wear resistant materials. Important influencing factors such as matrix
influence on the indentation results of an embedded hard phase, the indentation-size-effect (ISE),
the effect of crystallographic orientation, and the fracturing behavior of hard phases are addressed.
In addition, the results of scratch tests on the cold work tool steel X210Cr12 and a WC-Co hard
metal are presented in order to investigate aspects of the mechanical behavior under abrasion.
The deformation behavior under indentation and scratch loading was analyzed by scanning
electron microscopy (SEM) and atomic force microscopy (AFM). Besides the experiments
supplementary numerical simulations of indentation and scratching testing with the use of the
Finite-Element-Method (FEM) are presented.

KEYWORDS

Indentation, scratch testing, deformation behavior, FEM, hard phase
INTRODUCTION

Most abrasion resistant metallic materials are multiphase materials with hard phases embedded in
a softer matrix. Due to the small size of the hard phases (e.g. carbides) and their relatively low
fracture toughness the mechanical characterization is a complex task and standard
characterization methods such as tensile test would fail. Nanoindentation is a suitable method for
the local mechanical characterization and has been successfully used for the determination of
mechanical parameters of wear resistant materials and their phases [1]. Important mechanical
parameters that can directly be calculated from the indentation results are hardness, Young’s
modulus as well as elastic and plastic indentation energy. Though, several aspects such as matrix
influence on the indentation results of an embedded hard phase, the indentation-size-effect (ISE),
the effect of crystallographic orientation, or the fracturing behavior of hard phases need to be
considered for an accurate measurement and interpretation of the results [2-4]. In this context test
related numerical simulations of the indentation process can contribute to the understanding of
these aspects and can be used for material development and optimization. Examples of such FEM
simulations of nanoindentation are given in [5-8].

With respect to abrasion-resistant metallic materials the local mechanical properties as well as the
local deformation behavior of multiphase materials are crucial information for the understanding of
the abrasive wear behavior on micro and macro length scale. In addition to nanoindentation tests
the abrasive wear behavior can experimentally analyzed by controlled single scratch tests. The
tests and their evaluation allow for the quantification of the resistance to scratching and for the
determination of the dominating micro-mechanisms of abrasion according to ZuMm GAHR [9]. With
focus on multiphase materials the influence of phase type, morphology, distribution, and size can
be analyzed. In addition to the local mechanical characterization by means of nanoindentation as
well as single scratch tests numerical simulations provide supplementary insights into the abrasive
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wear behavior. In this context quantities such as phase type, morphology, distribution, and size can
systematically be varied and their effect on scratch resistance and resulting stresses and strains
can be analyzed. Approaches of numerical simulation of scratch testing can be found in [10-12].
Recent progress in the development of damage models is highly promising in numerically
capturing crack initiation and propagation in multiphase materials under mechanical load [13, 14].
This paper addresses the mechanical behavior under indentation and scratch loading considering
wear resistant multiphase materials. Firstly, results on important aspects of nanoindentation such
as matrix influence on the indentation results of an embedded hard phase, the indentation-size-
effect (ISE), the effect of crystallographic orientation, and the fracturing behavior of carbides are
presented and discussed. Supplementary FEM simulations are shown in order to give insights into
the complex deformation processes. In this context measured mechanical properties of hard
phases (carbides) as reinforcement in wear resistant materials are presented.

Secondly, the abrasive wear behavior is studied by the results of scratch tests on multiphase
materials. Scratch experiments were performed on the cold work tool steel X210Cr12 as well as a
WC-Co hard metal and evaluated in order to reveal the influence of carbides on the scratch
behavior and to quantify the dominating micro mechanisms. Results of FEM simulations are
presented to give deeper insights into the mechanical behavior of multiphase materials. As an
example the crack propagation behavior in a microstructure consisting of hard phases and ductile
matrix was numerically investigated and qualitatively compared to the crack propagation in a WC-
Co hard metal.

1. MATERIALS AND METHODS

The examined phases and materials including an overview of the conducted experiments are
summarized in Tab. 1. The sample preparation for nanoindentation and microstructure analysis
consisted of grounding with SiC paper followed by successive polishing with diamond suspension
with average grain sizes of 6, 3, and 1 um. Final polishing was performed with oxide polishing
suspension with an average grain size of 0.25 pym.

Tab. 1: Summary of investigated materials including the conducted experiments

phase/material nanoindentation  scratch test SEM AFM

VC

TiC

NbC

X210Cr12 (M,Cy)
X210Cr12 (matrix)
WC-Co (12 wt% Co)
AlsFe,
X51CrMnN(0.64)20-18
X2CrNil8-9

AN N NN

v
v
v

NN SR

AN NN

Nanoindentation tests were conducted with a CSM indenter (type NHT) equipped with a Berkovich
diamond tip. The indentation parameters were an indentation depth of 400 nm with a
loading/unloading rate of 50 mN/min as well as a dwell time of ten seconds at maximum load. The
hardness and Young’s modulus were calculated with the traditional Oliver and Pharr method [15].
In addition, the ratio of elastic to total indentation energy was determined. As apparent in Fig. 1 the
indentation energy is given by the area under the loading and unloading curve. The total
indentation energy (W) contains the two contributions; the plastic (W,) and elastic indentation
energy (We). A scratch tester of the company CSM (type NST) was used for scratch tests with a
spherical diamond indenter (radius r = 2 um). A normal load of 20 mN and 60 mN with a scratch
speed of 50 um/min was applied in the case of the X210Crl2 and a progressive scratch with
increasing normal load from 3 mN to 800 mN with a loading rate of 200 mN/min in the case of the
WC-Co hard metal.
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Wot Wy=W,

unloading

loading

load

indentation depth

Fig. 1. Schematic illustration of a typical load-displacement curve (P-h curve) with grey-marked
elastic and plastic indentation energy

The topography and deformation of residual indentation imprints and scratch grooves were
analyzed by atomic force microscopy (AFM) with an AFM in the contact mode (Bruker, type
nanos). The scanning speed was varied between 10 and 40 pm/s. The software Image Plus 2.9
was used for data evaluation and three-dimensional visualization.

Scanning electron microscopy (Tescan, type Mira3) was used to analyze the microstructure, phase
morphology, residual imprints, and scratch grooves. Addionally, in-situ indentation experiments
were conducted with an SEM indentation module of the company Nanomechanics (type NanoFlip).
FEM simulations were performed using the FEM software ABAQUS (version 6.11). Indentation
testing was simulated with a conical rigid tip with an included half-apex angle 8 of 70.3° indenting
an elasto-plastic material or phase, respectively. A conical indenter with a half-apex angle of 70.3°
leads to the same area-to-depth function as that of a Berkovich indenter. Numerous studies have
shown that this approach sufficiently captures the response of a full-3D model [16]. Details
concerning the FEM modeling are given in [2, 17].

Scratch testing was simulated with a 3d model and an irregular rigid abrasive grain scratching an
elasto-plastic material including damage. Analogous models are described in [18]. The material
model used for the simulations presented in Figs. 20 a) and b) can be found in [13, 14]. It is based
on two scalar quantities: firstly, the HELMHOLTZ free energy which depends on the elastic strain and
a damage parameter has to be specified and furthermore an approach for the dissipation which
depends on the rates of microstructural change has to be formulated. Here, the rates of the
damage parameter and the plastic strains enter the dissipation. For the well-known problem of
mesh dependent finite element results the material model makes use of a rather simple but
extremely effective strategy for regularization which can also be found in more detail in [13, 14].

2. RESULTS AND DISCUSSION
Local mechanical characterization of multiphase materials be means of nanoindentation

The macroscopic mechanical behavior of multiphase materials is controlled by the mechanical
properties of the single phases and, thus, there is a great interest in measuring their local
mechanical properties. Though, the mechanical characterization of single phases in the order of
microns or nm is a complex task and standard characterization methods such as tensile test would
fail. This is in particular the case when macroscopic brittle phases (e.g. carbides) are to be
examined. A proven method for local mechanical characterization of single phases is
Nanoindentation. Fig. 2 shows the local indentation process with the indenter being in contact with
the surface, with a maximum load of 50 mN applied to the indenter, and after unloading. Through
the measurement of the load-displacement curve (P-h curve) and its analysis (Oliver and Pharr
method) important mechanical parameters such as hardness and Young’'s modulus can directly be
determined. Though, several aspects need to be considered for an accurate measurement and
interpretation of the results. Firstly, this chapter presents general aspects and phenomenon that
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often occur during nanoindentation of small phases and single grains of polycrystalline materials,
respectively. Secondly, and with respect to wear resistant metallic materials (abrasion), results of
nanoindentation experiments on carbides are shown.

a) contact to surface b) F,=50mN c) unloaded

Fig. 2: lllustration of the in-situ indentation process of the phase AlsFe,

Specific aspects of the indentation of single phases and grains of polycrystalline materials which
are exemplarily addressed are:

Influence of the matrix on the indentation results of an embedded hard phase
Indentation-size-effect (ISE) in metallic and ceramic materials

Influence of crystallographic orientation on the indentation results

Fracturing behavior of brittle phases

Fig. 3 shows a residual imprint in NbC carbide embedded in a softer tool steel matrix. FEM
simulations of this configuration give an insight into the deformation behavior of the compound and
reveal that both carbide and surrounding matrix are plastically deformed. Since the matrix has
lower strength the measurement represented by the P-h curve is significantly affected. In this
example, the maximum force of the P-h- curve is underestimated by 28 %. As a result, hardness
and Young’'s modulus of the hard phase (both are lower for the steel matrix) are also
underestimated. In addition to hard phase size, morphology, and indentation depth the mechanical
properties of hard phase and matrix are also critical influencing factors [2]. With the use of test-
related FEM simulations the matrix influence can be characterized for given configurations and
may reveal affected test data. The slope of the loading curve also gives indications of possible
matrix influences since it can be significantly reduced by the matrix.

——NbC in steel matrix
4 | ——NbC (reference)

0 100 200 300 400 500 600 700 800
indentation depth, 7 in nm

Fig. 3: a) Residual indentation imprint in an NbC embedded in a softer steel matrix b) numerically
calculated plastic strain distribution in the NbC and the matrix caused by indentation c) matrix
influence on the numerically calculated P-h curves
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Another important phenomenon that can significantly affect the indentation results is the
indentation-size-effect (ISE). In the case of self-similar indenters (e.g. Berkovich indenter) the ISE
is expressed by an increase in measured hardness (strength) with decreasing indentation depth
and in the case of spherical indenters by an increase in measured hardness with decreasing
indenter diameter. The ISE is accounted for the local density of geometrical necessary dislocations
(GNDs) induced in the material during indentation. According to the Nix and GAO model the
density of GNDs is significantly increasing with decreasing indentation depth of a self-similar
indenter (e.g. Berkovich indenter) or with decreasing diameter of a spherical indenter [19]. In
addition to the density of the statistical stored dislocations (SSDs) the distinct increase in the
density of the GNDs leads to an increase in strength and, thus, an increase in measured hardness.
Fig. 4 a) illustrates the significant increase in hardness with decreasing indentation depth of the
highly affected austenitic steel X2CrNi18-9 measured with a Berkovich indenter. FEM results given
in Fig. 4 b) proof that the increase in hardness can be explained by an increase in strength. With
graded mechanical properties the experimental P-h curve in Fig. 4 ¢) can be reproduced in good
agreement. The cause of the local higher strength depending on indentation depth is found in the
increase in GND density according to Nix and GAO.
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Fig. 4: a) Indentation size effect for the austenitic steel X2CrNi18-9 measured with a Berkovich
indenter b) determined depth-dependent flow stress of X2CrNi18-9 c) comparison between the
experimental P-h curve of X2CrNil18-9 and the numerically calculated loading curve with the depth-
dependent flow stress given in b)

Not only metals, but also ceramic materials can show an ISE [20-23]. Fig. 5 reveals that
monocarbides such as TiC can exhibit an ISE. Compared to e.g. austenitic steels the ISE is less
pronounced, even though it is distinctly visible at shallow indentation depths of the Berkovich
indenter. Since it is caused by GNDs the results indicate that dislocation movement is a dominant
deformation mechanism during indentation of monocarbides. SHINDE et al. and BREVAL also
revealed with transmission electron microscopy (TEM) severe dislocation slip caused by
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indentation in (TiIW)C and TiC carbide at ambient temperature, respectively [24, 25]. In conclusion,
caution should be exercised by comparing the hardness of different materials measured at different
indentation depths and with different indenter geometries. This applies to metallic materials as well
as to hard phases and ceramics such as carbides.
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Fig. 5: Indentation-size-effect (ISE) for TiC (Berkovich indenter)

Since crystalline materials are mechanically anisotropic locally derived properties such as
hardness are depend on the crystal orientation that is being indented. An example of the
anisotropic mechanical behavior is given in Fig. 6. The figure shows the grain orientation image of
an austenitic stainless steel derived by electron back scatter diffraction (EBSD) technique. A matrix
with 256 single indents was established in order to quantify the hardness of the individual grains.
From Fig. 6 it is evident that the hardness is higher for green near (101)-oriented grains in
comparison to the blue near (111)-oriented grains. Due to the imposed stress field and the
orientation-dependent activation of dislocation gliding plastic deformation is more easily achieved
in the (111)-oriented grains. Thus, plastic deformation is facilitated leading to lower hardness
values. Mechanically anisotropic behavior is an important influencing factor on the indentation
results not only for polycrystalline metals, it is also important for e.g. carbides. HANNINK et al. found
significant hardness anisotropy in cubic carbides (TiC, VC, and NbC) which are dependent on the
active slip system in the crystal [26].

hardness, H;
in MPa

001 101

Fig. 6: Crystallographic anisotropic mechanical behavior of X51CrMnN(0.64)20-18 revealed by
electron back scatter diffraction (EBSD) and nanoindentation. The average hardness is labelled in
the single grains.
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The last aspect being shortly addressed is the deformation and fracturing behavior of macroscopic
brittle phases under indentation load. The macroscopic behavior of hard phases under ambient
temperature and uniaxial loading or bending is usually brittle with no plastic deformation. In
contrast, however, the deformation behavior under indentation load especially in small scale
testing is relatively ductile. The ductile behavior finds expression in indentation imprints with little or
no fracture in the nm regime as apparent in Fig. 7 a). This is due to the highly hydrostatic stress
conditions induced by the indenter. The high hydrostatic component of the stress tensor can mainly
inhibit brittle fracture at low loads and leads to the activation of dislocation glide. Though, the
limited dislocation movement and interaction between slip bands in hard phases such as carbides
in combination with higher indentation loads can result in the formation of cracks [24]. These
cracks can be used to estimate the fracture toughness of the phases with empirical equations [4].
Fig. 7 shows indentation imprints in NbC and the very brittle intermetallic phase AlsFe,. While for
the NbC no crack formation is observed the imprint in AlsFe, has large cracks at the corners. Fig. 8
illustrates the formed cracks in AlsFe, under maximum applied load of 50 mN.

a) b)

Fig. 7: a) SEM image of an indentation imprint in NbC b) SEM image of an indentation imprint in
ALsFe, with formed cracks at the corners

Fig. 8: SEM image of in-situ indentation and crack propagation in AlsFe,

As can be seen in Fig. 9 higher loads (hy.x = 750 nm) also lead to crack formation in NbC. The
SEM image in a) illustrates the inhomogeneous deformation by deformation bands and crack
formation. Fig. 9 b) shows a 3d image of the crack at the corner of the imprint. Among the analysis
of deformation behavior and estimation of fracture toughness the induced cracks can significantly
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influence the P-h curve and, thus, measured hardness and Young’s modulus by the appearance of
pop-in events. Comparison of the two P-h curves in Fig. 10 reveals that the pop-in event
significantly influences the progression of the curve. The forces are shifted to lower forces leading
to lower hardness, Young’s modulus, and We/W,y values.

a) b)

deformation bands

Fig. 9: a) SEM image of indentation imprint in NbC (hmx = 750 nm) showing deformation bands
and a formed crack b) 3d topography image of a formed crack at the edge of the imprint in NbC
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Fig. 10: Measured P-h curves and parameters for NbC showing the effect of crack formation which
finds expression in a pop-in event

With respect to abrasion-resistant metallic materials the mechanical properties as well as the local
deformation behavior of hard phases and martensitic steel matrix are considered more closely.
Wear resistant steels and in particular tool steels often feature a microstructure consisting of hard
phases embedded in martensitic matrix. Carbides such as VC, TiC, NbC or M;C; are frequently
used in a high amount as reinforcement particles in abrasion-resistant metallic materials. Due to
their high hardness they can effectively act as barriers to attacking abrasive particles. Tab. 2
summarizes the mechanical parameters of typical hard phases (carbides) and the martensitic steel
matrix of the cold work tool steel X210Cr12. Due to the dominant covalent bond the monocarbides
VC, TiC, and NbC show the highest hardness with values between 2763 HV and 2964 HV
(indentation depth of 400 nm). In comparison the M;C; carbides have a distinct lower hardness of
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1773 HV at equal indentation depth. The lowest hardness is observed for the martensitic steel
matrix (784 HV). The determined W, /W ratios of the phases show the same ranking compared to
the hardness with monocarbides having the highest, M;Cs a slightly lower, and martensitic matrix
the lowest ratio. This also holds true for the ranking of the Young’'s modulus. Fig. 11 illustrates
typical indentation imprints in the martensitic matrix and M,C; carbide.

a)

Fig. 11: a) SEM image of an imprint in the martensitic matrix (etched) b) SEM image of an imprint
in an M;C; carbide

The measured parameters together with the fracture behavior as exemplarily showed before give
insight into the deformation behavior of the single phases. On the one hand this also improves the
understanding of the mechanical behavior of multiphase materials and on the other hand the
knowledge can be used for the development and optimization of multiphase microstructures for
given applications. With this regard numerical simulations are useful tools. An example is given in
Fig. 12. It shows the results of FEM simulations revealing the influence of volume fraction of
spherical monocarbides with 80 HRC embedded in a matrix with 69 HRC on the compound macro
Rockwell hardness.

Tab. 3: Mechanical properties of typically used carbides in tool steels and martensitic steel matrix

Phase Indentation hardness | Converted Vickers Young’s Wei/ Wit

H;in GPa hardness modulus in GPa | ratio in %
VC [23] 30.7+2.0 2845 + 182 423 + 20 50+ 3
TiC [23] 29.7+25 2763 + 227 392 + 26 57+5
NbC [23] 32.0+3.8 2964 + 352 431 + 36 54+ 4
M-C; 18.9 + 3.6 1773 + 332 268 + 21 44+ 6
Martensite (q) (X210Cr12) 8.2+0.2 784 + 14 193 + 10 301
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Fig. 12: Numerically calculated relationship between Rockwell hardness and volume fraction of
spherical hard phases with hardness 80 HRC embedded in a matrix with 69 HRC
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Scratch behavior of multiphase materials

The deformation behavior under abrasion with focus on the acting micro-mechanisms can be
characterized with scratch tests under controlled laboratory conditions. Most modern abrasion
resistant steels are multiphase materials consisting of higher hard phase amounts embedded in a
softer matrix. Fig. 13 shows the microstructure of the wear resistant cold work tool steel X210Cr12.
It consists of chromium-rich M;C; carbides embedded in a martensitic steel matrix. The
macroscopic abrasive wear behavior is controlled by the local mechanical properties of the single
phases.

5um
S |

Fig. 13: Microstructure of the cold work tool steel X210Cr12 consisting of martensitic matrix and
embedded M,C; carbides

The mechanical properties measured by nanoindentation are given in Tab. 3. The high hardness of
the carbides strongly improves the abrasive wear resistance. The carbides effectively act as a
barrier to attacking abrasive particles. Though, the wear resistance is dependent on morphology,
size, and distribution of the carbides and is also dependent on abradant hardness, size, and
morphology [27]. The hard carbides are embedded in a martensitic steel matrix with lower
hardness which ensures an adequate fracture toughness of the compound system.

Fig. 14 illustrates the deformation behavior of the multiphase material under scratch testing. The
constant normal load of the indenter leads to the penetration and scratching of the matrix. The
matrix is either flowing to the edges of the scratch (microploughing) or is removed by microcutting.
Due to the relatively high toughness of the matrix no microcracking is observed. AFM
measurements reveal that microploughing and in particular microcutting are the dominating micro
mechanisms (see Fig. 15). The fy-parameter was calculated for four different positions along the
scratch in the matrix and calculated to 0.81+ 0.04.

a)

plastic deformation

Fig. 14: a) SEM image of a scratch (F, = 20 mN) in X210Cr12 with microploughing and plastic
deformation of M;C3; b) SEM image of a scratch (F, = 60 mN) in X210Cr12 with microploughing,
microcutting, and fractured M,Cjz
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Fig. 15: a) Surface height profile of the scratched martensitic matrix (F, = 20 mN) and marked
areas for the calculation of the f,,-parameter b) Large formed chip by scratching the martensitic
matrix

Obtained from Figs. 16 a) and c) as the indenter enters into contact with large M,;C; the
penetration depth significantly decreases. At the same time Figs. 16 b) and d) reveal that the
scratch width is also reduced which leads to an overall reduction in material loss and, thus, to an
increase in wear resistance. This holds true for carbide sizes larger than the scratch width.
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Fig. 16: AFM images and surface profiles of a scratch (F, = 20 mN) in X210Cr12 (the scratch
direction is always from left to right) a) AFM topography image of the scratch b) detail of a)
showing the scratch at the transition between matrix and M,C; carbide c) Surface height profile
along profile 1 showing the reduction in scratch depth caused M,C; d) Surface height profile along
profile 2 and 3 showing the reduction of scratch depth and width caused by M;C;
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Fig. 17 illustrates the scratch behavior in the case of carbides smaller than the scratch width. It can
be seen that the carbide size is too small to be effective. The carbides are pushed into the matrix,
ploughed to the sides or chipped out. The local deformation behavior of the carbides is plastic
deformation and isolated fracturing (see Fig. 14).

Opm 10 20 30

202 nm
0 nm 45 nm
202 nm
0 nm
38 ym 0 nm

Fig. 17: AFM topography images of a scratch in X210Cr (F, = 20 mN) with M;C; carbides being
smaller than the scratch width

The influence of carbides with different sizes can be analyzed with FEN simulations. As apparent
in Fig. 18 a) small carbides (smaller than the scratch width) are not effective and do not highly
increase the wear resistance. They are pushed away or chipped out by the abrasive particle. In
contrast, as can be seen in Fig.18 b) single carbides larger than the scratch width can effectively
hinder the abrasive particle from scratching the material. The hard phase cannot be pushed away
or chipped out. For a constant load scratch depth and width are both reduced. Such numerical
investigations can be established to analyze the influence of hard phase morphology, distribution,
or amount on the scratch behavior and, thus, on the abrasive wear behavior. With the use of
material parameter determination of hard phases and matrices by nanoindentation different hard
phase types and matrices can also be considered. This allows the systematic variation of hard
phase type, morphology, distribution, and matrix in order to assist the developing process of
materials and microstructures with superior abrasive wear behavior.
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Fig. 18: FEM simulations showing a) the influence of small carbides on the scratch behavior with
the abrasive grain being larger than the carbides and b) the influence of carbides being larger than
the abrasive grain
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Fig. 19 shows the microstructure of a Co-based hard metal with WC. Typical applications are
cutting tools used for metal cutting application. In order to achieve a high wear resistance the
material consists of a large amount of hard WC. This leads to a very high hardness and compared
to tool steels relatively low fracture toughness of the compound. Due to the lower fracture
toughness the fracturing and crack propagation behavior is of great relevance. Within the fracture
process the Co binder phase plays an important role and has a dominant contribution to the
fracture resistance [26].

Fig. 19: SEM image of the microstructure of WC-Co hard metal

An induced crack (by Vickers indentation, HV10) is illustrated in Fig. 20. The crack propagates
mainly along the Co-matrix very closed to the WC-Co interface with isolated WC cleavage. The
dominant Co-matrix influence on the fracture behavior indicates that the plastic deformation of the
Co-matrix contributes the major portion of the dissipative work during fracture of the compound
[26]. Numerical simulations can qualitatively capture the complex fracturing behavior of multiphase
materials with carbide phase. Figs. 20 b) and c¢) show the numerical simulation of crack
propagation in a multiphase material consisting of ductile matrix and embedded blocky hard
phases. Analogous to the experiment the effect of secondary hard phase becomes visible. The
crack propagates mainly along the ductile matrix. Though, the propagation path is influenced by
the hard phases and under unfavorable geometric aspects the hard phase also fractures. From
Fig. 20 it can also be seen that a considerable amount of plastic deformation is occurring in the
matrix. Numerical simulations can be established in order to reveal the influence of hard phase
morphology, size, or amount on fracture behavior and crack propagation. Furthermore, it can be
used for alloy development and microstructure design. The simulations also help to investigate and
to better understand the deformation behavior under scratch testing and abrasion load,
respectively. As can be seen in Fig. 21 the deformation during scratching (spherical indenter)
changes from elastic to elastic-plastic and elastic-plastic behavior with fracture depending on the
applied load. The details in Figs. 21 a) and b) show fractured particles next to the edges of the
scratch. The patrticles consist of mostly undamaged and partly fractured WC and heavily deformed
Co-matrix. Massive cracking is not observed.
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hard phases

Fig. 20: a) SEM image of formed crack in WC-Co hard metal (the large arrow indicates the
propagation direction) b) numerical simulation of crack propagation in multiphase material
consisting of matrix and hard phases showing the damage (red color) c) numerical simulation of
crack propagation showing the plastic deformation
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Fig. 21: SEM images of a progressive scratch showing different stages of deformation (F,
progressively increased from 3 mN to 800 mN)

3. CONCLUSIONS

The main conclusions to be drawn are:

e Experimental data and numerical simulations show that the matrix can significantly
influence the indentation results of an embedded hard phase. With the use of test-
related FEM simulations the matrix influence can be characterized for given
configurations and may reveal affected test data.

e In the case of self-similar indenters (e.g. Berkovich indenter) the indentation-size-
effect (ISE) is expressed by an increase in measured hardness (strength) with
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decreasing indentation depth caused by the local increase in the density of
geometrical necessary dislocations. The results show an ISE for the austenitic steel
X2CrNil18-9 and also for TiC. Compared to e.g. austenitic steels the ISE is less
pronounced, even though it is distinctly visible at shallow indentation depths of the
Berkovich indenter.

Mechanically anisotropic behavior caused by crystallographic grain orientation was
revealed by nanoindentation in combination with electron back scatter diffraction
(EBSD) technique for the austenitic steel X51CrMnN(0.64)20-18.

Nanoindentation technique can also be used for the analysis of the fracture
behavior of hard phases. The deformation behavior is expressed in discontinuous
deformation bands and formed cracks. Cracking may cause pop-in events which
leads to an underestimation of hardness and Young’s modulus.

In combination, single phase mechanical properties and numerical simulations are
useful for revealing the influence of the microstructure on the macroscopic
mechanical behavior. As an example it was shown the results of FEM simulations
revealing the influence of volume fraction of spherical monocarbides with 80 HRC
embedded in a matrix with 69 HRC on the compound macro Rockwell hardness.
The scratch behavior of X210Cr12 shows that the matrix is either flowing to the
edges of the scratch (microploughing) or is removed by microcutting. Due to the
relatively high toughness of the matrix no microcracking is observed. AFM
measurements reveal that microploughing and in particular microcutting are the
dominating micro mechanisms. As the indenter enters into contact with large M;C;
the penetration depth significantly decreases (constant load). At the same time the
scratch width is also reduced which leads to an overall reduction in material loss
and, thus, to an increase in wear resistance. This holds true for carbide sizes larger
than the scratch width.

Numerical simulations of scratch testing allow the systematic variation of hard
phase type, morphology, distribution, and matrix in order to assist the developing
process of materials and microstructures with superior abrasive wear behavior.
Numerical simulations were conducted in order to better understand the fracture
behavior of WC-Co hard metal. Analogous to the experiment the effect of secondary
hard phase becomes visible. The crack propagates mainly along the ductile matrix.
Though, the propagation path is influenced by the hard phases and under
unfavorable geometric aspects the hard phase also fractures. It could be seen that
a considerable amount of plastic deformation is occurring in the matrix. Numerical
simulations can be established in order to reveal the influence of hard phase
morphology, size, or amount on fracture behavior and crack propagation.
Furthermore, it can be used for alloy development and microstructure design. The
simulations also help to investigate and to better understand the deformation
behavior under scratch testing and abrasion load, respectively.
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ABSTRACT

In this study, the Fe-C-B system is used as a basis for alloy development of tool steels. Thereby,
boron is used as hard phase forming element. The effect of chromium on the phase stability,
microstructure and hard phase properties of Fe-C-B-Cr alloys is investigated. In this manner,
thermodynamic equilibrium calculations are performed and experimentally validated. Laboratory
alloys were casted and investigated using scanning electron microscopy (SEM), energy dispersive
spectroscopy (EDS) and electron backscatter diffraction (EBSD). Nanoindentation was performed
to investigate the effect of Cr on the micromechanical properties of the particular hard phases
(elastic modulus and indentation hardness). It is shown, that Cr stabilizes the orthorhombic, Cr-rich
M2B type boride with a hardness of 22.8 GPa. In addition Cr stabilizes the Cr-rich M23(C,B)s
carboboride, which possess a lower hardness (14 GPa). In a next step, the findings are
implemented in an alloy development and alloying additions of chromium, silicon and manganese
are used to specifically stabilize the M2B type boride with high Cr content to adjust a high hardness
of the M;B phase. Subsequently, a scratch test is performed to investigate the governing wear
mechanisms in the developed alloy.

KEYWORDS
Steel development, tool steel, boron, hard phase properties, nanoindentation, CALPHAD
INTRODUCTION

A cost effective material, developed to withstand high wear attack, is tool steel. This group of steel
is used for highly stressed parts for example in the field of mining or metal processing.
Nevertheless, the durability of tool steels is still limited due to wear. Thereby, the major wear
mechanism is grooving wear by hard counter bodies (abrasion). Consequently, the continuous
development of tool steels with enhanced wear resistance is of high macroeconomic interest.

A metallurgical approach to maintain a high resistance against abrasion is realized through a
sufficient amount of hard phases (5~15 vol.-%) which are embedded inside a tough metallic matrix.
To optimize wear resistance, volume content, morphology and distribution of the hard phases
should be individually adapted to the tribological system and to the interaction with the abrasive
objects. Besides, an important parameter influencing the performance for wear protection
applications are the hard phases’ micromechanical properties. In this context, a comparison of
different types of hard phases namely carbides, nitrides and borides shows that borides generally
are favorable in terms of hardness. Hence, it seems likely to utilize Boron (B) as hard phase
forming element in tool steels [1,2]. In this approach carbides, which are commonly used as hard
phases and require high amounts of expensive or short resources such as vanadium or tungsten,
are substituted by borides. These borides are formed with cheaper and widely available elements
like iron (Fe), manganese (Mn) or chromium (Cr). The element carbon (C) is then primarily used to
maintain the hardenability of the iron matrix and is uncoupled from formation of hard phases.
Concluding, the utilization of B is promising to enhance application properties and at the same time
to reduce the cost.

In this study, the systematic alloy design based on the Fe-C-B system is presented.
Thermodynamic equilibrium calculations are used to design laboratory alloys. In this manner, the
alloying elements Cr, Si and Mn are used to systematically adjust the phase content and the
chemical composition of particular phases. Furthermore, the mechanical properties of the hard
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phases are optimized with an adapted chemical composition of the hard phases. The calculations
are experimentally validated using laboratory alloys. The microstructures of these alloys are
investigated using scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy
(EDS) and electron backscatter diffraction (EBSD). Furthermore, the hardness and elastic modulus
of the particular phases is measured using the nanoindentation technique. Finally, a scratch test is
performed to investigate the governing micromechanical effects, concerning the wear-protection by
the embedded hard phases.

1. EXPERIMENTAL PROCEDURE

Thermodynamic equilibrium calculations based on the CALPHAD method were used to design the
phase content and chemical composition of the particular phases present in the alloy using the
software ThermoCalc version S. Thermodynamic data were taken from the database TCFe6.2.
The phases, LIQUID, FCC_A1, BCC_A2, CEMENTITE, M2B_tetr, M23C6, and Cr2B_orth, were
regarded in the calculation. Furthermore, a pressure of 10® mbar and an amount of quantity of 1
mol were taken into account.

Laboratory melts are manufactured to validate the equilibrium calculations and to investigate the
microstructure and micromechanical properties of the alloys. In order to allow comparability of the
thermodynamic equilibrium calculations and the laboratory melts, specimens were cut from the
casting and heat-treated with regard to a hardening temperature of 900 or 1000 °C for 200 h in an
inert gas furnace with argon atmosphere present and subsequently quenched in water.

Table 1: Chemical composition of the laboratory melts measured by optical emission
spectrometry in mass% and hardening temperature T in °C

Alloy Tin°C C B Cr Si Mn Fe
0.6C-0.6B 0.71 0.76 0.01 0.11 0.02 Bal.
0.6C-1.8B 0.69 1.92 0.03 0.16 0.02 Bal.
0.6C-0.6B-2.5Cr 1000 0.58 0.66 2.25 0.11 0.01 Bal.
0.6C-0.6B-7.5Cr 0.59 0.57 6.75 0.14 0.02 Bal.
0.6C-0.6B-12.5Cr 0.59 0.57 11.86 0.16 0.02 Bal.
0oCr 900 0.75 1.98 0.04 2.27 3.81 Bal.
10Cr 0.65 1.97 10.00 241 3.77 Bal.

Prior to the microstructural examinations, the specimens were sectioned, ground on abrasive
paper, and polished stepwise with 6 um, 3 um, and 1 um diamond suspensions and etched with
3% alcoholic HNOs. The microstructure of the specimens was investigated using the SEM Tescan
MIRA3 in backscatter electron contrast (BSE) at a working distance of 7 mm and an acceleration
voltage of 20 kV. The Cr content of the respective phases was measured using EDS system
OXFORD X-Max 50 at a working distance of 15 mm and an electron-beam current of 5 nA. EBSD
measurements were performed using the EBSD detector Nordlysnano by Oxford instruments.

Hardness and elastic modulus of the respective phases were measured using the in-situ
indentation module NanoFlip (Nanomechanics, inc.), using a diamond, cube corner indenter and a
load of 50 mN at a constant strain rate of 0.2%/s and dynamic indentation method. Hardness and
elastic modulus were evaluated as an average value for an indentation depth between 600-850 nm
applying the method of Oliver and Pharr. For the estimation of elastic modulus, the Poisson ratio of
the M;B was assumed to be a constant value of 0.25, for M3(C,B) and M3(C,B)s phases a value of
0.36 was taken into account [3—6]. The indentation hardness was converted to Vickers hardness
scale for reasons of comparability, knowing that the minimal indentation depth of 6 um with regard
to DIN EN ISO 14577 was not achieved [7]. Scratch testing was performed using the scratch
module NST by CSM instruments, a conical diamond indenter with a tip radius of 2 um and a
constant load of 100 mN for a scratch length of 600 um (speed 150 pm/min).

2. RESULTS & DISCUSSION
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Fig. 1 a) is showing the quasi-binary phase diagram of the Fe-C-B system for a constant C content
of 0.6 mass%, calculated with ThermoCalc, whereby the C content of 0.6 mass% is regarded to
maintain the martensitic hardenability of the iron matrix. The Fe-0.6C-B system shows
borides/carboborides of Fe.B, Fes(C,B) and Fe,3(C,B)s type, which are present besides the a-Fe
and y-Fe iron phases. The hypoeutectic region is located at B contents smaller than 3.4 mass% B
and characterized by the primary solidification of y-Fe cells. Higher B contents are stabilizing the
primary solidification of the Fe,B phase. The low melting phase of the system is Fe3(C,B). At
temperatures between 800 and 600 °C the Fe3(C,B) phase becomes thermodynamically unstable
and the Fe23(C,B)s phase (t-phase) is formed due to this miscibility gab. The B solubility of the
Fes(C,B) phase is decreasing with lower temperatures and thus the Fe.B phase is stabilized
through the release of B at temperatures smaller than 600 °C.
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Fig. 1. a) Quasi-binary cross-section of the Fe-C-B system (constant C content of 0.6 mass%) b) Phase content
in Fe-0.6C-B alloys at 1000 °C calculated with TC

The interdependence of the B content and the volume content of the particular phases that are
present in Fe-0.6C-B alloy at a temperature of 1000 °C is depicted in Fig. 1 b). At low B contents,
the volume content of the Fes(C,B) phase is increasing almost linear with a slope of 22 vol.-% per
mass% B until the Fe;B phase is stabilized at a content of 2.3 mass% B. Furthermore, the volume
content of the Fe;B phase is increasing with 9 vol.-%, and the Fe3;(C,B) phase with 2.5 vol.-% per
mass% B. Following, B contents greater than 2.3 mass% are required to stabilize the Fe;B phase
in the Fe-C-B system, which is connected to a high volume content (> 50 vol.-%) of the Fes(C,B)
hard phase.

In Fig. 2 the microstructures of the 0.6C-0.6B (Fig. 2 a) and 0.6C-1.8B (Fig. 2b) are shown. A
coarsened eutectic structure consisting of 14.8 vol.-% Fes(C,B) phase in case of alloy 0.6C-0.6B
and 40.5 vol.-% Fe;B + Fes3(C,B) phases in case of alloy 0.6C-1.8B is present besides a
martensitic iron matrix. In contrast to the thermodynamic calculations shown in Fig. 1, the Fe.B
phase is present at a B content below 2.3 mass%. This can be attributed to the technical non-
equilibrium solidification process, whereby B is segregating in the remaining melt and the Fe.B
phase is stabilized [8].
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Fig. 2: SEM image of a) alloy 0.6C-0.6B and b) 0.6C-1.8B in BSE contrast

Against the background of alloy design, the most important parameters concerning the hard
phases are mechanical properties like high hardness, elastic modulus and fracture toughness. In
addition, a low C solubility of the hard phases is required following the alloying approach to use B
as hard phase forming element and preserve C for matrix hardening. In this context, a low metal to
metalloid ratio is beneficial to reduce the chemical-binding of expensive alloying elements. In
addition, the Fe.B phase has the highest hardness of the Fe-C-B system’s hard phases (~1600
HV), shows only marginal C solubility and also a low metal to metalloid ration (M/(B+C)=2) [9,10].
In contrast, the Fe23(C,B)s phase has a lower hardness (1100 HV), high metal to metalloid ratio
(M/(C+B)=3.83) and a high solubility for C. The Fe3(C,B) phase shows high solubility for both C
and B, whereby the chemical composition and the micromechanical properties are dependent on
the temperature region of formation. l.e. eutectic Fe3(C,B) shows B contents up to 22 atom% and a
hardness around 1300-1400 HV [11]. Concluding, the Fe;B phase is beneficial in terms of
micromechanical properties. Although, the Fe;B phase is stabilized by the more pronounced B
segregation occurring during technical solidification processes through, a stabilization of FezB in
the ternary Fe-C-B system requires high B contents, which is connected to hard phase contents
greater than 45-50 vol.-%. Regarding the alloy development of steels, sufficient fracture toughness
and forming capacity cannot be achieved with a volume content >15-20 vol.-%.

In this context, the element Cr can be used to further stabilize the orthorhombic M2B type boride,
which exceeds the mechanical properties of the hard phase M-Cs (~ 1400-1600 HV, 6.3MPa+/m)
[12-14]. The effect of Cr addition on the phase stability and composition of the particular phases at
a temperature of 1000 °C is shown in Fig. 3, whereby the B and C content of alloy 0.6C-0.6B is
taken into account. Fig. 3 a) is showing the influence of the overall Cr content on the phase
guantity of the particular phases (in vol.-%) that are present in alloy 0.6C-0.6B-xCr. At a Cr content
of 0 mass%, 16 vol.-% M3(C,B) phase is present. Furthermore, it becomes evident, that the
Ms(C,B) phase is vanishing in favor of 10 vol.-% of M.3(C,B)s and 5 vol.-% of M;B phase at a Cr-
content of ~1 mass%. Moreover, the M:B phase is transforming from a tetragonal into an
orthorhombic crystal structure above a Cr content of 4.5 mass%. At the same time, the volume
content of the M2B phase is slightly increasing from 5 vol.-% at 4.5 mass% Cr to 8 vol.-% at 10
mass% Cr.

Furthermore, the Cr content of the particular phases is increasing with the overall Cr content of the
alloy, as shown in Fig 3. b). The Cr content of the M.3(C,B)s and iron matrix is showing a
proportional dependence on the overall Cr content, whereby values of 35 atom% inside the
Ma3(C,B)s and 10 atom% Cr inside the iron phase are reached at 15 mass% overall Cr content. The
Cr content of the tetragonal M>B phase is increasing constantly from 3 up to 12.5 atom% at an
overall Cr content of 4.5 mass%. A further increase of the Cr content above 4.5 mass% is
stabilizing the orthorhombic M2B structure with a Cr content of 20 to 42 atom% at 15 mass%
overall Cr content. The M3(C,B) phase shows only marginal solubility for Cr.
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Fig. 3: Thermodynamic calculation of the influence of overall Cr content on a) volume fraction of the phases and
b) Cr content of the particular phases for alloy 0.6C-0.6B-xCr at 1000 °C. Experimental EDS measurements at the
particular phases are depicted through squares in b)

0.6C-0.6B-2.5Cr ¢ In contrast to the calculation, the

' ’ 4 microstructure of alloy 0.6C-0.6B-2.5Cr is
showing the coarsened, single-phase
eutectic network, which was identified as
Ms(C,B) by EBSD point measurement
(Fig.4). This is in disagreement with the
calculation (see Fig.3), which is indicating
the stability of the tetragonal M.B and
M23(C,B)s phase instead. Differences of
calculation and microstructure may be
attributed to inaccuracy of the
thermodynamically database and also to
differences of the technical condition of the
alloy and the calculated thermodynamic
equilibrium.

Fig. 4 SEM image of alloy 0.6C-0.6B-2.5Cr in BSE contrast

Nevertheless, the microstructures of alloy 0.6C-0.6B-7.5Cr (see Fig. 5 a) and 0.6C-0.6B-12.5Cr
(Fig. 5 b) are in agreement with the calculations. The eutectic structure is consisting of
orthorhombic M2B and Ma3(C,B)s phases. Furthermore, disperse distributed and small precipitates
of 1-5 pum in diameter, which appear to be formed in solid state, are present in alloy 0.6C-0.6B-
12.5Cr and 0.6C-0.6B-7.5Cr (see Fig. 5 right-side). These precipitates are identified as M23(C,B)s
phase using a EBSD mapping (see Fig.6).
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a) 0.6C-0.6B-7.5Cr §

|

b) 0.6C-0.6B-12.5Cr

Fig. 6: SEM image in BSE contrast (left) and EBSD-mapping (right) of alloy 0.6C-0.6B-7.5Cr
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Fig. 7: Quantitative EDS mapping of alloy 0.6C-0.6B-7.5Cr (contents in mass%)

Fig. 7 illustrates the elemental distribution of Cr, B and C in alloy 0.6C-0.6B-7.5Cr for the same
area shown in Fig. 6. It is shown that the elements Cr and B are enriched inside the M.B phase.
Though, C is enriched inside the M3(C,B)s phase, which is also showing an intermediate Cr and B
content. In addition, the results of EDS point measurements are depicted in Fig. 3 b). Thereby, it
becomes evident that the Cr content present in the M2B phases is approximately 10 atom% lower
than estimated by the calculation. The deviation of the measurement and calculation is smaller in
case of the M»3(C,B)s phase, which is overestimated about around 3 atom% by the calculation.
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Fig. 8: Elastic modulus and hardness of the particular phases present in alloy 0.6C-0.6B-2.5Cr, 0.6C-0.6B-7.5Cr
and 0.6C-0.6B-12.5Cr and EDS results for Cr content of the particular phases in atom%

The elastic modulus of the M2B, M3(C,B) and M23(C,B)s phases is shown in Fig. 8 a). The elastic
modulus of M3(C,B) and M.3(C,B)s phases is almost equal with a value around 290 GPa, while the
M2B phase has a higher modulus with a value between 411 and 417 GPa. Fig 9 b) is showing the
indentation hardness of the particular phases. The hardness is increasing from M.3(C,B)s phase
with 14 GPa (~1300 HV), to 17.2 GPa (~1600 HV) in case of the M3(C,B) phase up to 22.8 GPa
(2100 HV) for the M2B phase. A dependency of the elastic modulus or indentation hardness of the
M2B and the M,3(C,B)s phase on Cr contents of the phases is not determined. An investigation of
the indentation size effect showed that the indentation hardness of the Fe;B phase is strongly
decreasing up to a depth of 600 nm [15,16]. At higher indentation depth the hardness-curve levels
out. However, a constant value is not reached up to an indentation depth of 1200 nm. In this study,
the indentation size effect cannot be neglected, because the hardness was evaluated for
indentation depths between 600-850 nm. However, the effect is small since an indentation depth of
>600 nm is reached. In addition the results are consistent, because the sequence of averaging
was kept constant in all measurements. Comparing the hardness of the Cr-rich, orthorhombic M2B
phase with a value for Fe;B obtained at same indentation depth (~17.5 GPa — 1600 HV) shows,
that the Cr-rich, orthorhombic M2B phase (22.8 GPa - 2100 HV) is considerable harder [16]. This is
in accordance with values between 1850-2100 HVO0.1 [12,17] and a modulus of 399.4 GPa [5]
found in the literature. Thereby it was shown, that the covalent bonds present in the crystal
structures were strengthened by the presence of Cr.
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Moreover, a deflection of cracks at the interfaces
of separate hard phase types was observed in
case of cracks were induced during the
nanoindentation test, as shown in Fig. 9 for the
M2B /M23(C,B)s interface. In context of wear
resistance, a multi-component hard phase

S7

structure is beneficial as compared to a single-
phased structure to impede crack propagation.
This may attribute to the increase of fracture
: toughness of such hard phase networks.
., . deﬂectlo ' Concluding, the element Cr is effective to stabilize
FUR \1, the M2B phase with a high hardness of 22.8 GPa,

- but is also accompanied by the stabilization of the
Fig. 9: Crack deflection at the interface M2B My3(C,B)s phase, which features a lower hardness
/M23(C,B)s (~14 GPa). Thus, further steps of alloy design are

aiming on stabilizing the M2B type boride, instead
of the Ms(C,B), Mx3(C,B)s phases and simultaneously maintaining a sufficient C content for
martensitic hardening.

In this manner, the effect of the elements Si and Mn is investigated in the following, whereby a C
content of 0.75 mass% and a B content of 2 mass% are regarded. The volume content of the
particular phases was calculated as a function of the Si content in Fig. 10 a) at a temperature of
700 °C, which corresponds to the stability region of the M»3(C,B)s phase in the pure Fe-C-B system
(see Fig. 1 a). It becomes evident that Si is effectively destabilizing the M23(C,B)s phase and
stabilizing M3(C,B) and M:B phase. Furthermore, the influence of the alloying element Mn at a
temperature of 900 °C and an alloying content of 0.75 mass% C, 2 mass% B and 2.5 mass% Si is
shown in Fig. 10 b). It is shown, that the volume content of the M2;B phase is increasing with the
Mn content and at the same time the volume content of the M3(C,B) phase is decreasing.
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Fig. 10: Phase-quantity graphs of alloy a) Fe0.75C2B-XSi at 700 °C b) Fe0.75C2B2.5Si-XMn at 900 °C

In the following, a content of 2.5 mass% Si and 3.8 mass% Mn is used to stabilize ~20 vol.-% M.B
phase and the effect of Cr on the stability of the particular phases in this more technical alloying
system is investigated using thermodynamic calculation in Fig. 11 a). In accordance with the
effects observed in the quaternary system Fe-C-B-Cr (see Fig. 3), Cr is stabilizing the M;B and
M23(C,B)s phase in alloy Fe0.75C2B2.5Si3.8Mn-XCr. However, the volume content of the M:B
phase is increased to 22 vol.-% (for Cr contents >2.2 mass%). Furthermore, the stability range of
the tetragonal M:B phase was extended and the overall Cr content necessary to induce the
transformation into the orthorhombic M2B phase is shifted to 6.8 mass% (instead of 4.5 mass%). A
detailed characterization of this alloying system is given in a different study [18]. However, the
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most important finding is depicted in Fig. 11 b, whereby hardness and Cr content of the particular
phases present in tempered laboratory melts was experimentally measured. It was found that the
transformation of the tetragonal into the orthorhombic M.B phase is occurring at an overall Cr
content between 4-6 mass%, which corresponds to a Cr content of 17.5 mass% inside the M.B
phase. The increase of Cr content and transformation of tetragonal into orthorhombic M2B is
accompanied by an increase in hardness of the M:B phase (17 GPa to 21 GPa). An
interdependence of hardness and Cr content was not found in case of the M23(C,B)s phase.
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Fig. 11: a) Phase-quantity graph of alloy Fe0.75C2B2.5Si3.8Mn-XCr at 900 °C b) hardness and of M2B and
M23(C,B)s phase in dependence of the Cr content [18]

The microstructure of the Fe0.75C2B2.5Si3.8Mn-XCr with 0 and 10 mass% Cr (see Fig 12) is
showing eutectic hard phase structures consisting of the M3(C,B) and tetragonal M:B phase (alloy
0Cr) and respectively M23(C,B)s and orthorhombic M.B phase (alloy 10Cr) besides a martensitic
matrix. Concluding, Cr additions are connected to the stabilization of the Cr-rich orthorhombic M.B
phase but also to the stabilization of M23(C,B)s phase and destabilization of the M3(C,B) phase. In
addition, a finer distribution of the particular hard phases was achieved inside the microstructure.
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Fig. 12: SEM image in BSE contrast of alloy Fe0.75C2B2.5Si3.8Mn-XCr with 0 (OCr—left) and 10 mass% Cr (10Cr-
right)

The wear mark of a scratch test, performed for the alloy Fe0.75C2B2.5Si3.8Mn-10Cr, is shown in
Fig 13 a). The governing micro-mechanism is micro-ploughing, in case of the iron matrix. In case of
the hard phases pile ups, chips or cracks are not visible, that would indicate the micro mechanisms
micro-ploughing, micro-fracturing or micro-cutting. It can be discussed, that the hard phases are
plastically deformed and at the same time pushed inside the iron matrix, which is then also
plastically deformed. Fig 13 b) is showing the scratch depth of the wear track. A reduction of the
scratch depth up to 200 nm is observed, when the scratch passes a hard phase. Thereby, the M2B
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phase is more effective than the M»3(C,B)s phase. This is illustrating the effectiveness of the M.B
type hard phases in wear protection application and also indicating that the M.B phase is
preferable as compared to M23(C,B)s phase.

2100 ﬂ
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Fig. 13: a) SEM image in BSE contrast of the wear mark of a scratch test for alloy 10Cr (load 100 mN) b) graph of
the scratch depth

3. SUMMARY

This contribution is focusing on alloy design based in the Fe-C-B system. The effect of Cr in the
guaternary Fe-C-B-Cr was investigated with respect to phase stability and micromechanical
properties of particular phases. Furthermore, the elements Cr, Si and Mn were used to stabilize the
orthorhombic M.B phase and to adjust a high Cr content as well as high hardness of the M.B
phase

¢ The Fe-C-B system was investigated with respect to phase stability and phase properties.

e The M:B type hard phase was identified as preferable hard phase, because of its high
hardness (~1500-1700 HVO0.01 — 17.5 GPa), low carbon solubility and low metal to
metalloid ratio.

¢ In the Fe-C-B system, the M:B phase cannot be stabilized by B or C additions without
exceeding a hard phase content of 45-50 vol.-%, which is accompanied by a loss of
fracture toughness and forming capacity of the alloy.

e |t was shown that Cr can be used to stabilize the orthorhombic M2B phase.

e A hardness of 22.8 GPa (2100 HV) and elastic modulus of 415 GPa was measured for the
orthorhombic Cr-rich M2B phase which corresponds to an increase of ~400-600 HV as
compared to tetragonal Fe,B.

e Cr addition is also accompanied by the stabilization of the M23(C,B)s phase, which features
a lower hardness (~14 GPa) and lower elastic modulus (~290 GPa).

e In the Fe-C-B-Cr system, an interdependency of Cr content of the M2B and the M23(C,B)s
phases and the micromechanical properties was not determined

e Cr, Si and Mn are used to further stabilize the M;B phase, whereby a transition of the
tetragonal M2B into the orthorhombic M2B is occurring at Cr contents between 4 and 6
mass%. This phase transition is connected to an increase of hardness of the M.B type
phases (17 GPato 21 GPa).
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Abstract

The presented study investigates the hardness and sliding wear behavior of cemented carbides
and high-speed tool steels at elevated temperatures. Therefore, experimental analysis focus on the
behavior and the microstructural changes of the aforementioned materials during sliding wear at
room temperature, 400°C, and 600°C. Investigations are performed with respect to materials
mechanical properties, which are represented by high temperature hardness measurements. As a
result a main output of this study is an overview about the interdependencies of the microstructure
and the high temperature hardness of tool materials (cemented carbides, high-speed steels).
Results show that the absolute value of the room temperature and the high temperature hardness
of cemented carbides are connected to the WC-carbide volume fraction. In contrast, the
development of the hardness with increasing temperature is mainly influenced by the volume
fraction and the characteristics of the binder matrix. In addition to the investigation of cemented
carbides, the hardness of HS 6-5-3 steel grade at elevated temperatures was investigated. The
value of the high temperature hardness of HS 6-5-3 high-speed steel is comparable to the
hardness of cemented carbide materials, having higher binder content of 30 vol.-%.The absolute
value and the temperature dependent course of the high temperature hardness of the high-speed
steel are further influenced by the applied heat-treatment. Moreover, detailed wear experiments
and microscopic analyses of the worn surfaces of selected materials are presented. These
investigations show the main differences between room temperature sliding wear and high
temperature sliding wear. In the systems studied, an increase in testing temperature leads to a
rapid decrease of friction and wear rate. Microscopic investigations reveal that, the reason for this
effect is the formation of a tribochemical wear layer at the surface of the wear bodies. This layer
suppresses direct metallic contact and changes the characteristics of the tribological system.
Discussed issues of high temperature sliding wear are the formation and stability of tribochemical
wear layers, their connection to and support by the bulk material as well as the fracturing and
damage of the layer-bulk-material compound.

Keywords: High temperature sliding wear, high temperature hardness, cemented carbides,
high-speed steel, tribochemical wear layer

Introduction

Hot rolling is a key process of the industrial manufacturing chain of steel products. This forming
process utilizes the low yield strength and increased formability of steels at elevated temperatures
to enable lower rolling forces and higher degrees of reduction at the same time. Nevertheless, the
contact of the roll surface and the hot product leads to a high temperature stress of the roll
material. Roll materials have to endure the combination of high rolling forces and thermal stresses
at the same time [1]. The relative motion between the roll surface and the product further promotes
high temperature sliding wear. Therefore, materials used for hot rolling need to combine high
strength and wear resistance at elevated temperatures [2]. Mechanical features like high
temperature hardness consequently decide if and at which point of the hot rolling production line a
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material can be used. Conventionally used materials of the intermediate and finishing stands of hot
rolling lines are cemented carbides and high-speed steels. These materials combine a high
hardness and a high wear resistance at elevated temperatures [1]. Nevertheless, the
microstructural behavior of these materials under high temperature sliding wear has been
investigated and compared insufficiently. Therefore, this study focuses on the sliding wear
behavior of cemented carbide and high-speed steel materials at elevated temperatures with
respect to mechanical properties, microstructural changes and the formation of tribochemical wear
layers.

1. Experimental
Materials and heat treatment

The chemical compositions of the investigated materials and their hardness at room temperature
are given in Table 1.

Table 1: Chemical composition (mass-%) and properties of the investigated materials in initial
state
Notation Co Ni Cr W V Si C Fe Hardness
in HV10
WC- 10 mass-% Co 10.0 - - - - - - - 1736
WC- 30 mass-% Co 30.0 - - - - - - - 632
WC- 30.5 mass-% Co, Ni, Cr 140 150 15 - - - - - 589
C60 - 04 04 - - 04 057 Bal 216
HS 6-5-3 (QT) - - 40 64 28 05 0.90 Bal 643

For experiments squared specimens (10 x 10 x 4 mm) of the cemented carbides, the high-speed
steel (HSS) and the C60 steel were prepared. Steel grade C60 was further used as the counter-
body in the wear experiments. Therefore, hemispheres (r = 5 mm, h = 10 mm) were produced from
this material and heat-treated in accordance to the industrial manufacturing route (austenitized at
1000°C followed by a slow furnace cooling within 2h down to room temperature) to achieve a
ferritic-pearlitic microstructure.

Cemented carbides were used in initial state, produced by liquid phase sintering. In contrast, HS 6-
5-3 high-speed steel was used in as-cast quality and in heat-treated condition, further indicated as
QT. The steel HS 6-5-3 was soft annealed at 650°C/ 6 h, air-quenched from 1150°C/ 15 min. and
tempered three times at 500 — 620°C/ 2 h. [3]. After the heat-treatment, the surface of the
specimens was ground with 18 um abrasive paper and polished with a 3 um and 1 ym diamond
paste and ¥4 um SiO, polishing suspension. Experiments were done in this microstructural surface
condition to enable comparable experimental conditions.

Microstructural examinations were performed by means of scanning electron microscopy (SEM)
using a MIRA3 TESCAN SEM. Figures were taken at a working distance of 15 mm and an
acceleration voltage of 20 keV in secondary electron (SE1) mode.

Hardness measurements and wear experiments

Wear and hardness experiments were performed with an Optimol SRV4 measuring device.
Hardness testing was done by a specific modification of the measuring device. The measurements
were carried out in accordance to DIN EN ISO 6507-1 with an applied load of 98.07 N (HV10) in a
temperature range from room temperature (25°C) to 800°C. To avoid a strong oxidation of the
surface of the specimen during testing, forming gas was used. High temperature hardness
measurements were done using all aforementioned materials in heat-treated conditions. High
temperature wear experiments were only done using the combinations C60 steel (pin) versus WC-
30.5 mass-% Co, Ni, Cr (disc) and C60 steel (pin) versus HS 6-5-3 (disc). During the wear
experiments polished C60 pins were tested against the polished surface of WC- 30.5 mass-% Co,
Ni, Cr and HS 6-5-3 discs with a frequency of 30 Hz over a stroke distance of 1.5 mm applying a
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normal force of 30 N (t = 1.5 h) in a sliding wear test. In accordance to the actual industrial process
wear experiments were performed in air. Measured quantities of the sliding wear experiments are
the volume loss of the C60 steel pin, the time dependent friction coefficient and the time dependent
integral wear path of the tribological system.

The integral wear path is a measured quantity which contains information about the total wear
occurring in the regarded system. It displays the height-loss of the pin and the disc sample in
combination. Therefore, this value is a parameter of the entire system and not of a single
constituent. Due to the measurement of the height of the pin and disc combination, thermal
expansion during testing at elevated temperatures influences the value of the integral wear path
strongly. This thermal influence needs to be regarded to avoid a systematic error. In this study the
influence of the thermal expansion on the results of the wear tests was considered by a number of
pre-tests. Pre-testing consisted of an exact determination of the temperature at the contact point of
pin and disc, as well as several neutral temperature and thermal expansion tests with no motion
between the parts. Using these neutral tests it was possible to determine the testing temperatures
of pin and disc very precisely. Further it was possible to determine the critical point of thermal
stability of the testing system. After this point thermal expansion reaches a constant level and wear
tests can be performed under constant conditions.

2. Results and Discussion

In the first section, the results of the high temperature experiments using cemented carbides are
presented. On the one hand, the investigations focus on the measured results of the hardness and
wear experiments. On the other hand the microstructural changes of the cemented carbide
materials during sliding wear at different temperatures are investigated. The second section deals
with the corresponding results of the high temperature experiments using HS 6-5-3 steel.

2.1 High temperature properties and sliding wear behavior of cemented
carbides

The microstructure of cemented carbides consists of a binder matrix (Co, Ni etc.) and a high
volume fraction of tungsten carbide as a hard phase. The mechanical properties of cemented
carbide materials are determined by the fractions and characteristics of these two components [4].
The materials WC- 10 mass-% Co and WC- 30 mass-% Co are a combination of a Co-matrix and a
varying amount (90 or 70 mass-%) of WC-carbides. Besides the different Co-binder weight
fractions the used materials possess different WC-carbide grain sizes (Fig. 1). While the grain size
of WC- 10 mass-% Co is fine (< 1 um) the grain size of WC- 30 mass-% Co is rather coarse (1-5
pum). These facts lead to a large difference of the room temperatures hardness of the materials [4].
The hardness of sample WC-10 mass-% Co is nearly 1100 HV10 higher than the hardness of
sample WC- 30 mass-% Co. The difference of the room temperature hardness of the materials
WC- 30 mass-% Co and WC- 30.5 mass-% Co, Ni, Cr (Fig. 2) is less pronounced. Although
containing different binder compositions these cemented carbides have a similar hardness. In this
case the nearly equal size and the amount of WC-carbides lead to comparable properties. The
WC-carbide amount has a dominant influence on the mechanical properties, especially on the
hardness and the bending strength [5]. An increase of the WC-carbide volume fraction increases
the hardness strongly, while a change of the binder compaosition has only a minor influence.
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Fig. 1: SEM micrographs of the initial microstructure of the cemented carbide WC- 10 mass-% Co
(left) and WC- 30 mass-% Co (right)

Fig. 2: SEM micrographs of the initial microstructure of the cemented carbide WC- 30.5 mass-%
Co, Ni, Cr (left), close-up of the WC-carbide distribution (right)

Fig 3. a) shows that the room temperature results and correlations of the hardness of cemented
carbides can be transferred to elevated temperatures. The depiction of the hardness depending on
temperature of the cemented carbides shows the same hardness ratio between the materials at
room temperature as well as at high temperature. Furthermore it can be seen that, the hardness of
WC- 30 mass-% Co and WC- 30.5 mass-% Co, Ni, Cr decreases constantly with increasing
temperature. In opposite the high room temperature hardness of WC- 10 mass-% Co decreases
steeply with increasing testing temperatures. Reaching a temperature of 600°C the hardness of
WC- 10 mass-% Co is about 25 % lower than the room temperature value. An even more
pronounced hardness decrease occurs exceeding a temperature of 600°C. In a temperature range
from 600 to 800°C hardness of sample WC-10 mass-% Co decreases to a value of about 600
HV10. These results show that the mechanical properties of WC- 10 mass-% Co are much more
sensitive to a temperature increase than the properties of cemented carbide materials which
contain a larger binder amount. Cemented carbides with a lower WC-content show much more
stable high temperature hardness than WC- 10 mass-% Co. This behavior of WC- 10 mass-% Co
can be traced back to its high overall hardness. Due to the much higher absolute value of hardness
the hardness degradation at elevated temperatures is more pronounced. An additional explanation
focusses on the fact that cemented carbides, which contain large fractions of WC-carbides, behave
similar to polycrystalline WC. Cemented carbides with lower binder content are significantly harder
than binder rich grades and show equal mechanical properties than single crystal WC-carbide.
Furthermore, their hardness decreases very rapidly with increasing temperature, behaving again
similar to single crystal WC-carbide [6]. Indentation can take place more easily at elevated
temperatures, because of the rapid hardness loss. This lowers the wear resistance of cemented
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carbides with high binder fractions at elevated temperatures, because of unstable high temperature
properties. Cemented carbides containing a higher binder fraction show more stable properties at
elevated temperatures. The higher binder fraction provides a better support of the WC-carbides.
The binder phase excellently integrates the hard phases at elevated temperatures, because of
more stable mechanical properties. This leads to a better performance of binder rich cemented
carbides at elevated temperatures [7]. Consequently, hard phases are able to increase the wear
resistance of these materials effectively. Therefore, WC- 30 mass-% Co and WC- 30.5 mass-%
Co, Ni, Cr are suitable materials for applications stressed by high temperature sliding wear.
According to this conclusion and to the fact that the high temperature hardness and
microstructures of WC- 30 mass-% Co and WC- 30.5 mass-% Co, Ni, Cr do not differ significantly,
only WC- 30.5 mass-% Co, Ni, Cr was regarded in sliding wear experiments. High temperature
wear tests were done with the intention of finding general and specific aspects of the high
temperature sliding wear behavior of cemented carbides. Experiments were done using a WC-
30.5 mass-% Co, Ni, Cr basic body (disc) and C60 steel as the counter body (pin). Therefore, Fig.
3 a) shows the hardness as a function of temperature of C60 steel. The comparison of the
hardness of WC- 30.5 mass-% Co, Ni, Cr and C60 steel shows that independent of the testing
temperature the hardness of C60 steel is lower than the hardness of WC- 30.5 mass-% Co, Ni, Cr.
C60 steel will be the primary worn element of the regarded tribological system. The further
analyses of wear mechanisms of the WC- 30.5 mass-% Co, Ni, Cr basic body need to consider this
fact. Fig. 3 b) to d) present the results of the wear experiments (pin: C60/ disc: WC- 30.5 wt.% Co,
Ni, Cr) at 25°C, 400°C and 600°C. The diagram of the volume loss of the C60 steel pin (Fig.3 b)
shows a strong decrease of the volume loss of the pin by increasing the testing temperature from
25°C to 400°C [8]. The worn volume of C60 steel pin decreases in this temperature range to less
than 10 % of the room temperature value. With a further increase of the testing temperature the
volume loss of C60 steel pin shows no further decrease and rather shows a slightly growing
volume loss. In addition to this Fig. 3 ¢) and d) show the time dependent integral wear path and
friction coefficient during wear experiments. The course of the integral wear path depending on
time is shown in Fig. 3 c). The graph of the experiment performed at 25°C shows a non-linear
increase of the integral wear path during the first period of the test. The integral wear path
increases strongly during this period. After this period the increase changes and becomes linear. It
can be concluded that at the beginning of the presented room temperature sliding wear tests a
bedding-in period occurs. After this period the system shows a constant wear behavior. The
courses of the integral wear paths of the experiments at elevated temperature differ from the room
temperature experiment. Firstly, the courses of the integral wear paths at elevated temperatures
don’t show a sharp increase at the beginning of the wear experiment. Secondly, the wear-rates at
elevated temperatures are approximately independent on time. The increase of the integral wear
path is continuous during the entire experiment. Furthermore, some discontinuities occur during
the experiment. These discontinuities couldn’t be prevented even after several repetitions of the
tests. The ratio of the integral wear paths of the test at 400°C and 600°C are in accordance with
the results of the measured volume loss of the C60 steel pin. The integral wear paths of the test
performed at 600°C as well as the volume loss of the pin exceed the values measured during the
test at 400°C. The results from the time dependent measurement of the friction coefficient
complete the presented study. The friction coefficients of the wear tests at room temperature and
elevated temperatures differ from each other strongly. The high temperature experiments show
high friction coefficients, which scatter continuously and largely around a mean value. In addition,
the friction coefficients scatter discontinuous with large deflections [8]. The room temperature wear
test in opposite shows two periods of the development of the friction coefficient and less scattering.
The friction coefficient decreases steadily during the first period of the experiment. After this it
reaches a constant value and levels around this value with only minor scattering. The course of the
friction coefficient shows no large deflections.
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Fig. 3: a) Hardness depending on temperature of the cemented carbides and C60 steel, b) Volume
loss of C60 steel pin during wear tests at 25°C, 400°C and 600°C, c) Integral wear path depending
on time, d) Friction coefficient depending on time during wear tests at 25°C, 400°C and 600°C (pin:
C60/ disc: WC- 30.5 mass-% Co, Ni, Cr)

To explain the ratios and developments of the wear rates and friction coefficients at different
temperatures, it is necessary to investigate the microstructures of the cemented carbide material
after sliding wear. Therefore, Fig. 4 to 6 show SEM micrographs of the wear scar microstructures
of the cemented carbide, tested at different temperatures.

Fig. 4: SEM micrographs of the wear scar microstructure of the cemented carbide WC- 30.5 mass-
% Co, Ni, Cr after 25°C wear test (pin: C60/ disc: WC- 30.5 mass-% Co, Ni, Cr)
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Fig. 5: SEM micrographs of the wear scar microstructure of the cemented carbide WC- 30.5 mass-
% Co, Ni, Cr after 400°C wear test (pin: C60/ disc: WC- 30.5 mass-% Co, Ni, Cr)

The microstructure of the cemented carbide (Fig. 4) after the wear experiment performed at room
temperature consists of a dominant amount of exposed WC-carbides. WC-carbides show no large
impact of sliding wear. In comparison to the initial state, the shape and the distribution of the WC-
carbides in the microstructure of the cemented carbide are unaffected. In contrast, the binder-
matrix is affected strongly [9]. The matrix appears rough and cleft. Furthermore, a lot of wear
particles are localized in the matrix areas. These observations indicate that the impact of a sliding
wear exposure of cemented carbide at room temperature is mainly influenced by the binder-matrix.
The tungsten carbides are only minor affected. Furthermore, it can be concluded that, the major
amount of wear in the investigated tribological system is located at the much softer C60 steel pin.
A comparison of the components of the tribological system shows that, the hardness and the
content of hard phases of the cemented carbide are much higher. C60 steel possesses a lower
wear resistance in contrast to cemented carbide, resulting in a higher mass loss of the C60 pin
during testing. Nevertheless, the binder-matrix of the cemented carbide material shows signs of
wear impact as well [9]. Thus, the properties of the binder-matrix are key factors which determine
the wear behavior of cemented carbide materials and need to be considered during microstructural
investigations in detail. The influence of an increased testing temperature on the wear behavior of
cemented carbide materials can be seen in Fig. 5 and 6. The microstructures of the worn samples
after high temperature testing differ significantly from the microstructures tested at room
temperature. The main difference can be found in the formation of a tribochemical wear layer
during high temperature wear. During wear the gathering of wear products (oxides, carbides and
other wear particles) in the matrix areas leads to the formation of a well densified surface layer
consisting of hard phases and wear products. This layer covers the whole wear scar. At 400°C the
surface of the wear scar appears dense and well integrated. The WC-carbides are embedded into
a compact layer. The matrix between the hard phases is compact and no large gaps between the
carbides are visible. Nevertheless, cracks and small fractures occur in the layer.
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Fig. 6: SEM micrographs of the wear scar microstructure of the cemented carbide WC- 30.5 mass-
% Co, Ni, Cr after 600°C wear test (pin: C60/ disc: WC- 30.5 mass-% Co, Ni, Cr)

Furthermore, the WC-carbides which are embedded into this layer show damages. Cracks occur
through the hard phases and especially at their sharp edges. This damage of the hard phases did
not occur during room temperature testing [10]. Reasons for this damage are assumed to be
connected with the formation of the tribochemical wear layer and the embedding of the hard
phases into this layer. It can be assumed, that the differences of the Co-base binder matrix and the
wear layer properties (tensile strength and deformability) lead to this effect. The support of the hard
phases by the binder matrix decreases during high temperature sliding wear. Thermal softening
and the lower strength of the wear layer matrix, thereby promote brittle failure of the WC-carbides.
Therefore, the formation of the tribochemical wear layer dominates the wear behavior of the
cemented carbides at elevated temperatures. A self-protection of the components of the
tribological system occurs, because the wear layer separates the components. This leads to lower
wear of the cemented carbide disc and the C60 steel pin, because of no direct contact of the
metallic materials. Nonetheless, a tribochemical wear layer formed by compacted particles suffers
from low mechanical stability. Cracks and fractures, especially along the matrix-hard-phase-
interface, exist in large number. These imperfections of the layer lead to the failure of the self-
protection layer at a certain point respectively layer thickness. Damage occurs, parts of the layer
and hard phases fracture and wear as well as friction increase. This effect leads to jumps in the
curves of the integral wear path and the friction coefficient. Therefore, it can be concluded that the
benefit of a self-protection layer is bordered by its stability. A thick and weakly compacted layer will
fracture easily under mechanical load, leading to an increase in wear and friction. This effect is
assumed to take place during the wear experiments at 600°C. The wear layer grows at this
temperatures much more pronounced, leading very quickly to a critical thickness. A mechanical
stressing of this instable surface leads to the failure of the tribochemical wear layer (Fig. 6).
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2.2 High temperature properties of and wear behavior of HS 6-5-3 steel

The microstructure of the high-speed tool steel HS 6-5-3 is displayed in Fig. 7. In quenched and
tempered state this steel possesses a hardness of approx. 640 HV10. The microstructure consists
of annealed martensite and carbides of types MC, M,C and M¢C [11, 12].

Fig. 7: SEM micrographs of the microstructure of the high-speed steel HS 6-5-3 in quenched and
tempered state

Similar to the experiments performed in section 2.1 the HSS was investigated due to its high
temperature hardness and its performance during high temperature sliding wear (Fig. 8). Fig. 8 a)
shows the development of the hardness of this steel as a function of temperature. Till 500°C the
hardness decreases only slightly and in a constant way. Exceeding a temperature of 500°C the
decrease in hardness is more pronounced, as a result a low hardness of less than 250 HV10 can
be found at a temperature of 800°C. The strong decline in hardness falls exactly beyond the
temperature range of the maximum tempering temperatures (500-600°C). Above this temperature
the well-defined and stabilized microstructure during heat-treatment is affected by thermal
softening mechanisms again pronouncedly. This results in a strong decrease in hardness.
Therefore, the use of high-speed tool steels at elevated temperatures is affected and limited by the
applied heat-treatment strongly [11]. The tempering stabilizes the mechanical properties of a HSS
till a certain temperature. Above this temperature microstructural changes reoccur, leading to an
unpredictable behavior of the material and the structural component. Regarding this fact the
maximum tempering temperature of the studied HSS needs to be chosen above the maximum
testing temperature. The performance of the HSS during sliding wear tests is shown in Fig. 8 b) to
d). Similar to the results of the wear experiments using the cemented carbide basic body, the wear
rates (Fig. b and c) of these tests decrease with increasing temperature. Furthermore, the wear
rates at any temperatures are lower than in the experiments presented in section 2.1. In contrast,
the development of the time dependent friction coefficients depending on temperature differs from
the previous presented courses. The courses of the friction coefficient between HSS and C60 steel
during sliding wear show a contrarily development. At room temperature the friction coefficient is
very high and is characterized by a large scattering [13]. At elevated temperatures the friction
coefficient decreases and scatters only little.
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Fig. 8: a) Hardness depending on temperature of the steel HS 6-5-3 in quenched and tempered
condition, b) Volume loss of C60 steel pin during wear tests at 25°C, 400°C and 600°C, c) Integral
wear path depending on time, d) Friction coefficient depending on time during wear tests at 25°C,
400°C and 600°C (pin: C60/ disc: HS 6-5-3 in quenched and tempered condition)

With respect to the aforementioned results Figs. 9 to 11 show the corresponding wear scars of the
HSS basic bodies after sliding wear tests. Similar to the results obtained by the tests of section 2.1
a change of the wear scar microstructure depending on testing temperature can be observed. The
worn surfaces produced by experiments at elevated temperatures are covered by a tribochemical
wear layer. The room temperature wear scars in opposite still indicate the initial high-speed steel
microstructure after wear testing for 1.5 h (Fig. 9). More detailed analyses of these wear scars
show grooves in the metal-matrix and small, loose wear particles. The carbides in the high-speed
steel microstructure are less influenced by wear. Carbides are not scratched or ploughed and are
well embedded in the steel matrix. Furthermore, wear products are agglomerated at the different
types of carbides [14, 15].
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Fig. 9: SEM micrographs of the worn microstructure of the steel HS 6-5-3, after 25°C wear test
(pin: C60/ disc: HS 6-5-3 QT1)

The wear scars resulting from experiments at elevated temperatures are entirely covered by a
tribochemical wear layer. No indications of the initial microstructure can be detected from a top
view of the worn samples at a temperature of 400°C. Further the tribochemical wear layer
produced by testing at 400°C and 600°C are not similar and indicate different structures. The wear
scar resulting from 400°C sliding wear test is covered entirely with a partly dense and partly
fractured layer (Fig. 10). This tribochemical layer appears mainly oxidic. The SEM analyses show
that the layer consist of compacted wear products. These products form an oxide-rich intermediate
phase between the high-speed steel and C60 steel, which lowers wear at elevated temperature by
preventing direct metallic contact. Unfortunately a lot of areas of this layer show large cracks and
fractures. The high brittleness of the oxide layer leads to a quick crack initiation resulting in
pronounced failure under mechanical load [16].
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Fig. 10: SEM micrographs of the wear scar microstructure of HS 6-5-3, after 400°C wear test (pin:
C60/ disc: HS 6-5-3)

The tribochemical wear layer of the wear test at 600°C in opposite does not show largely fractured
areas. The layer appears more dense and compact. In addition wear grooves are visible which are
comparable to the wear grooves appearing at room temperature (Fig. 11). Furthermore, the wear
layer is not homogeneous. It consists of small and large particles compacted to a dense layer.
Small cracks inside the layer are visible. These cracks are localized at the grooved and fractured
areas. Summing up, the presented results show that the microstructural state of the wear scars of
the high-speed steel depending on temperature is strongly dependent on the formation of a
tribochemical wear layer during testing. The formation and influence of this wear layer is much
more pronounced at elevated temperatures than at room temperature. Inside a tribological system
a wear layer changes the surface characteristics of the components and thereby changes the
mechanisms of friction and sliding wear. This influence is more pronounced at elevated
temperatures, because thermal activated processes, like oxidation, are accelerated at elevated
temperatures [16].
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Fig. 11: SEM micrographs of the wear scar microstructure of HS 6-5-3, after 600°C wear test (pin:
C60/ disc: HS 6-5-3)

Concluding, the high temperature wear behavior of tool materials depends on several key factors.
Firstly, the microstructural constitution and the mechanical properties of the tool material at
elevated temperatures are important influencing factors which decide about the performance of a
material [17]. On the one hand, the material needs to bare the applied loads without fracturing. On
the other hand the bulk material needs to support the formed tribochemical wear layer, to benefit
from its properties. Therefore, high hardness and tensile strength at elevated temperatures
improve the resistance against the impact of high temperature wear. The microstructural
constitution in addition decides about the formation and stability of the formed wear layer. Hard
phases can act as punctual microstructural barriers during sliding wear and are initial points of the
layer formation. Thus, their distribution, size, shape, type and chemistry need to be considered.
The formation of the wear layer, its stability and connection to the bulk material need to be
considered as well. At elevated temperatures the characteristics of the wear layer itself are of great
relevance. An increased oxidation tendency of metallic materials at elevated temperatures
promotes the formation of a tribochemical layer. Therefore, the development and growth of a
characteristic surface zone is much more pronounced. A formed wear layer influences sliding wear
more significantly. Including a wear layer, surfaces covered by a tribochemical layer of oxides,
wear particles (carbides and metal-matrix fragments) and third bodies from the ambient medium
transfer the relative motion. This suppression of direct metallic contact essentially changes the
characteristics of the tribological system. It is possible to decrease wear and friction and
consequently improve the performance of a tool material. Nevertheless, it is also possible to
damage the basic tool material by an unstable layer. A thick and brittle layer will fracture
pronouncedly during application. Large areas of damaged surfaces can form and influence the
process. Fractured areas act as initial points of further damages which can propagate from the
surface into the bulk material leading to materials failure. Therefore, the structure and stability of
the wear layer itself is a further key factor of high temperature wear. The differences of the wear
layer characteristics of cemented carbides and high speed steels are depicted well by the results of
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this study. Both materials respond to sliding wear at elevated temperatures with the formation of a
wear layer. The structure of the wear layers nevertheless differs significantly. The temperature
dependence of the layer structure varies with the basic tool material tested. At 400°C the
cemented carbide material forms a tribochemical wear layer, which is well densified. Hard phases
and wear products form a connected surface zone. This interaction and reciprocal support of hard
phases and compacted wear products forms a self-protection of the materials and decreases wear.
At a temperature of 600°C the structure of the wear layer changes significantly. The layer is more
homogeneous and shows no embedded carbides. It can be assumed that the high oxidation
tendency of the cemented carbide material and the C60 steel lead to a rapid growth of the
tribochemical wear layer at 600°C. Overstepping a critical thickness the layer forms cracks and
fractures under mechanical load. This decreases the positive influence of a high temperature wear
layer. The high-speed steel moreover forms a wear layer with a dense and well compacted
structure at 600°C testing temperature. In opposite to the cemented carbide material the surface
zone of the high-speed steel is well densified and integrated at temperatures above 400°C.
Nevertheless, the characteristics of the observed surface structures are very complex and need to
consider various parameters like the oxidation tendencies and the high temperature stability of the
used tool materials and its components, as well as the chemical and microstructural composition of
the layer itself [18]. Therefore, further studies need to focus on the characteristics of the wear layer
and its interaction with the bulk material.

3. Conclusions

The following key results were found within this work:

- The absolute value of the high temperature hardness of cemented carbide materials is
directly dependent on the WC-carbide volume fraction, the development of the hardness
with increasing temperature in opposite rather depends on the volume fraction
characteristics of the matrix.

- The absolute value of high temperature hardness of high-speed steels is comparable to
cemented carbide materials with larger matrix fractions. The absolute value and the
temperature dependent course of the high temperature hardness of HSS are directly
related to the applied heat-treatment. Therefore, they can be influenced and increased by
an optimization of the heat-treatment.

- High temperature hardness and the performance of a material under high temperature
sliding wear are directly correlated. A high hardness and tensile strength at elevated
temperatures increase the resistance of a material against the mechanisms of wear at
elevated temperatures, because of the increased support and integration of the wear
affected surface zone.

- During sliding wear the cemented carbide and high-speed steel tool materials show the
same temperature dependency. In the studied systems an increase in testing temperature
leads to a rapid decrease of friction and wear rate.

- The reason for decreasing wear and friction is the formation of tribochemical wear layers.
These layers suppress direct metallic contact and change the characteristics of the
tribological system. A protection of the bulk material by the tribochemical layer occurs.

- Key issues of the topic of tribochemical wear layers are the formation and stability of these
layers, their connection to and support by the bulk material, as well as the fracturing and
damage of the layer-bulk-material compound.
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