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Combining discrete and continuum mechanics to investigate local wear 
processes induced by an abrasive particle flow 
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A B S T R A C T   

Wear caused by hard debris or abrasive slurries trapped between moving surfaces is a major industrial problem 
concerning engineering and agriculture machine components, causing abrasion and reducing their service life. In 
this context, the wear of diamond tools used to cut stones represents an interesting case study due to the 
particular tribological interactions involved. Diamond tools are characterised by diamonds (the cutting edge) and 
the metal matrix (the retaining binder). While several attempts have been made to analyse diamond wear, the 
wear process involving the matrix is not yet well understood. In particular, the phenomena responsible for wear 
at the local scale have not yet been fully investigated as they are difficult to quantify experimentally and the 
existing numerical models, to the authors’ knowledge, greatly simplify the physical behaviour and interactions 
between the different materials in contact. A new code is therefore used in this work. It is able to treat the metal 
matrix as a deformable polycrystalline material and the debris flow by controlling the shape and size of the 
grains. Furthermore, the wear of the metal matrix will be described as a loss of intergranular cohesion caused by 
the continuous passage of debris through a cohesive contact law that also takes fatigue into account. The model 
will show, albeit qualitatively, that the wear of the metal surface is caused by the asperities of the debris grains, 
thus validating one of the fundamental assumptions behind the model defined by the same authors at a larger 
scale. Another aspect investigated is the relationship between the temporal evolution of wear and the roughness 
of the metal surface. Again, it will be shown how the temporal evolution of the metal surface is consistent with 
what has been observed in the literature. Moreover, due to the complexity of the model, a sensitivity study will 
be necessary to understand the physical significance of the parameters and how to adapt them to the specific case 
study. It will then be shown how these parameters can change the physics of the problem being analysed and 
must therefore be chosen carefully.   

1. Introduction 

Wear caused by hard debris or abrasive slurries trapped between 
moving surfaces is a major industrial problem concerning engineering 
and agriculture machine components, causing abrasion and reducing 
their service life [1–3]. 

Although wear is a broad common problem, it remains a fairly 
complex issue because it is not a property of the material but rather the 
response of the system under certain contact conditions [4]. A useful 
conceptual tool in understanding wear phenomena is the tribological 
triplet firstly proposed by Godet and Berthier [5]: abrasive particles 
define the third body of the tribosystem, i.e., the interface material that 
can result from the degradation of the two bodies in contact -the first 

bodies- (hard grains in cutting operations, fine airborne grit particles in 
lubricating oil) or from the outside (hard particles in agriculture or 
mining operations). 

Whatever the cause of wear, some mechanical transformation and 
physical/chemical phenomena occur at the contacting surface, demon
strating that wear is a complex phenomenon where all features involved 
are strongly related and cannot be studied separately. In particular, the 
third body may be more or less heterogeneous and continuous; its 
thickness may vary in a wide range of values (from a few nanometers to 
several micrometers), is characterized by unknown rheology [6] and its 
abrasive power depends on some physical properties such as hardness 
[1], grain size [7–10] and angularity [11–14]. In this context, this work 
deals with the wear of diamond tools used in rock cutting. Diamond 
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tools include core drills and saw blades (Fig. 1a.) and are composed of 
abrasive segments fixed to steel core by brazing or welding. Segments 
consist of diamond crystals embedded into a metallic matrix by a sin
tering process (Fig. 1b.). During the cutting operations, pressure is 
applied to the core to guarantee a constant feed velocity and is fully 
transferred to the diamonds and then to the rock to cut it. The matrix 
retains the diamonds, which, due to their hardness, are able to indent the 
workpiece. Debris particles from the cut material are inevitably formed, 
defining, together with the water used to carry them out, a slurry. This 
slurry, in turn, constitutes an abrasive debris flow able to wear the 
matrix. This wear process, illustrated in Fig. 1c., is necessary to renew 
diamonds, meaning that wear is not always deleterious, but should be 
nevertheless controlled in terms of wear rate: the matrix has to wear to a 
rate compatible with the diamond breakdown to attain an optimum 
between the service life and the free cutting ability. For these reasons, 
the wear resistance of the matrix has to be adjusted to the wear speed of 
the diamond: if the matrix is too soft, it wears fast, and the diamond 
capacity is not completely used with a premature diamond pull-out; if it 
wears more slowly than diamonds, then the slurry cannot be carried out 
correctly, and the segment will continuously lose the ability to cut. 

Bearing in mind that diamond tool wear affects both the diamonds 
and the matrix surface, this work does not cover diamond breakage and 
essentially deals with the abrasive wear of the matrix surface, which in 
turn depends on several aspects such as [15]:  

– The type of rock: marble, granite, concrete, and reinforced concrete 
behave differently during processing [16] and generate debris par
ticles different in shape, size, and hardness, therefore with different 
abrasive powers.  

– Segment specifications: the number and surface of segments (scale of 
the tool), the diamonds distribution and concentration (scale of the 
segment), and the matrix material and microstructural properties 
(scale of the matrix) affect the cutting process and the rate of wear. 
Cobalt-based alloys are commonly used to produce matrices for 
diamond tools for their high abrasive resistance and great retention 
properties [17].  

– Operational parameters: feed rate, peripheral speed, force applied, 
and cooling efficiency (i.e. coolant type and flow rate) [18] define 
the cutting tool. In particular, the processed rock and the coolant 
used, exert control on the rheological properties of the slurry. 

The importance of diamonds on (metal) matrix wear is clear when 
observing a segment of a diamond tool after a cutting operation. For 
circular saws and core drills (Fig. 1a.) where the direction of the cutting 
velocity is constant, the degradation of the metal surface takes the form 
defined in Fig. 2 with a crater behind each diamond and a tail in front of 
it [19]. 

Several studies have been done to analyse, at least qualitatively, the 
wear of the surface in terms of reduction of the diamond retention after 
the manufacturing process [20–22] and in working conditions [23], 
while mechanisms involved in the matrix wear are not yet well under
stood. Studies performed under optical and electronic microscopes allow 
the analysis of metal matrix wear in relation to diamond wear [24,25], 
while [26] observed that abrasive wear is the predominant mode in 
cutting tools. 

It was also experimentally observed that, in the optimum cutting 
conditions, the workpiece wears away faster than the metallic surface, 
such that particles detached from the workpiece are present in a much 
larger quantity than detached particles from the matrix (generally stuck 
to debris grains, as illustrated in Fig. 3). 

This aspect can be better understood and quantified by referring to 
the tribological circuit, i.e., a useful conceptual tool initially proposed 
by Berthier [5] and then reformulated by Fillot and co-workers to 
represent better the wear of a degradable material by discrete elements 
modelling [27]. In the general case where both contacting surfaces are 
degradable materials (Fig. 4a.), detached particles define the internal 

source flow Qs, while particles detached from the system defines the 
ejection flow Qe. Defining wear no longer as the loss of mass from one 
material but the loss of mass from the whole contact [5], the wear flow 
Qwis the amount of ejected particles that definitely leave the system, 
while the remaining part defines the recirculation flow Qr and is rein
troduced in the system (Fig. 4b.). 

In the specific case of diamond tools, after the diamond indentation 
into the workpiece, debris grains from the workpiece are continuously 
renewed during the cutting process, such that each ejected particle is 
immediately replaced by new ones and by the recirculation flow. This 
means that a steady state is reached fast and the total mass of the third 
body inside the contact remains almost constant [28]. This evidence 
allows defining the mass of the third body as being characterized only by 
grains of debris. Moreover, there is a constant recirculation of debris 
grains, meaning that the amount of particles detached from the work
piece is equal to the particles ejected and the debris flow mass is almost 
constant. This equilibrium is also guaranteed by the tail formed behind 
each diamond giving the right support (Fig. 2). For these reasons, the 
wear of the matrix does not depend on the metallic grains themselves 
but is only due to the slurry. 

The tribological circuit is an essential aid in understanding wear by 
bridging the gap between experimental observations and numerical 
modelling. The advantage of running numerical simulation is the pos
sibility of understanding mechanisms that cannot be observed experi
mentally and of predicting the wear behaviour (under certain well- 
defined conditions) without undergoing experimental tests, thereby 
reducing development costs. However, this latter objective can be ach
ieved only after the model has been validated with known experimental 
results. A numerical wear model to predict wear at the scale of the in
dustrial application has been developed by the same authors as in the 
present work in [29]. This model considers the wear of the matrix sur
face during a drilling operation; it takes into account the characteristics 
of the slurry both in terms of flow and rheology and at a more local level 
by considering the size and shape of the debris with particular regard to 
asperities. These aspects are then implemented in a wear law that takes 
the form of Archard’s law. This model is therefore well suited to predict 
wear on a macroscopic scale representing the wear around one single 
diamond as already defined looking at Fig. 2. However, it is not able to 
describe the more local phenomena that are not even experimentally 
accessible at the scale of the industrial process (i.e., the grains detach
ment and ejection from the matrix caused by the continuous circulation 
of debris rock). For this reason, the following model is intended as a 
complementary study to the experimental campaign [24,25] and the 
model presented in [29]. The purpose is to offer a numerical tool dealing 
with the phenomenological understanding of the abrasive wear process 
referring to the scale of the contact between the abrasive grains and the 
surface being worn. At this scale, continuous models do not seem to be 
very suitable. Meanwhile, great progress has been made in recent de
cades in the area of Discrete Element Modelling (DEM) developed by 
Cundall and Strack in 1979 in the field of geomaterials [30] and then 
extended to a wide scientific domain going from granular mechanics to 
civil and mechanical engineering. In particular, in the tribology com
munity, this approach was used by Iordanoff and co-workers [31] to 
analyze the effect of cohesion on third body particles both in two and 
three-dimension. Then, Fillot and co-workers implemented the degra
dation of the first body into the discrete element establishing an early 
phenomenological wear model [27]. This model provides a sound basis 
for understanding wear. However, to better represent physics, it is 
necessary to go further than just representing materials as a collection of 
rigid spheres, accounting for aspects such as the abrasiveness of hard 
particles and the microstructure of the degradable first bodies. Mollon 
[32] introduced a 3D model based on the Voronoi tessellation in the 
DEM framework to account for the roughness and degradation of a 
surface subjected to frictional contact. For the model to be used for 
damage and wear studies, it is necessary to implement more realistic 
contact laws. The current trend consists of coupling discrete methods 
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with finite elements to describe mainly the dynamics of the third body 
while the first bodies are modelled as continua by finite elements. One of 
the main limitations of FEM is that the stress and strain fields repre
sentations are strictly related to the triangles of the mesh (or tetrahe
drons in 3D) presenting some mesh-related distortion issues. On the 
other hand, meshfree methods are a valid alternative offering a more 
realistic and accurate representation, guaranteeing continuous stress 
and strain fields independently on the mesh [33]. In this framework, the 
meshless multibody method is a hybrid technique between FEM and 
DEM. It can account for a large number of particles, both rigid and 
deformable, and of any shape and size distribution, overcoming the 
main difficulties of the finite element approach. The multibody tech
nique was implemented by Mollon [34,35] in the MELODY_2D code 

(Multibody ELement-free Open code for DYnamic simulation) and 
applied in several tribological situations [36–38]. 

In the present study, through the MELODY_2D code, wear is defined 
as a function of stress cycles induced by the continuous passage of rock 
debris and intergranular loss of cohesion of the matrix. The discrete 
approach allows representing the matrix microstructure as a degradable 
and deformable polycrystalline material in which grains are held 
together by cohesion, and the slurry as a collection of hard grains with 
controlled shapes and sizes. The originality of this work lies in taking 
into account the many different aspects involved in the wear process 
entirely in their complexity. This type of modelling clearly requires 
considerable numerical effort. Starting from the case study already 
described, we will first detail the modelling choices (Section 2), 
continuing with an analysis of the results in Section 3. Some conclusions 
and perspectives are then outlined in Section 4. 

2. Numerical framework 

2.1. Numerical modeling of wear 

To understand and describe wear mechanisms that are not accessible 
at the scale of experiments, this model looks at a representative element 
of the matrix microstructure in contact with the debris flow, as illus
trated in Fig. 5a. Notably, the matrix microstructure is designed by 
sintering cobalt powders with micro-diamonds (Fig. 2). This cobalt 
powder is generally controlled in grain size and porosity since these two 

Fig. 1. Definition of diamond tools: a. Core drill and circular saw blades; b. cutting segments; c. Cutting and wear process.  

Fig. 2. Segment surface observed by the optical microscope after a drilling 
operation. Insert: zoom on one diamond and the wear around it with the 
indication of the debris flow direction in yellow (kindly granted by USPF11). 

Fig. 3. a. SEM image of a cobalt grain; b. SEM image of a debris grain with a gain of cobalt stuck to it [25].  
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properties affect the mechanical behaviour of the material [39,40]. To 
account for its polycrystalline nature, the matrix microstructure is 
numerically described as a collection of deformable grains (see Section 
2.2) prolonged by a deformable non-degradable base of the same ma
terial on the top (Fig. 5b-d). The matrix dimensions must be appropri
ately chosen to avoid any perturbations at the boundary and guarantee 
continuity between the degradable and the non-degradable part since 
there is no intended mechanical discontinuity between them. It is 
straightforward that the larger the degradable thickness, the larger the 
number of grains modelled and the costlier the simulation is. Therefore, 
the continuum substrate is necessary to limit the simulation cost by 
reducing the thickness of the degradable part, while avoiding the effect 
of a rigid boundary on the stress fields. Based on this required continuity 
between the two parts, the height of the degradable and non-degradable 
matrix are respectively chosen as hm = 20µm and hb = 30µm. The matrix 
microstructure is also in contact with rock debris grains which define the 
third body of the system; they are modelled as rigid grains with irregular 
shapes (see Section 2.2) and occupy an initial thickness (before 
compaction) hdebris = 50µm; and are in turn in contact with the work
piece, modeled as a rigid continuum body of the same material as the 
debris flow. In this way, wear is defined as the matrix grains detachment 
and ejection from the system, caused by the continuous passage of rock 
debris, as explained in the Introduction. 

The length of the domain Lxis set one order of magnitude larger than 
the thickness of the degradable matrix hm (Lx = 200µm) to ensure the 
respect of periodic boundary conditions on the lateral sides of the system 
(necessary to the modeling of the continuous debris flow recirculation) 
and avoid boundary effects while optimizing the computation time. The 
boundary conditions must be correctly chosen to represent any portion 
of the matrix in contact with the debris flow without taking into account 
the presence of diamonds. The upper side of the continuum micro
structure is fixed, while the workpiece is subjected to normal pressure 
and a sliding velocity (Fig. 5b.), like in a cutting operation. The normal 
pressure is taken equal to the average one applied by the machine to 
each segment. In practice, this pressure is almost entirely taken up by the 
diamonds to indent the rock; however, for the sake of simplicity, it is 
assumed here that it is equally distributed over the segment. Future 
studies could consider the hydrodynamic pressure exerted by the debris 
particles calculated through the Reynolds equation [41] at a macroscale 
[29]. The sliding velocity is taken one order of magnitude higher than 
the one generally used in the cutting operation. As will be explained in 
Section 3.1, this choice is necessary to accelerate the simulation and 
does not impact the debris flow regime, which remains in the range of 
dense granular flows [42]. Fig. 5 also shows in detail the main 
sub-domains that characterize the system. As will be better illustrated 
below, the continuum metallic base as well as the metal matrix grains 
are handled as deformable bodies and thus require additional field nodes 

for their representation (Fig. 5c–d). 
It is worth noting that, by definition, in a meshfree model, the dis

cretization is only required to define the density of field nodes and its 
possible gradient but does not include any strict connectivity relation 
between them, as described in [35]. The smaller typical nodal distance is 
set to dnodes = 0.1µm. Debris grains are rigid bodies so only boundary 
nodes are needed for their definition. 

2.2. Materials characterization and grains generation 

Both matrix and debris grains, whose main features are listed in  
Table 1, are generated numerically and packed by targeting their shape 
and size using the code PACKING2D [43]. 

Concerning the matrix microstructure, the powder microstructure 
used in this study was designed by USPF (Fig. 6a.). The grains follow a 
lognormal distribution that is approached by generated packing of 
grains (Fig. 6b.). The main procedure starts with the domain definition 
and its discretization into sub-domains using the Voronoi Tesselation as 
illustrated at the top of Fig. 6c., where each subdomain is occupied by a 
grain: the size and orientation of grains can be statistically controlled by 
imposing the size distribution and orientation of corresponding cells. 
Then, the matrix microstructure is cleaned from acute angles and small 
edges that may cause instability problems in the contact resolution 
during the simulation. This procedure allows to add some roughness on 
the contacting surface with the debris flow (y = 0 in Fig. 6c. bottom). 
This also leads to an “artificial porosity” (visible in Fig. 6d.) that is 
purely numerical and remains very limited. Apart from that, the model 
can approximately reproduce the real size distribution of the 
microstructure. 

Roughness generated numerically may evolve during working con
ditions. To relate roughness to wear, it is important to define the main 
roughness parameters, which are the moments of the profile amplitude 
density function [44]. The moment of first and second order are the 
mean and the standard deviation respectively (Ra and Rq), while the 
skewness (third order moment, Rsk) and the kurtosis (fourth order 
moment, Rku) are related to the spatial distribution of the roughness, 
their meaning is illustrated in Fig. 7 applyied to the particular case 
study. The initial values of the four moments are listed in Table 2. 

Concerning the slurry, debris grains are generated by the cutting of 
concrete and are generally sub-angular to angular (Fig. 8a.), with 90 % 
of the population between 1 µm and 100 µm. The size distribution is 
bimodal with modes of 20 µm and 2 µm, respectively, with a median 
value of 10 µm (Fig. 8b.). After domain generation and the definition of 
the Voronoi tessellation, the shape of grains is randomly generated by 
providing some angularities and facetting to simulate the realistic debris 
shape (Fig. 8c.). The shape is controlled by the definition of Fourier 
Descriptors; each of them indicates a shape characteristic, as docu
mented in [43]. Fig. 8b. plots the real and simulated grain size distri
bution. Since the model is not able to cover the real wide size 
distribution, the packing is generated by imposing the same median 

Fig. 4. a. The schematization of the tribological triplet with the definition of the first bodies and the third body; b. the schematization of the tribological circuit: Qs: 
source flow; Qe: ejection flow; Qr: recirculation flow; Qw; : third-body mass 
(from[27]). 

1 Umicore Specialty Powder France 
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value as the one measured experimentally. 
It should be noted that the definition of wear at the macroscopic scale 

required the rheological characterization of the debris flow; therefore, a 
rheological characterization of debris grains mixed with water was 
performed and is described in [29]. For what concerns this study, only 
the grain size and the shape of debris grains are considered, and 
rheology spontaneously emerges from their collective behavior. 

2.3. Contact laws 

In this model, the following contact laws are used:  

(a) Mohr-Coulomb: for the contact between debris grains and grains 
of the degradable microstructure, for the debris grains-workpiece 
contact, and the contact between debris grains themselves. The 
coefficient of friction is set to µ = 0.3 which is consistent with 
values defined in literature for grains-grains contact [45]. Further 
improvements to the model can also consider the effect of the 
intergranular friction coefficient on the damage and wear.  

(b) Triangular Cohesive zone model (CZM) with fatigue to ensure the 
continuity between the degradable and the continuous matrix 
microstructure, but especially to describe the degradation of the 
metal matrix (caused, in turn, by the continuous passage of rock 
debris). 

The cohesive zone model was initially proposed by Hillerborg and 
co-workers [46] based on the model proposed by Barenblatt [47] to 
define fracture in brittle material as a gradual phenomenon. This 
approach is now generally used to model the fracture of polycrystalline 
materials. In particular, Dugdale [48] applied a similar model to 
investigate the yielding and sizing of a crack tip on the plastic zone, 
while Zhou & Molinari applied the cohesive crack opening process to 
study the brittle failure in ceramic materials by FEM, introducing a 
rate-dependent cohesive law [49]. Different studies were performed on 
fatigue crack growth using a CZM approach. Most of them aimed to 
analyze the mechanical resistance of materials and the intergranular 
fracture in the fracture mechanics framework. Only a few such works 
address tribological situations. Champagne and co-workers [50] per
formed the implementation of the CZM on the investigation of friction 
and wear of a biphasic material. Sadeghi and co-workers focused on 
rolling contact fatigue dealing with microstructural cracks that develop 
at the scale of contacting surfaces [51]. 

For what concerns this work, the fatigue CZM is used to model the 
grain detachment: grains of the microstructure are held together by an 
inter-granular cohesion which is progressively reduced by the pressure 
and velocity exerted by the debris flow. This loss of cohesion opens a gap 
between grains, both in the normal and tangential direction, as illus
trated in Fig. 9a. for two grains taken from the matrix defined in Fig. 6c. 
The crack interface separation in the tensile direction δn (mode I) and in 

Fig. 5. Definition of the numerical model: a. Wear of the matrix around one diamond observed by optical microscopy (kindly granted by USPF); b. Sketch of the 
numerical model with (from top to bottom) a deformable metallic substrate, a deformable and degradable microstructure, a discretized granular rigid third body, and 
a rigid workpiece; c. zoom on the contact with the continuum and degradable metallic surface; d. zoom on grains microstructure and definition of the integration 
points; e. zoom on the rigid debris grains. 

Table 1 
Experimental parameters for matrix and debris during a drilling operation [24].  

Debris and Matrix Parameters 

Matrix grain size (before sintering)  2 µm 
Matrix grain size (after sintering)  2.3 µm 
Porosity of microstructure  18 % 
Vickers Hardness  299 HV10 
Average rock debris diameter  20 µm  
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the tangential direction δt (Mode II) are calculated from the relative 
displacement of its field nodes once the interface between grains begins 
to open (Mode I) or slide (Mode II) (Fig. 9a.), using the contact detection 
algorithm explained in [35]. In this way, the intergranular contact stress 
can be described by the CZM constitutive law that is illustrated in 

Fig. 9b. (the subscripts n and t are omitted because the constitutive law is 
assumed to be the same in the normal and tangential directions). 
Different functional forms of the cohesive law are proposed in the 
literature (e.g., triangular, exponential, or trapezoidal), but for the sake 
of simplicity, a simple triangular law is used in this work. It is charac
terized by an initial elastic regime defined by the initial contact stiffness 
k0 that defines a linear increase of the contact pressure p with the 
detection distance δup to the reaching of the limit value plim. Once this 
threshold is reached, the stress p decreases while the intergranular 
detection distance δ continues to increase until a residual value δres is 
achieved. Ignoring for a moment the fatigue, the Fig. 9b. then describes 

Fig. 6. Definition of the matrix microstructure: a. cobalt matrix microstructure observed by SEM (black zones are the porosity of the microstructure) [24] b. 
comparison between the experimental and numerical grain size distribution; c. metal matrix microstructure generated in Packing2D before and after the cleaning up 
of acute angles (on the top and bottom respectively); d. zoom on the generated matrix microstructure. 

Fig. 7. Illustration of a. skewness Rsk and b. kurtosis Rku together with the respective distribution functions (the blue areas stay for the matrix microstructure) 
[44], modified. 

Table 2 
Initial roughness parameters of the degradable microstructure.  

Ra (µm) Rq (µm) Rsk (-) Rku (-) 

0.5331  0.6048  0.5804  2.0864  
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completely this monotonic degradation: in the elastic range the inter
granular detection distance is still too small (δ < δlim), but once the 
threshold is reached (δ > δlim) the intergranular fracture becomes 

increasingly important (δ = δmax, i.e., the maximum gap even reached) 
leading to grain detachment. Typically, this phenomenon is described in 
terms of contact resistance and contact stiffness degradation (ki < k0 

Fig. 8. Definition of rock debris: a. observed by SEM [24] b. comparison between the experimental and numerical grain size distribution; c. rock debris generated 
in Packing2D. 

Fig. 9. a. Cohesive contact between two grains (δn :normal gap;δt :tangential gap) b. Monotonous CZM law; c. Fatigue CZM with degradation starting in the elastic 
domain (plim is never reached); d. CZM accounts for monotonous(①,③ and ⑤) and fatigue degradation (② and ④). 
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and pmax < plim, respectively in Fig. 9b.) controlled in turn by the damage 
parameter D, i.e. an internal variable ranging from 0 (intact bond) to 1 
(broken bond). The CZM is then initialized at the beginning of the 
simulation; the damage parameter D is stored at each node of each grain 
border and updated at each time step. Then, for a monotonous degra
dation, the damage parameter starts to increase when δ = δmax > δlim as: 

Di =
δmax − δlim

δres − δlim
(1) 

Damage may also occur by fatigue if the degradation (i.e., stiffness 
and strength reduction at grains boundary) is related to contact stress 
cycles occurring even in the elastic part of the triangular law, as illus
trated in Fig. 9c. Fatigue degradation is necessary to describe wear as a 
slow phenomenon caused by the continuous passage of rock debris. This 
progressive failure is controlled by the fatigue damage parameter 
dDf defining the rate of damage increase with the increment of the 
contact stress at a given contact node: 

dDf =
Di − Di− 1

pi − pi− 1
=

dD
dp

(2)  

where i is a given time step of the simulation. dDf is imposed as a con
stant parameter during the simulation. It means that the smaller is the 
fatigue damage parameter dDf , the smaller is the increment of the 
damage after a certain number of stress cycles. In this way, fatigue 
damage is defined as a function of the current contact stress and the 
fatigue damage parameter: 

Di = Di− 1 +
pi − pf

pmax − pf
• dDf • (pi − pi− 1) (3) 

It means that the damage increment Di − Di− 1is proportional to the 
contact stress increment (pi − pi− 1) multiplied by the fatigue damage rate 
dDf . The increment of damage is more significant if the load is high than 
if it is low. 

In both cases (monotonous and fatigue damage), if the bond is 
already broken (i.e. Di = 1), the cohesion is set to the residual value, 
assumed equal to zero in this study. Finally, coupling cohesive law with 
fatigue, failure may happen both in monotonous and fatigue-related 
ways. The complexity of this law does not allow the two responses 
(monotonic and cyclic) to be decoupled, since they could then occur 
without one prevailing over the other if degradation takes place in the 
plastic field, as schematized in Fig. 9d. where monotonous damage 
①,③, and ⑤ alternates with the fatigue ② and ④. 

The choice of CZM parameters is not straightforward. Several at
tempts have been made to calibrate them [52–54]; however, there is no 
standard procedure. A sensitivity analysis will be performed in next 
Section 3. 

2.4. Scaling of the computational time 

Defining the grains of the metal matrix as deformable allows for 
greater accuracy in the results compared to considering them rigid as 
well as the definition of continuous strain and stress fields. Yet, this 
aspect, together with the definition of the CZM + fatigue contact law, 
yields a very complex model with a relatively large computation time 
ranging from about a dozen days to a few months depending on the 
contact parameters chosen. For instance, considering the minimal nodal 
distance dnodes = 0.1µm, the Young modulus of the metal surface Em =

210GPa and the volumetric mass ρm = 8600kg/m3, the critical time step 
is: 

Δt =
dnodes
̅̅̅̅̅̅
Em

ρm

√ ≈ 10− 11s
(4) 

While the ratio 
̅̅̅̅̅̅̅̅̅̅̅̅̅
Em/ρm

√
is maximum compression wave celerity vw. 

It is possible to speed up the simulation by playing on certain pa

rameters, being careful not to alter the physics of the problem. For 
instance, reducing Young’s modulus by a factor of 100 increases the 
critical time step Δt by a factor of 10, i.e. the simulation is accelerated by 
a factor of 10. Furthermore, as mentioned in Section 2.1, the cutting 
speedvt is also taken in an order of magnitude larger than that generally 
used to cut stone by drilling. This choice is reasonable as long as certain 
scalar parameters are preserved: the ratio between the cutting speed and 
the wave propagation vt/vw should remain small enough to avoid 
unphysical dynamic couplings, while the inertia number I in the gran
ular debris should be controlled so as not to change the granular flow 
regime. This last parameter is defined as: 

I =
γ̇dd
̅̅̅̅̅p
ρd

√
(5)  

Where γ̇ is the shear rate of debris flow, dd is the average debris grain size 
and ρd is the volumetric mass of debris grains. The main real and nu
merical quantities are defined in Table 3. As we can observe, the ratio vt/

vw is still smaller than the unit, while the inertia number I is still in the 
range of the dense flow regime [42]. 

3. Results 

The complexity of such a model is in the definition of the CZM pa
rameters as well as the lack of experimental observations at the local 
scale. Therefore, by using the qualitative information of Section 2 and 
the macroscopic predictive model [29], the aim is to describe the 
abrasive wear phenomenon by quantifying the detachment and ejection 
of matrix grains. 

3.1. Damage and wear analysis 

The wear analysis is performed following the damage process of each 
metal grain and assuming that they are quickly removed from the system 
to fulfil what is discussed in the Introduction, namely that wear is mainly 
caused by rock debris, while the worn metal grains are immediately 
evacuated from the system with recirculating water. This experimental 
evidence is reproduced in the numerical simulation by imposing a 
deactivation condition on the displacement lde for detached grains. 
Grains are “ejected” (i.e. instantly removed from the simulation) when 
they reach a displacement equal to their equivalent half-size dm/2, dis
appearing from the simulation environment: 

lde =
dm

2
(6) 

Considering the average grain size dm = 2.3µm (Table 1), then lde =

1.15µm. 
Along these lines, the position of the damage front in the matrix 

(“damage level hd”) is measured in terms of the average matrix depth 
and ignoring grains that reached the maximum damage level D = 1 
monotonously (Eq. (1)) or by fatigue (Eq. (3)). This average level is 
labelled as hd(t) and is illustrated in Fig. 10. Similarly, the current matrix 
surface (“wear level hw˝) is measured in Fig. 10 as the average matrix 
depth including damaged grains that are still in the system. In other 
words, the wear level is the average level of the contacting surface.Both 
the damage and wear levels are measured from the onset of the contact 
(hm = 0µm). It is straightforward that, at the early stage of the contact 

Table 3 
Real and numerical parameters for the definition of the scaling quantities.   

pn 
[MPa] 

vt 

[m/ 
s] 

Em 

[MPa] 
ρm [kg/ 
m3] 

ρd [kg/ 
m3] 

vt/vw 

[-] 
I [-] 

Real  3.4  5 211,000  8900  2700 ≈ 10− 3  0.056 
Num.  3.4  50 2110  8900  27 ≈ 10− 1  0.025  
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(t = t1), no grain has broken its bonds yet, therefore hd(t1) = hw(t1), as 
illustrated in Fig. 10a. 

How the degree of damage and wear varies over time depends on the 
shape of the cohesive contact law and its rate of degradation. Following 
this procedure, Fig. 11 shows the time evolution of damage and wear for 
a particular case study, the parameters of which are listed in Table 4 for 
the CZM contact law. Concerning the Mohr-Coulomb law, the friction 
coefficient is µ = 0.3 as mentioned in Section 4.2, while the initial 
stiffness k0 = 106MPa/µm, i.e., the same value is used for the Mohr- 
Coulomb and the CZM contact law. 

Notice that the stiffness parameterk0 (in both the Mohr-Coulomb and 
the CZM contact laws) has to be large enough to avoid artificial over
lapping between grains, in order for the elastic deformation to be mostly 
accommodated by the deformation of the grains themselves. We must 
however keep in mind that if contact laws are too stiff, it will increase 
the computation time of the simulation. For these reasons, in the 
following, the value k0 = 106MPa/µm is chosen as a reasonable 
compromise. 

The first stage ① in Fig. 11 consists of the initialization of damage 
(run-in in Fig. 11b.) that accumulates in the contact zone. During this 
phase, the wear rate is negligible. Then, in stage ② grains are continu
ously detached and ejected from the system (steady-state of wear rate in 
Fig. 11b.). Here the damage and wear levels vary in a quasi-linear way, 
defining constant damage and wear rate. Finally, in ③, damage propa
gates toward the inner matrix microstructure, coming closer to the non- 
degradable part and reaching a plateau. Since the non-degradable part 
does not exist in reality, this last phase has no physical meaning. The 
damage and wear curves are approximately parallel, meaning that the 
grains are damaged and then ejected at almost the same rate. 

Locally, the stress concentrates on the surface in contact with the 
rock grain asperity, thus validating the macroscopic study [29], namely 
that the abrasive power depends on the asperity of the debris particles. 
The localization of stress is illustrated in Fig. 12 in terms of Von Mises 
and tangential Cauchy stress. 

3.2. On the effect of the ultimate strength 

The results shown in the previous section correspond to a defined 
selection of the CZM parameters. However, the definition of the shape 
and degradation of the CZM law is not straightforward. In this Section, a 
first study is performed to evaluate the influence of the ultimate strength 
plim on the damage and wear response. The Mohr-Coulomb parameters 

are the same as defined in Section 3.2, while the CZM parameters are 
listed in Table 5. The ultimate strength plim is successively set to 50, 100, 
200, 400 and 800 MPa as shown in Fig. 13a.: the lower the threshold 
plim, the smaller the elastic range of the law, enhancing the plastic 
breakdown. The ultimate strength, therefore, changes the form of the 
triangular contact law and is a measure of the material resistance of the 
metal, since the higher the material resistance, the higher the ultimate 
strength plim is expected to be. Complementary further studies could 
therefore be useful in quantifying this relationship. 

The temporal evolution of damage and wear levels are plotted in 
Fig. 13b. for the different values of plim following the procedure 
described in Section 3.2. Whatever the value of plim, there is always an 
offset between the damage and wear level. This delay in the wear 
response is more evident for plim ≥ 400MPa. Moreover, the steady state 
of damage and wear rate are always preceded by a run-in and followed 
by a plateau at contact with the non-degradable matrix. Nevertheless, by 
increasing the ultimate strength plim, not only is there a reduction in the 
rate of damage and wear (reduction of the slope of the curve corre
sponding to the steady-state) but also a change in the profile that be
comes less and less linear. This occurrence can be explained by 
observing the propagation of damage, which in turn may be related to 
the surface topography of the degradable matrix. 

For low values of ultimate strength plim, the degradation is very quick 
with a well-defined vertical gradient from the surface (where D = 1 for 
almost all the grains) towards the inner sub-surface, as illustrated in  
Fig. 14a. for plim = 100MPa and for the different wear levels corre
sponding to the values P′

w,i given in Fig. 13b. On the other hand, for high 
values of plim (800 MPa in Fig. 14b.) the damage does not follow a well- 
defined path but clusters of damaged grains are evident throughout the 
degradable part as illustrated in Fig. 14b. for the values P′ ′

w,i in Fig. 13b. 
This phenomenon leads to a characteristic topography of the contact 

surface and can be explained by looking at the temporal evolution of the 
roughness of the matrix surface. The arithmetic and mean deviation of 
the roughness profile follow the rate of damage and wear whatever the 
value of plim is (Fig. 15a.-b.): the onset of damage defines a favourable 
condition for the grains detachment and wear, thereby increasing the 
roughness of the profile. These results are consistent with what can be 
found in the literature on the subject [55–57]. In the end, it is rather 
obvious that, when the degradable surface is almost completely worn, 
the roughness is greatly reduced. This is purely related to the presence of 
the non-degradable surface which is perfectly flat. 

Some fluctuations of the roughness profile are observed in Fig. 15a., 

Fig. 10. Schematization of the measure of the damage and 
wear level (hd and hw) computed from the contacting sur
face at a. t = t1 initial stage of the contact; b. t = ti: after a 
certain number of passages of the debris flow. Grains start 
to lose cohesion reaching the maximum damage possible 
(grains in red, D = 1) and detaching from the microstruc
ture. This phenomenon leads to a variation of the average 
contact surface and, therefore the wear level hw (in yellow, 
l ≥ lde = 1.15µm) and damage level hd (in blue, D = 1), 
with respect to the initial profile. Grains in white have been 
already ejected while the initial profile is plotted in a black 
dot line.   
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they can be related to the smoothing of the surface caused by the debris 
passage (damage grains are equally distributed along the contact surface 
and can be easily removed and ejected as illustrated in Fig. 14a.). On the 
other hand, the increase and subsequent reduction in roughness on the 
profile in Fig. 15b. (plim = 800MPa) deserves a few more observations: 
the average and quadratic roughnesses follow the evolution of the wear 
(and damage) with time. This phenomenon is important to further 
investigate the damage propagation observed in Fig. 14b. The presence 
of "clusters" of damaged grains leads to a propagation of damage to
wards the interior of the microstructure and is thus hindered by the 
presence of the non-degradable matrix. This phenomenon thus explains 
the characteristic bilinear steady-state of wear rate, which could then be 
divided into a stationary state and a perturbed steady-state (i.e., per
turbed by the non-degradable matrix). 

Moreover, to better understand the effect of the spatial distribution 
of damage on the topography of the degradable surface, it is necessary to 
analyze the temporal evolution of the moments of third and fourth- 
order. As introduced for the moments of first and second order, the 
skewness and the kurtosis evolutions are characterized by fluctuations 
when plim = 100MPa. The variation of skewness between positive and 

negative values indicates the absence and subsequent generation of 
sharp valleys on the profile where pressure can concentrate (see Fig. 12), 
thereby increasing the damage level and leading to the grain detach
ment, which in turn is responsible for the flattening of the surface (the 
increase of skewness). For the same reasons, the kurtosis firstly increases 
and then decreases to values lower than 3, defining the flattening of the 
profile roughness. For plim = 800MPa, the skewness is initially positive 
during the wear run-in and the beginning of the steady-state of wear 
rate, then it reduces to values slightly lower than zero, meaning that the 
profile is approximately symmetrical in terms of the height of peaks and 
valleys but with a slight majority of valleys. The persistence of negative 
values of skewness may be related to the slow wear process defined by 
the high ultimate strength which causes the valleys to be smoothed 
slowly and after several passages of the debris flow. The kurtosis starts to 
values lower than 3, indicating that the surface remains almost flat 
during the run-in and the initial steady state of wear, and then, when 
damage reaches the non-degradable part (perturbed steady-state), the 
kurtosis increases slightly remaining still close to or lower than 3. 

The differences in the behavior described above may also be related 
to the way the matrix degrades, i.e. whether de-cohesion is predomi

Fig. 11. a. Temporal evolution of the damage and wear level with the sub-division in three characteristic phases: ① Run-in; ② Steady-state of wear (and damage) 
rate; ③ End of grain detachment; b. snapshots of the three phases. 

Table 4 
CZM fatigue parameters.  

k0 (MPa/µm) plim (MPa) δres (µm) pres (MPa) dDf (MPa− 1) 

106  800  0.002  0  0.05  

Fig. 12. Localization of the contact stress at the matrix-debris interface in terms of a. Von Mises b. Cauchy shear stress.  

Table 5 
CZM fatigue parameters.  

k0 (MPa/µm) plim (MPa) δres (µm) pres (MPa) dDf (MPa− 1) 

106 [50, 100, 200, 400, 800]  0.002  0  0.001  
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nantly monotonic or fatigue (Fig. 9). Although it is not possible to 
rigorously quantify the shares of the static process from the cyclic one in 
the implemented CZM law, fatigue degradation seems to be mainly 
involved at high ultimate stresses, when the grains are not detached 
immediately but after several passes of debris particles. For small values 
of plim, the wear is very fast: grains are damaged and detached quickly 

from the matrix but remain in the system for a while before being 
ejected, thus defining wear no more caused by the debris flow but by the 
matrix grains themselves. Therefore, the wear associated with the small 
value of ultimate strength is likely not representative of reality. 

Fig. 13. a. Effect of the ultimate strength plimon the bilinear CZM laws b. Temporal evolution of damage (dotted lines) and wear (continuous lines) for different 
values of plim. 

Fig. 14. Snapshots of the matrix degradation a. plim = 100MPa; b. plim = 800MPa (in both cases dDf = 10− 3MPa− 1).  
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3.3. On the effect of the fatigue damage parameter 

The rapidity of damage and wear processes can be numerically 
controlled by the fatigue damage parameter dDf . Physically, this 
parameter is an indicator of the fact that the metal matrix does not 
degrade immediately on direct contact with the debris, but there is a 
relative motion between the tool and the debris flow that causes 
degradation to occur by successive passages of the debris itself. 

In this analysis, the parameters in Table 4 and Table 5 are used for 
the Mohr-Coulomb and the CZM fatigue laws, respectively; except for 
the dDf that is successively set to 0.1,0.5, 0.01, 0.001 and 0.0001 MPa− 1: 
the higher the fatigue parameter, the fewer stress cycles are required for 
fatigue-related degradation, thus favouring damage and grain detach
ment (Fig. 9c-d). The temporal evolutions of damage and wear for 
different values of dDf are plotted in Fig. 16. Notice that the curves for 
dDf = 10− 3MPa− 1 are the same as in Fig. 13b for plim = 800MPa. 

The curves in Fig. 16 follow the same behavior observed in Fig. 13b: 
the reduction on dDf is comparable to the increase of plim. In other 
words, as dDf increases, the variations of hd and hw with time become 
less and less linear with a real transition of behavior for dDf =

10− 3MPa− 1. As already explained in Section 3.2, these differences can 
be related to the damage propagation within the matrix microstructure 
(Fig. 17) and the roughness of the contact surface (Fig. 18). More spe
cifically, the propagation of damage for dDf = 0.1MPa− 1 is quite linear 
from the contacting surface to the continuum matrix, it is comparable to 
what is observed in Fig. 14a. for dDf = 10− 3MPa− 1 and plim = 100MPa. 

The temporal evolution of the roughness profile for dDf = 0.1MPa− 1 

is plotted in Fig. 18 in terms of average and standard deviation rough
ness (Fig. 18a.) and skewness and kurtosis (Fig. 18b.) and together with 
the damage and wear time variations. It is worth noting that the 
behavior is broadly comparable to that observed in Fig. 15a. and 
therefore the same observations made in Section 3.2 apply. 

4. Discussion 

Although ultimate strength and fatigue parameters are two distinct 
physical parameters, they lead to a very similar degradation process: 
reducing the ultimate strength or increasing the fatigue parameter re
sults in a faster wear process, which is also evident in terms of damage 
propagation and contact surface roughness. In particular, large fatigue 
damage parameter dDf may lead to the formation of the third body of 
metal particles that can abrade the metallic surface. This would define a 
wear process different from the one observed since the experimental 
wear is actually caused by debris grains and not by the metallic grains 
themselves. 

By increasing the ultimate strength and decreasing the fatigue 
parameter, the degradation of the surface becomes slower and slower 
with the generation of damaged grains clusters leading to a character
istic surface roughness. This phenomenon could occur because fatigue 

Fig. 15. Definition of the roughness parameters; On the top: Arithmetic Raand standard deviation Rq for: a. plim = 100MPa; b. plim = 800MPa. On the bottom: 
Skweness Rsk and Kurtosis Rku for: c. plim = 100MPa; d. plim = 800MPa. 

Fig. 16. Temporal evolution of damage (dotted lines) and wear (continuous 
lines) for different values of dDf . 
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damage prevails over monotonic damage. 
Fig. 19 shows the wear rate as a function of the ultimate strength and 

fatigue damage parameter. As already mentioned, by increasing the 
ultimate strength or decreasing the fatigue parameter, the steady-state 
becomes more and more disrupted by the presence of the non- 
degradable matrix, thus explaining the relative considerable difference 
in the assessment of the average wear rate dhw. 

Power law fits provided in Fig. 19 seem acceptable. In particular, the 
wear rate is inversely proportional to the ultimate strength plim (expo
nent χ2 ≅ − 1in Fig. 19a.) and is also almost proportional to the square 
root of the fatigue damage parameter dDf (exponent χ4 ≅ 0.5in 
Fig. 19b.) except for small values of dDf where a power law is not able to 

fit the numerical results. Nevertheless, as will be explained later, low dDf 

values seem to be more representative of the physical phenomenon than 
the larger ones. 

The wear rate obtained in this study is several orders of magnitude 
higher than that obtained experimentally in the proximity of the dia
mond (~0.1 µm/s, [24,29]). This discrepancy is explained by the nu
merical need to accelerate time in the simulations (see Section 3.1), 
which therefore do not reflect the real-time scale. It is worth reminding 
that the aim here is not to predict wear numerically but to better un
derstand the phenomenon. In particular, it has been seen how the shape 
and degradation of the CZM law (i.e. the choice of parameters) influence 
the evolution of surface roughness, the damage gradient, and thus the 

Fig. 17. Snapshots of the matrix degradation a. dDf = 0.1MPa− 1; b. dDf = 0.001MPa− 1 (in both cases plim = 800MPa).  

Fig. 18. Definition of the roughness parameters for dDf = 0.1MPa− 1: a. average (Ra) and standard deviation (Rq)for: b. Skweness (Rsk) and Kurtosis Rku.  
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wear itself. High fatigue parameter values (or low ultimate strength 
values) overestimate the wear process because the damage is so rapid 
that the detached grains remain in the system before they are ejected, 
becoming abrasives for the matrix itself (Fig. 20). 

This phenomenon is clearly far from what is observed experimen
tally. Therefore, a good representation should consider a small fatigue 
parameter (not larger than 0.001 MPa− 1) and a realistically large value 
of ultimate strength (not smaller than 400 MPa). 

Fig. 19. Wear rate as a function of a. the ultimate strength plim when dDf = 0.001MPa− 1 (χ1 = 93.57; χ2 = − 1.066) b. the fatigue parameter dDf = 0.001MPa− 1 

when plim = 800MPa (χ3 = 2.099;χ4 = 0.4363; R2 = 0.9099). 

Fig. 20. Snapshots of matrix wear in terms of Von Mises stress (right) and damage parameter D (left) if a. plim = 100MPa and dDf = 0.001MPa− 1; b. plim = 800MPa 
and dDf = 0.1MPa− 1. 
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5. Conclusions 

The proposed model offers a suitable tool for understanding abrasive 
wear phenomena that cannot be observed experimentally or at a macro 
scale. 

The strength and the originality of the model here proposed lies in its 
ability to control aspects such as grain shape and size, as well as the 
implementation of a complex constitutive law, namely the CZM with 
fatigue. In this sense, the proposed model succeeds in complementing 
what has already been analysed experimentally and numerically using a 
large-scale model by offering useful suggestions for its interpretation. In 
particular, the qualitative observations of the stress field in the metal 
matrix validate one of the assumptions on which the macroscopic pre
dictive model is based, namely that wear is caused by the asperities of 
the rock debris. 

Moreover, the temporal evolution of the contact surface follows that 
of damage and wear and thus offers an alternative reading key to 
abrasion. Furthermore, the roughness profiles obtained are consistent 
with what is already found in the literature, thus bringing additional 
validation to the model. 

The calibration of the CZM + fatigue parameters leads to the 
conclusion that an optimal solution is to avoid large fatigue damage 
parameters and ensure that the strength parameters are large enough to 
account for the fatigue effects also in the elastic domain, ensuring they 
are caused by the debris flow. For this purpose, it will be useful to 
consider a thicker degradable region of the matrix since the damage 
propagation is limited by the non-degradable part (introduced to reduce 
the cost of the simulation). 

To better quantify this case study, however, it is necessary to com
plement it with other numerical tests. In particular, uniaxial compres
sion tests could clarify the relationship between ultimate strength and 
material strength. 

Furthermore, considering that wear is caused by the asperities of 
rock debris, these can be regarded as indenters capable of abrading the 
metal surface after repeated passes. Thus, the ultimate strength could be 
assessed by numerically simulating the behavior of the same metal 
matrix subjected to a multiple scratch test. This type of test has in fact 
already been used to derive the constitutive law of the macroscopic 
model built by the same authors, and indeed led to a satisfactory pre
diction of the experimental wear rate. 
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