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ABSTRACT

We propose a multiscale model able to predict the wear of the metallic surface used as the
matrix in Diamond Impregnated Tools, considering the tribological interactions involved in the
process. In the first stage of the contact, debris grains detach from the concrete due to the
diamonds cutting ability and start to circulate in the contact zone where, in contact with water,
they generate a slurry that defines the third body of the system and is able to abrade the matrix.
At the scale of the interface, we treat the slurry bed as an equivalent fluid flowing with well-
defined rheological properties. At the microscale, we discretize the wear as the sum of wear
contributions due to each debris particle. This multiscale approach allows us to write a wear
equation at the scale of the interface that considers the angularity and normal local load of debris
grains and the hardness of the metallic surface. The model implements the independent
experimental characterization of the rheology of the slurry and the wear properties of the
metallic surface. The comparison of the numerical results with experiments at the scale of the
tool in terms of wear rate is very encouraging, allowing us to use that model to predict wear not
only in the context of DIT but also to adapt it to other similar tribological situations consisting

of the wear of a soft surface caused by a flow of harder particles.

Keywords: Three-body abrasion, Contact mechanics, Cutting tools, Wear modelling, Finite
element modelling
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1. Introduction

Cobalt-based alloys are widely used as binders in Diamond Impregnated Tools (DIT) to cut
brittle materials. DIT include coredrills, wire saws, circular and frame sawblades. They are all
used in various applications such as extraction, sizing and processing of natural stones, drilling
and sawing of concrete and reinforced concrete, and road repair. Whatever the type of tool, DIT
are composed of abrasive segments fixed to steel support by brazing or welding. Segments
consist of randomly oriented and randomly dispersed diamond crystals embedded in a metallic

matrix by a sintering process [1].

Diamonds constitute the cutting edges: during the cutting process, they are held by the metallic
matrix and can indent the material to cut it. The diamond-workpiece contact, generated during
diamond indentation, is responsible for the two-body contact between diamond and stone,
which can wear diamond due to high mechanical and thermal loads and the hardness of the
workpiece itself [2]. This contact generates the removal of particles from the workpiece, which
can flow within the contact zone. Abrasive mineral particles mix with the coolant (generally
water) used to carry them out from the cutting zone and form an abrasive debris flow (i.e. the
slurry) able to wear the metallic surface (three-body interaction). The wear of the matrix is
necessary to activate new diamonds in the cutting process. As matrix wears faster than
diamonds do, we are interested only in the wear of the former because this wear rate must be
controlled: the matrix has to wear at a rate compatible with the diamond pull-out [3] to attain
an optimum balance between service life and 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 wears
too fast, then the diamond capacity is not completely used; if it wears more slowly than
diamonds, then the slurry cannot be carried out properly and reduces the service life of the tool
[4]. The mechanical interaction between the segments and the rock is illustrated in Fig. 1. Wear
is the result of a complex tribological interaction involving diamond, matrix, workpiece, and
the abrasive particles from the workpiece at different scales. In the third body theory
framework, a useful tool allowing us to understand the mechanical interaction in terms of the
flow of matter is the tribological circuit. This concept was developed by Berthier [5] and is
applicable to a wide range of tribological situations. Based on this model, as both the metallic

surface and the workpiece are degradable materials, detached particles from the two surfaces



define the internal source flow Qs of the tribological circuit. Then, particles can be ejected from

the system characterizing the ejection flow Q..
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Fig. 1 Mechanical interaction at the segment-rock surface (modified from [2]);(left) and tribological circuit

(Vlght) Qs: Qs,binder+ Qs,wurkpiece y Qe: QV+ QW

Defining wear no longer as the loss of mass from one material but as the loss of mass from the
whole contact [6], the wear flow Qw is the amount of particles of Qe that definitely leave the
system, while the remaining part of Q. defines the recirculation flow Q; and is reintroduced in
the system. Considering the mass equilibrium of the system, the amount of particles M; of the

third body per unit time is defined as:

M,
dt = Qs — Qw (1
As the slurry is continuously renewed and QY°T*PI€c€ 5 gmatrix geady-state is reached

instantaneously and the amount of slurry that characterizes the third body is almost constant
(61, [7]

:vorkpiece — vv:orkpiece = Mi = const (2)
Particles detached from the metallic surface are present in a much smaller quantity than the

debris of the workpiece, such that the wear of the matrix is only due to the slurry, which

characterizes the third-body of the tribosystem, and not to the metallic grains themselves.

The particular diamond-debris-matrix interaction is responsible for the complex wear
mechanisms of the matrix surface. Experimental evidence shows that circular sawing and core
drill behave in the same way in terms of wear patterns, even though the cutting process and the

kinematics of the chip formation are different [4], [8]—-[11]. In both cases, the diamond remains



in a quasi-continuous contact with the workpiece material, leading to the development of a
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tail behind each diamond and a sort of crater in front of it (Fig. 2).
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Fig. 2 a.

Representation of the interactions between the tool and the workpiece during circular sawing and drilling

operations (modified from [8]); b. example of circular sawing; c. example of a core drill (vp= cutting speed; vs =

peripheral speed, F = normal load)

Such a wear process of the metallic surface depends on several aspects as:

rock: marble, granite, concrete and reinforced concrete behave differently during
processing [12] and generate a debris flow with different properties in terms of grain
size (the wear rate increases with particle size until a critical value is reached, above
which the wear rate seems to be independent of the grain size [13]); particle shape
(freshly fractured material generates abrasives with several cutting edges able to wear
faster); mineral composition and hardness (soft minerals induce slower wear
mechanisms, e.g. thermal fatigue and oxidation), and cleavage properties (resistance to
fragmentation) [2], [14].

Segment specifications: the number and dimensions of the segment (at the scale of the
tool), the diamond concentration (number and size of diamonds at the scale of the
segment), and the matrix microstructural properties (at the scale of the matrix) [15]. In
particular, at the scale of the segment, it was seen experimentally that wear around one
single diamond is influenced by the presence of the other diamonds; a close diamond
may offer protection and reduce the rate of the protrusion while, when the same diamond
is not shielded by another one, it is fully exposed to wear [16]. Regarding the
microstructure of the matrix, wear strongly depends on its material hardness.
Operational parameters: feed rate, peripheral speed, force applied, and cooling
efficiency (i.e. coolant type and flowrate) [2]. In particular, the rock processed and the

coolant used exerts control on the slurry rheological properties.



Several studies have been done to analyze, at least qualitatively, the wear of the surface in terms
of diamond retention after the manufacturing process [3], [17], [18], and during working
conditions [19], while mechanisms involved in the matrix wear are not yet well understood.
The establishment of a universal wear law remains a challenge due to the many parameters and
aspects involved. The simple Archard equation [20] does not account for the changes in the
wear coefficient. Siniawki et al. [21] defined a simple wear law to describe the kinetics for the
abrasion for different material pairs based on the pin-on-desk. Bull and Rickerby [22] proposed
a model for abrasive wear based on the multi-pass scratch test. The scratch test is nowadays
widely used to determine the wear resistance of surfaces [23]-[25]. Several attempts have been
made to correlate the abrasive wear to the properties of the abrasive particle (shape and size)
[26]-[28], [29], [30]. Woldman et al. [25] proposed a method for predicting abrasive wear rate
and understanding the wear process of machining components operating in sandy conditions.
However, in all of these cases, the wear process takes place in a controlled environment and

models are strictly related to the reproduced experimental test.

In the framework of cutting tools, the impossibility of considering all of the aspects involved
requires a numerical study able to simplify the real phenomena. In this context, the literature is
lacking in terms of numerical application. Zhou et al. [31] studied the behavior of diamond bits
under drilling conditions but without considering the damage and failure; Li et al. [32] modeled
the plastic deformation and residual stress close to diamond during the sintering process. More
attention to the wear process is paid by Suh et al. [33], who studied the matrix wear with respect
to the diamond without considering the debris flow properties on the wear process. At a smaller
scale, Xu et al. [34] proposed a model to describe the failure mechanism at the diamond-matrix
interface in diamond bits during failure and diamond pull out. Other models are based on
mathematical and statistical multiple regressions to analyse the influence of rock properties on
the matrix wear rate [9]. All of these models describe aspects of the wear process and cannot

predict wear at the scale of diamond tools.

The present work is based on a new multiscale approach able to describe wear at the scale of a
diamond ignoring the diamonds concentration (only one diamond is considered, which remains
intact). The originality of the model proposed here consists of using an independent
experimental set-up to characterize the key parameters separately. Section 2 describes the
experimental-numerical approach based on the coupling between the Reynolds equation and

the wear equation and implementing the aforementioned experimental tests. The results are
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described in section 3. In section 4 results are discussed qualitatively and quantitatively in terms
of wear rate around one diamond and the comparison between numerical and experimental
results is discussed. Conclusions and new perspectives on the development of the model are

given in section 5.

2. Experimental-numerical approach

The main approach is illustrated in Fig. 3. Such a method consists of three main parts and is
defined by three independent experimental tests: the core drill test, the rheological test and the

p-scratch test.

The first part is based on preliminary experimental observations of the wear by performing a
core-drill test. The second part deals with the numerical resolution of the Reynolds equation
implementing the viscosity of the slurry obtained by a rheological test and at every location of
the contact surface at the scale of the diamond. The pressure distribution controls the wear
process. On the other hand, the wear equation, described in the third part of the model, will
change the third body thickness profile. For a given third body thickness profile, the numerical
simulation solves a strong coupling between pressure generation and surface morphology
changes. This section includes a multiscale approach that starts from the experimental evidence
of wear during scratching with a spherical tip indenter. It relies on the assumption that the
overall wear process caused by the debris flow is the sum of wear contributions due to each
debris grain that can abrade the surface as does the indenter tip during a scratch test. The
coupling of the Reynolds equation and the wear equation is implemented numerically and

results are compared with the experimental core-drill test to validate the model.
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Fig. 3 The workflow of the approach

2.1 Preliminary experimental observations of wear at the diamond scale

The core-drill test is associated with non-destructive observation of diamonds on the segment
in order to follow the wear of the metallic matrix during the cutting process. The tool consists
of eight diamond segments brazed on a 102 mm diameter steel core barrel [35], [36], as
illustrated in Fig. 2c. Diamond mesh and concentration, as well as the cutting and matrix
parameters and the material to cut, are given as in Tabs. 1-2. The grain size distribution of debris

grain is illustrated in Fig. 3.

Tab. 1 Main standard parameters for a drilling operation [36]

Cutting Parameters

Tool diameter 102 mm
Metal matrix Cobalt
Material to be cut Concrete
Volume of material cut 280 cm’
Diamond concentration* 30
Diamond size** 40/50 mesh
Number of diamonds per segment 44
Segment surface 91 mm?’
Number of segments 8
Angular velocity 500 rpm
Linear (drilling) velocity 2,67 mfs
Mean cutting speed 0,4 mm/s
Applied Vertical Force 2,5 kN
Water flow 50 1/h

* 1,32 carat/cm’; ** 300/375



Tab. 2 Main debris and matrix parameters for a drilling operation [36]

Debris and Matrix Parameters

Water/debris (mass ratio) 40/50
Grain average size Rqg 10 um
Matrix grain size (before sintering) 2 um
Matrix grain size (after sintering) 2,3 um
Vickers Hardness 299 HVI0
—Volume Density Cumulative Volume Density
5 il
54 08
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2
= 3 0'9_
3 3
o2 044
S
2
>° 1 0,2
0 0
0,1 1 10 100 1000

Grain size (um)

Fig. 4 Grain size distribution of debris grains diameter (The size distribution is bimodal with modes values of 20

um and 2 um respectively, while the main grain size is 20 um). [36]

As introduced before, the wear of the surface around each diamond is characterized by a crater
and a tail, and these results are also confirmed by the experimental test described here. In
particular, the crater is characterized by two main zones: clearance and protrusion zone (C-zone
and P-zone respectively in Fig. 5a). Far enough from the diamond, clearance depth hc is defined
as ci-ho with ho the reference height on the diamond and c; the binder level. During the cutting
process, the evolution of he with time (Clearance Wear Rate, or CWR) represents the matrix
wear rate under a linear swarf flow. The clearance allows the diamond to penetrate the material
and to carry out debris. Close to the diamond in the upstream direction, protrusion depth hp is
defined as pi-ho with p; the point of the maximum depth of wear. The evolution of h, during the
cutting process (Protrusion Wear Rate, or PWR) represents the matrix wear rate under a flow
disturbed by the presence of the diamond. The definition of CWR and PWR are displayed in
Fig. 5b. The slurry is then able to flow around the diamond, generating a lateral zone of wear
and a tail (L-zone and T-zone respectively in Fig. 4a.) before being carried out from the
segment. The lateral wear rate (LWR) and the tail wear rate (TWR) are defined in the same way

as the PWR and the CWR considering as reference height the diamond tip ho.
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Fig. 5 Wear zones around one diamond during drilling; b. Definition of PWR and CWR [36]

Different wear mechanisms (micro-cutting, micro fatigue, micro ploughing and erosion) are
involved in different proportions in the four wear zones. In the clearance zone, the main
mechanisms involved are the micro-cutting (the material is removed from the surface),
microcracking (the material cracks in the region surrounding the wear groove), microplouging
(the material is shifted on the sides but not removed from the surface) and micro fatigue (the
material is removed slowly by cyclic loading). In the protrusion zone, the predominant wear
modes are micro-cutting, microcracking, and micro fatigue with some erosion processes due to
the debris striking the surface. In the lateral zone, the micro fatigue mode (owing to the
continuous passage of debris) and the erosion mechanism are predominant, while the tail is
subjected to fatigue and blast erosion. Experimental evidence shows that erosive wear has

marginal importance, secondary to the abrasion [14].

Starting from this experimental evidence, we build a numerical model able to predict the wear

in the neighborhood of a diamond in terms of PWR and CWR.

2.2 Numerical modeling of the third body flow around the diamond

This section deals with the description of flow properties (i.e. pressure and velocity) at every
location of the contact interface as a function of the gap thickness and the viscosity of the third

body, extracted from the rheological test described in Section 3.

Experimental evidence on core-drill showed that the overall force applied to the machine is
supported by diamonds to indent the workpiece [36]. Then, the debris of the cut material starts
to circulate in the gap between the metallic surface and the workpiece, generating a pressure

acting to the contact surface. Debris grains mixed with the coolant used to carry them out form



a slurry. This third body is treated as an equivalent fluid and studied experimentally by

rheological test, discussed in the next section.

Assuming that the gap thickness of the third body (i.e. between the solid surfaces) is small
enough, we solve numerically the generalized Reynolds equation [37] able to consider non-
Newtonian fluid and with the idea to overcome the limitations of the classical Reynolds
equation [38] dedicated to the Newtonian fluids. As detailed later, a slip velocity exists at the
scale of the slurry particles with respect to the surface. However, in this continuous modeling,
no-slip occurs at the interfaces between the equivalent liquid and the surfaces. In the case of

thin-film without dynamic effects, we write the Navier-Stokes equations:

Op 0Ty
ax 0z
P _ T 3
dy 0z
dp
i 0
with:
Tox = N Vox =77'2—Z;
av 4)

Tzy = TI']'/zy=77'$

Where 1 is the apparent viscosity obtained performing the rheological test. Integrating the
momentum equation (3) twice and using the condition of no-slip at the wall boundary, the

velocity profile along the vertical direction (z-direction) is:

(()_ap fzd Ne Zdz i )fdz_l_
u(z) = I 7 Z R Ne (U — Uy 7 Uy
0 0 0
. ®)
ol [ ‘d
v(z) = ffd e [Z2
\ ay\J n el 1
0 0
Where:
1 hdz 1 hz 1 h z2
=l =l ydzia=l T dz (6)
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The shear rate components y,, and y,,, are obtained by deriving velocity components along z,

and finally, we obtain the general non —linear equation for non —Newtonian fluid:
2

Y L ) Y o I

Where the surface velocities u; and u, define the kinematic boundary condition on the lower

and upper surface.

Assuming that the slurry is an incompressible fluid, the mass-conservation equation writes:

Ju Jdv OJow _

wtayta " ®)

Integrating Eq. (5) into Eq. (8) the generalized Reynolds equation can be written as follow:

J [h (“2 ¥ (%)ﬂ ©)

=0
0x

V-(e'Vp) —

Where &' = (% — k)

ne  ne

Eq. (9) provides the pressure distribution for a given surface topography h(x, y) at a given time
t. Measuring wear in terms of h(x, y, t), thus leads to the variation of the pressure distribution
in time, which in turn is responsible for the wear rate. Eq. (9) is written in a stationary form, as
the variation of pressure is instantaneous with respect to the wear-related variation of the gap
thickness h(x, y, t). Therefore, the variation of the pressure with time is only due to the strong
coupling between the Reynolds equation and the wear equation which is the subject of the next

section.

2.3 Numerical modeling of the wear from the debris scale to the diamond scale

The model described here provides a qualitative and quantitative description of wear at the scale

of diamond starting from observations at the scale of debris

The wear of the matrix surface is expressed in terms of Archard type equation [20], where the
wear rate % is related to the pressure p(x,y) computed in Eq. (9) and the relative velocity u,

at the contact surface by the specific wear rate k,, :

11



dh
2 ) = kw  p(0y) - ur(x,¥) (10)

The strict Archard character of this equation, however, is restricted to the case where k,, is a
constant. This might not always be the case, as we elaborate in the remainder of this section. It
is also a straightforward notice that if the relative velocity is zero, no wear occurs at the surface.
Looking at the pressure profile of the equivalent fluid u(x, y, z) we identify the velocity of a

single debris grain, assumed as a sphere of radius R, (Fig. 6) as:

Ug (x' Y, Rd) = u(x, Y, Z) (11)

such that the velocity of the single debris grain is computed at the center of mass of the grain
itself and is equal to the velocity of the equivalent fluid at the same position. We assume here
that the relative velocity u, to consider in Eq. (10) is equal to the difference between the velocity

of the surface u;,,; and the velocity of the single grain u, in contact with the surface (Fig. 6):

ur(x' y) = Utgo1 — ud(x' Y, Rd) (12)

This assumes that the rotation of the debris grains is negligible due to their interlocking and

their angular shapes.

matrix

14
4

Debris flow

z >

workpiece
Fig. 6 Definition of the relative velocity u, between debris and the contact surface. The surface has a sliding

velocity uwe and the grain of debris is moving with velocity ug

To compute the specific wear rate ky in Eq. (10) it is important to notice that, as illustrated in
Fig. 6 and Fig. 7a., debris grains are not spherical and each of them transmits a local normal

load Fq function of the contact pressure coming from Eq. (9).
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The radius R; used in Eq. (12) describes debris grains as perfectly rounded; this is a useful
simplification to compute flow properties, i.e. the pressure and velocity, which involve the
overall debris particle. However, generally speaking, debris grains of cut material are not
spherical but show some irregularities in the shape. The angularity of abrasive particles is
seldom measured quantitatively because of the difficulty of defining the main features that are
responsible for the abrasiveness. However, it was seen that differences in particle shape from
rounded to angular can result in differences in wear rate by a factor of 10 or more [39]. Third
body particle morphologies have also been reported to control friction [40], and grain shapes
exert a well-documented control on the rheology of granular plasticity and flow [41], [42].
Different methods are proposed in the literature to describe the sharpness of a particle and
correlate it to the abrasive wear [43]—[45]. In this study, we use a method proposed in [46]
which consists of the description of a grain contour by n; 4 circles of different radius r; 4 (Fig.
7b.) Then, by simple probabilistic analysis explained in Section 3, we define a characteristic
radius of the asperity r; < R, that controls the local features of the wear process with great
influence in the macroscopic wear. The characteristic asperity behaves as an indenter tip during
scratching. Assuming the perfectly plastic condition, there is no elastic recovery after the
deformation. The wear volume per unit sliding distance (i.e., the cross-sectional area of the

groove) is represented by the equation [30], [47], [48]:

*2

T
v, = % (26, — sin 26,) (13)

This equation assumes that the shape of the scratch is conformal with the shape of the indenter,

for a spherical tip, like a portion of a cylinder. In other words, the model assumes that the main
abrasive wear mechanism is the cutting, i.e., all the material detached from the matrix surface
is worn away and not simply displaced on the lateral edges.

The local attack angle 8, is defined as in Fig. 7c, and writes as:

. Qg
6, = arcsin— (14)
Ta
ag is the half contact width that can be computed considering the local characteristic asperity
as an indenter able to scratch the surface under a well-defined load F; and moving on the plane

direction, such that For the aforementioned fully plastic deformation, no load-bearing supports

13



the rear half of the tip [49]; therefore, locally, the debris grain is in contact only over its front

2

surface, covering a contact area equal to %z
2
nas
Fg = pm - (15)

Where p,, is the mean contact pressure. It was seen experimentally [39] that, in fully plastic
conditions, p,, is almost equal to the indentation hardness. During the scratch test the tip is
moving in the tangential direction, this allows to consider the scratch hardness H* (assumed as
representative of the hardness during multipass) equal to the mean contact pressure [30]. The
way to find the scratch hardness Hg is discussed in the next section. For simplicity, the load
F4 is assumed to be equal to the local contact pressure p(x,y) computed in Eq. (9) times the

square contact surface 4R3 (Fig. 6a.):

Fa =p(x,y) - 4Rg (16)
Obviously, this is a strong simplification of reality, allowing to shift from the local scale of

debris grain contact to the global scale of interfaces contact.

Fq =p(x,y) - 4RG

R

c
Fig. 7 a) SEM micrograph of debris particles; b) definition of roundness for a debris grain in contact with the

metallic surface; c) local contact of the debris asperity and the surface

This scale jump is a key step of the model. In particular, we assume that the overall wear volume

per unit sliding distance Vg, related to the total amount of n individual debris grains of the

14



slurry passing on the surface is equal to the sum of the wear contributions V; related to each of
them, and the total normal load F;y;y-y is the sum of the normal loads Fy carried by each debris

particle in contact with the matrix surface, respectively:

n
Vslurry = Z Vd (173.)
d=1

n
Fslurry = Z Fyq
d=1

Then, the local wear equation at the scale of the single debris grain writes in terms of wear

(17b)

volume per unit sliding distance V; and applied normal load Fj:

Vd == kW - Fd (18)

Writing a4 in Eq. (15) as a function of 8, as in Eq. (14), and then substituting Egs. (13) and
(15) in Eq. (18), the specific wear rate can be calculated as a function of the scratch hardness

H; and the attack angle 6;:

_ (29d — sin ZHd) 1
~ m-sin?6, H;

k,, (19)
Then, under the assumptions on Egs. (17) the aforementioned k,, can be implemented in the

wear equation Eq. (10) that is coupled with the Eq. (9) and solved numerically by FEM.

It should be noticed here that the scratch hardness is a constant for the matrix, while the angle
6, is varying in space and time as it depends on the field of pressure that is variable along the
surface and is in turn strongly coupled with the wear equation. The introduction of the pressure
in the definition of specific wear rate k,, leads to an expression of the wear equation that is not

a simple Archard formulation but consider also the local effect at the scale of debris grains.

2.4 Numerical procedure

Pressure and wear equations are coupled together and solved by Finite Elements in COMSOL
multiphysics software. As illustrated in Fig. 8 the geometrical domain is a 3D configuration

where the upper surface stands for the segment surface (matrix + diamond), the matrix is an

15



initially flat surface with a central diamond defined by a square-based pyramidal shape as a
function of the plane coordinates (x,y). The real shape of diamond crystals ranges from the cube
to the octahedron as a function of the synthesis condition [18]. For this first study, the simple
octahedric shape is considered, where the part exposed to the debris flow is modeled as the
square-based mentioned above. The angle Ogiamond in Fig. 8c can vary depending on the initial

protrusion of the diamond on the surface (which also affects the ability to cut).

b. X (m) <104

Binder
surface

Diamond

E
=
diamond __" ﬁris €04 hosumeiconst Slurry'
0 flow domain
. ; A i 4 0.2
104 2 3 2 0 A o 3(1ia7)1011(l=25.46°
i) 4 4 ) 4 3 2 4 0 1 2 3 4

x(m) <104

Fig. 8 a. Dimensionless domain used for the computation; b. the dimensional surface profile of the central region

of interest; c. horizontal projection on the plane x-y of the surface; d. vertical projection on the plane x-z of the

surface

The example shown in this case study refers to a particular diamond observed experimentally,
illustrated in Fig. 9. A more detailed numerical study (including a sensitivity analysis on the

shape, size, and orientation of the diamond) is an interesting perspective.
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Fig. 9 Micrograpgh of a diamond embedded by the matrix. b. vertical profile of the diamond (light blue) and

schematization of the geometry used in the model (red, dot line)

The 3D representation is necessary for the integration of the velocity equation and the definition
of u,- in Eq. (12), while, as explained previously, the pressure profile is constant along the gap
occupied by the fluid (and is thus only a 2D variable). This kind of representation allows us to
define a dimensionless domain that is independent of the real size of the physical problem, as
in Fig. 8a. As we are interested in the wear around the diamond and considering its particular
sharpness, a finer mesh is necessary for the central part of the domain, and the smaller mesh
size here is 8 um. The domain used is much larger with respect to the surface of interest; this is
a necessary choice to prevent results from being affected by the imposed boundary condition.
Dirichlet boundary condition is imposed on the four lateral borders of the flat surface, as p=0

Pa.

The resolution of the wear equation in time is performed using the implicit Backward
Differentiation Formula (BDF) [50], [51], which requires a convergence to attain the solution
at each time step but is numerically more stable than an explicit solver. The solver uses an
adaptive time step with a maximum value equal to 10 s to assure convergence. All the load
applied to the machine is carried by the diamonds to cut the workpiece. The debris grains
exercise pressure to the contacting surface studied numerically in terms of the Reynolds
equation. The coupling between the Reynolds equation and the wear equation is explained in
the flowchart in Fig. 10. The variation of pressure is instantaneous compared to the time
necessary to adapt the surface at the new configuration; therefore, the variation of pressure in
time is only due to the variation of the surface profile h;. It is important to notice that, to achieve
the assumption that the diamond remains intact during the process, the wear equation is applied

only on the surface of the binder, therefore we have that (Fig. 7¢):
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T 0if h(x,y,t) = hO,diamond (x,¥)
(20)
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ac = kw(pi) Pt Uy if h(x' Y, t) < hO,diamond (x» :V)
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Reynolds equation
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Solving the wear
equation
dh
= @) picu

Fig. 10 Flowchart of numerical coupling between the Reynolds equation and the wear equation

3. Experimental calibration at the microscale
3.1 Rheological test

The rheological test is performed on the debris grains of concrete extracted from the drilling
machine (Fig. 11) and mixed with water to reach a well-defined water/debris mass ratio (w/d =

40/50, see Tab.2).

: - . . .
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200KV 50 2000x  SE_10.6 33148 Débris béton

Fig. 11 SEM micrograph of debris particles [36]

Then, after shaking to re-suspend particles, the rheological test is performed using a cone and
plate viscometer consisting of a flat plate and a rotating cone with a 1 mm gap thermostatically

kept at 25 °C and varying the shear rate from 0.1 s™ to 2000 s™. Fig. 12a plots the experimental
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flow curve obtained, together with the empirical fits. The slurry shows a non-Newtonian shear
T

thinning behavior, i.e. the apparent viscosity (77 =7

) decreases with an increasing shear rate.

This behavior, typical of pseudoplastic fluids, is also in agreement with results reported for
cement slurry [52] and Coal-Water Slurry [53]. The non-Newtonian behavior may be attributed
to the mechanism in which the shear stress reduces resistance to flow, orienting and distorting

suspended particles in opposition to the random effect of Brownian motion.

The model that best describes the experimental dataset is the Herschel-Bulkley model:

T=1+ Cly|" 2

Where 1 is yield stress, i.e. the stress at which the fluid starts to flow, C is the consistency
index that is a simple constant of proportionality and n is the flow index, which measures the
degree to which the fluid is shear thinning (n < 1) or shear thickening (n > 1). The Herschel-
Bulkley model (HB) includes Bingham model and the Ostwald-de Wael model as particular

cases considering n = 1 and t, = 0 respectively.
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Fig. 12 a. Experimental flow curves and comparison with models fit; b. Papanastasiou regularization method

applied to the Hershel Bulkley model (HBP) and comparison with the Hershel-Bulkley model

The slope change in the mathematical formulation of the law (Eq. 21) leads to some instabilities
and convergence problems in the implementation of the Hershel-Bulkley model due to the

change in flow regime for T = 7y. To solve this issue, several regularization methods are
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proposed in the literature [54]—[56]. The common idea is to overcome the discontinuity due to
the change in the flow regime in the yielding point using a single constitutive law holding both
the yielded and the unyielded region. Using the Papanastasiou regularization [56], Eq. 21

becomes:

— p—mlyl
To(l Iyel V)y 2

Where m is the regularization parameter, which reduces the singularity and makes the shear

T=ClyI"+

rate non-zero everywhere. If m — oo the HBP (Hershel-Bulkley Papanastasiou) model reduces
to Eq. 21, and if m — 0 the model is reduced to the simple power law (Fig. 12b) The values of
the shear rate observed in the application are higher than what is imposed experimentally in the
rheological test ( ¥ = 10*s™1). Assuming that the behaviour of the slurry is still described by
the HB model even for a high shear rate, the regularization parameter m = 1 gives a good
approximation of the HB model, as illustrated in Fig. 10 b.

The main parameters of the HBP model used to compute viscosity 1 in Eq. (9) are in Tab. 3.

Tab. 3 Parameters of the HBP model for the definition of the non-Newtonian viscosity n of the slurry

T, C n m
(Pa)  Pa-s" =) (=)
61 5,26 0,48 1

3.2 Wear law: hardness characterization

Fig. 7c shows that the debris grain is able to abrade the surface under a normal load and moving
in the tangential direction. This is almost the same wear process caused by an indenter during
a multi-pass scratch test. Fig. 13 compares the indentation and scratch process: by definition,
the scratch test can be regarded as a tangential indentation [49] where the indenter is moving

and therefore in contact only over its front surface [39].
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Indentation Scratch

a. b.

Fig. 13 Contact model between a hemispherical tip indenter and a sliding surface during a. static indentation; b.
dynamic scratch. (F = normal load, v = scratch velocity;, R = indenter tip radius, h, = depth of penetration;

a =half contact width; 0: attack angle).

The scratch test consists of two main steps: indentation and multi-scratch step. In the first stage
of the test, a conical Rockwell diamond indenter with a spherical tip radius R; of 100 pm
penetrates in the metallic surface under a progressive load from 0.020 N to 30 N and with a
scratch speed vs of 10 mm/min for a scratch length Ls of 5 mm. The machine allows acquiring
AE (acoustic emission), normal and tangential forces (and therefore the friction coefficient p),
and the depth of the scratch. During the actual indentation, the penetration depth hy s is measured
by depth sensors. When the load is released, post-scan observations allow defining the residual
depth h;s: the equipment carries out a contact-sensor scan of the surface (in the same direction
of the scratch) by applying a contact force as low as possible (10mN) measuring the residual

depth (always less than the depth of penetration) and giving the elastic return of the material

hps—h . o L ,
%. The onset load for cracking initialization and changing in wear regime is defined as
p.s

critical load F.. It is determined by optical microscopy observations and measurements of u and
AE. The modulus of critical load, as well as the wear mechanism involved, change with the
mechanical properties of the material tested. In the second stage, multiple scratches are
performed under constant normal load F;, = 10 N (lower than the critical load) and constant
scratch velocity vy = 10 mm/min. For each scratch, we can measure the profile of hps and hy,
as well as p, and we compute the mean value of indentation depth, residual depth, and

coefficient of friction. From the residual depth h,s we can calculate the half contact width a; =

V2Rsh, s — h# ¢ and therefore the effective attack angle 65 and the scratch hardness defined as:
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ma? (23)
2

Hg =

Different abrasive wear modes can be observed during scratching, in particular, the wear mode
changes from ploughing to wedge forming and then to cutting according to the increase of the
attack angle, while the scratch hardness provides a good estimation of the wear resistance of

the matrix under the continuous passage of debris during the cutting process.

Performing multi-scratches along the same scratch path and in the same direction provides
much more information than the single scratch event in terms of damage and repeated abrasion.
Also, the indentation test, as well as the single scratch test, are performed at high load leading
to a high-stress abrasion process, while in the multi scratch test the load is much lower, causing
less fracture damage and a low-stress abrasion process [22], [48], which is more similar to what
is expected in industrial conditions. For this purpose, the scratch hardness is more representative
than the Vickers's hardness in terms of wear resistance and damage. Fig. 14 plots the mean
values of residual depth h;, attack angle 6 and scratch hardness H; as a function of the number

of scratches.
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Fig. 14 Evolution of residual groove h,, attack angle 05 and scratch hardness H; with the number of repeats

scratches n

The behavior under the first scratch may be affected by initial conditions and might not be
representative of the real behavior of the surface. During multi-scratches, the degree of

penetration increases with the number of cycles due to the increase of the measured depth of
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the groove h;s. For the same reason, an increase in terms of contact width is expected; as the
load is constant, such behavior provides a decrease in terms of scratch hardness Hs. However,
whatever is the feature, the behavior is not linear, as early scratches produce a large effect in
terms of residual depth and scratch width. Then, the higher the number of pass, the smaller the
effect of scratching. Hence, the cumulative effect seems to become less important when
increasing the number of scratches [47]. An explanation of this trend may be the formation of
an altered surface layer that characterizes the third body layer of wear particles and is able to
resist further surface damage than the original material. This behavior may be also related to
the plastic deformation process, such as work hardening, which is in contrast with the fatigue
effect due to the multi-passing, or by the mechanical compaction of crushed material at the

surface [47].

Ignoring the first pass and considering that the behavior of the metal matrix under the cutting
process is more similar to what may be observed under a higher number of scratches (n>10),
the characteristic scratch hardness to consider in the wear equation is calculated performing a
non-linear regression of the experimental data-set. Fig. 15 shows the best fitting is the
exponential function:

Hy = H:+ AH,e P (24)

Where H; = 6.39 GPa is the value of scratch hardness reached after many scratch repetitions
and is the characteristic value to use for the computation of kw in the wear equation (see Eq.

(15) and (19).
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2 8,0 +
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H’
6,0

Experimental data
Exponential fitting

PR -

0 5 10 15 20 25
scratch numbern
Fig. 15 Experimental scratch hardness values and exponential fitting (H," = 6.39 GPa; AH; = 4.906 GPa; =

0.227)
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The micro scratch test is widely used to test hard metals ([23], [47], [48], [57], [58]), and this
is the reason why it is chosen to test cobalt and other alloys used as a matrix in DIT. However,
the effect of the indenter tip radius on the scratch hardness is not yet well understood.
Performing a single scratch pass test, different studies [59]-[61] observed that the scratch
hardness increases with the reduction of the tip size, keeping the load constant. However, the
scratch hardness H changes if a multipass test is performed. In this case of study, the scratch
hardness is defined as the constant value reached after several passes of the indenter and the
value obtained is smaller than the one after the first scratch. This procedure allows us to consider
H* as an intrinsic property of the material, assuming that the metallic surface reaches a constant
hardness independent of the side effect after a certain number of passes. In other words, we
assume that an indenter with a tip radius equal to the characteristic asperity and under different
operating conditions will reach the same value H* after a certain number of passages. This
assumption allows for shifting from the scale of the experimental test to the industrial

application scale.

3.3 Wear law: effect of the angularity of debris grains

A critical aspect affecting wear is the shape of abrasive particles. As explained previously,
abrasive wear is strongly related to the angularity of debris grains. In order to quantify the effect
of the shape of debris on the wear rate, 34 grains are extracted from Fig. 11 and analyzed
considering their 2D projection (Fig. 16). After binarization and the application of a median
filter to reduce the influence of noise on the contour, the shape of the real debris particle is filled

with circles of radius 7; 4 applying the method originally proposed in [62] and then in [46].

Defining sharpness as a measure of the capacity of a body to cause material removal in another
body by its shape alone [63], the greater abrasive power of a single grain is carried by the
asperities of the contours, therefore, not all the circles that fill the grain are representative of
the abrasiveness, but only those describing the local asperities. For this reason and observing
that the whole radii data-set is well fitted by a lognormal distribution (Fig. 17), the characteristic
value of the radius 7 to consider in Egs. (13) and (14) is taken as the peak of that distribution,

ie.rg = 0.073 um.
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Fig. 17 Statistical analysis of circles radii riq fitted by the log-normal distribution

4. Discussion

4.1 Experimental evidence of wear

The first experimental evidence of wear using the core drill machine has been explained in

Section 2 and is at the base of the model built. Analyzing in more detail the wear of the binder

surface, results are in good agreement with what is observed in literature in terms of diamond

retention during sawing ([9], [15], [16], [19]) and drilling [10]: starting from the emergence of
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anew diamond on the bond surface, the main wear phases are the polishing, fracturing, cracking

and pull out. They are well defined qualitatively and quantitatively in Fig. 18.

Emerging + Polishing phase (fromt =0 s to t = 370 s in Fig. 15):

In the emerging stage, the diamond starts to emerge above the surface of the matrix, which
exerts the best retention. At t =0 s, protrusion, clearance and lateral groove are almost the same.
Then, as the height of protrusion is small, the diamond cutting ability is not yet well developed.
At this stage, the matrix is worn away by three-body abrasion contact allowing the whole
diamond to appear with minimum surface damage and best cutting performance. Matrix wear

rate is mostly linear both in terms of clearance, protrusion and lateral wear.

Micro and Macro-Fracturing phase (fromt ~370 stot ~ 1139 s):

During processing, the matrix is continuously subjected to abrasion and erosion in the debris
removing direction until it can no longer support the diamond, which in turn starts to damage
in terms of micro-cracks and micro-fractures. Wear progression leads to a completely damaged
diamond. The cutting ability is reduced together with clearance and protrusion. If the diamond
starts to fracture, the height of the diamond decreases with a reduction of the height of wear as
it is measured in terms of the difference between the height of the matrix and the height of the

diamond (Fig. 5b). For this reason, we observe the reduction of the wear rate in Fig. 18.

Pull-put phase (t > 1139 s):
The progressive reduction of the diamond retention leads to the diamond pull out, followed by
the two-body abrasion between matrix and rock until new diamonds are exposed to the cutting

face.
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Fig. 18 Micrographs of an active diamond in a drilling process from its emerging to the pull-out (top), the
evolution of its PWR, CWR, and LWR as a function of the sliding distance (sliding velocity = 2.67 m/s, see Tab. 1)

The fracturing of diamond makes difficult the measure of the relative wear depth defined in
section C.1 in terms of protrusion and clearance depth (h, and hc respectively). For this reason,

experimental measures prove a reduction in terms of wear rate in time.

As this work is focused only on the wear of the matrix, only the first polishing phase is

considered as representative.

4.2 Numerical wear prediction of wear at the diamond scale

For the numerical resolution of the model, we consider the initial thickness of the slurry hy =
h(x,y,ty) equal to the initial protrusion groove (equal to the clearance and lateral wear height)
found in the experimental observation (hg = 81 uym at t, = 0 s, see Fig. 15). Fig. 19 shows the
initial 3D pressure profile on the upper surface defined as in Fig. 8. Because of the sharpness
of the central diamond and the zero-pressure imposed on the boundary, the pressure has a peak
close to the diamond tip and then decreases rapidly to zero to the lateral borders. It should be
noticed that we consider only the part of the domain where p > 0 Pa. The case p < 0 Pa is
ignored, since it would induce cavitations effect, which are out of the scope of the present study

[38].
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Fig. 19 Initial pressure profile at (tp = 0 s)

To better understand the non —linear character of the proposed wear equation, Fig. 20 plots the
attack angle 64 and the specific wear rate ky computed as in Section 3, as a function of the
pressure at the time to = 0 s where the condition in Eq. (20) is fulfilled. As expected, ky is not a
constant in this range of pressures, indicating that the derived wear law is not strictly-speaking

an Archard law.
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0 1000 2000 3000 4000 5000
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Fig. 20 Evolution on attack angle 6, and specific wear rate k,, with pressure

The variations of ky and 04 are caused by the variation of the pressure along the contact surface,

which in turn is strongly dependent on the geometry, as explained in the flowchart of Fig. 10:
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the increase of pressure close to the diamond leads to the increase of the attack angle for the
Egs. (14-16) and therefore, for Eq. (19), an increase in terms of specific wear rate.

As introduced in Section 3.2, the attack angle controls the abrasive wear mechanisms involved
in the wear process: the increase of the attack angle changes the main wear mechanism from
ploughing to cutting, defining the wear zones observed in Fig. 5a and analyzed experimentally
in Section 4.1. Therefore, the numerical correlation between the attack angle and the specific
wear rate is justified by the experimental evidence. High values of attack angle 64 are expected
close to the diamond, in the protrusion zone, inducing a large value of specific wear rate K.
Both the kw and the velocity profile u; depend on the pressure field (Eq. 19 and Eqgs. 5 and 12
respectively). Fig. 21 plots the maps of kv, p and u; relative to the matrix surface, for p = 0 Pa

and at same t instants of the experimental measures in Fig. 18 (for t =0 s, t = 380 and t =760 s).
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Fig. 21 Map of specific wear rate k,, (top), pressure p (centre) and relative velocity u, (bottom) for three different

times t of the simulations
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At t = 0 s, the pressure field is generated instantaneously (Eq. 9), allowing calculating the u;
and kw. The software then updates the value of Ah, which is implemented in the Reynolds
equation, giving a new field of pressure and the updated kv and u;. During the wear process, the
gap occupied by debris grains increases leading to the reduction of pressure, as observed in Fig.

21.

Fig. 22 illustrates the wear of the matrix surface for the same instants in time as the experimental
measures discussed in Fig. 18. A first qualitative comparison shows that there is a good
agreement in terms of PWR and CWR while the lateral flow is not well developed numerically.
A possible explanation may be related to the drop of pressure on the side of the diamonds (Fig.
19 and Fig. 21) that may lead to the underestimation of kyw (Fig. 20 and Fig. 21). Fig. 21 also
explains the protrusion zone close to the diamond as a function of the product between the

pressure and the velocity field.
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Fig. 22 Wear of the surface of the matrix computed numerically

It should be noted that one of the main assumptions of the model is that only one single diamond
is considered as active in the process and the overall surface is still intact in the early stage of
indentation. It means that the model ignores the previous history of wear as well as the diamond
concentration and distribution. The surface of the segment is more complex than what is
modeled numerically. Also, the fatigue effect due to the continuous passage of debris grains

may be not completely well defined numerically.

4.3 Comparison of experimental and numerical results

The qualitative matching in terms of PWR and CWR is nevertheless confirmed quantitatively
before diamonds start to fracture, as plotted in Fig. 23. This good agreement is quite remarkable,
given that all the physical parameters of the model were calibrated by independent experimental

tests (i.e. scratch test, rheological test, and angularity characterization).
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Fig. 23 Comparison between numerical and experimental PWR and CWR

As discussed previously, the diamond is considered intact during the whole cutting process,
therefore we do not observe the reduction of the numerical wear rate beyond 1000-1500 m of
sliding and the dramatic drop beyond 2000m. Also, after reaching a peak, the pressure slightly

decreases with time because of the development of the groove on the surface. This leads to a
. . . dh .
slight reduction of the numerical wear rate that may reach a plateau as = 0if p — 0 for Eq.

(10). As the aim of this study is the wear analysis and prediction of the binder, we restrict our
focus on the first stage of diamond retention where a quasi-constant wear rate is experimentally

expected and numerically confirmed.

Three different diamonds extracted from the same segment are analyzed experimentally in
terms of wear rate. The average PWR and CWR are plotted in Fig. 24 for the first polishing

stage together with numerical results discussed in the previous section.
The model slightly underestimates the CWR. Therefore, keeping in mind that the optimum

balance between free-cutting ability and wear of the surface can be reached by looking at the

ratio between the PWR and the CWR [35], the model slightly overestimates that ratio.
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As shown in Tab. 4, that ratio is about 1.87 and 2.35 for the experimental and numerical parts

respectively.

Despite the simplifying assumptions on which the model is based, the wear in front of the
diamond is well-defined both qualitatively and quantitatively as the ratio PWR/CWR is not
very far from that observed experimentally. It proves that the model can provide a satisfactory
prediction of the wear of the binder considering only the flow properties of the slurry, the
mechanical properties of the metallic surface and the typical morphology of the debris grains.
This approach is performed without any a posteriori back-calibration on drilling tests, and can

thus be used with a certain level of confidence for DIC tools design.

Tab. 4 Numerical and experimental wear rate in terms of PWR and CWR

PWR (um/m) CWR (um/m) PWR/CWR
Experimental 0,040 (+/-0,003) 0,018 (+/-0,002) 1,87 (+/-0,10)
Numerical 0,040 0,017 2,35

5. Conclusions

A new numerical model able to study the wear rate of DIT is presented here. The results
obtained on a cobalt-based alloy with a well-defined slurry are in good agreement with the
experimental observation of the material surface after the drilling process. The agreement is
both qualitative in terms of the wear patterns on the surface and quantitative in terms of PWR
and CWR. It proves that starting from an independent experimental setup consisting of a scratch
test, a rheological test, and morphological characterization, and making some physically sound

scale changes, it is possible to describe and predict wear at the scale of the industrial application.
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The first scale jump from scratch test to grain contact is assumed at equivalent mean pressure
considering the scratch hardness as a property of the metallic surface. The second jump from
the local to global contact allows us to compute the specific wear rate considering that the wear
of the surface is due to the contribution of each debris grain and treating the slurry as equivalent
fluid flow. The specific wear rate is a function of the local pressure exerted by debris grains, it
increases with the abrasiveness of debris and decreases with the increase of the hardness of the
surface. The sharpness of debris grain has a strong influence on the wear of the matrix. It should
be noted that the indenter used in the scratch test is a Rockwell with a perfectly spherical tip of
radius 100 um. It is therefore one order of magnitude larger than the radius of the abrasives and
at least two orders of magnitude larger than their typical asperities. Another important aspect is
that, at the scale of the diamond, no relative velocity is considered between the slurry (treated
here as an equivalent fluid) and the matrix surface. The slip effect is considered looking at the

scale of the debris grain in contact with the surface.

The geometrical model consisting of a single square-based central diamond is a strong
simplification of the reality. However, experimental evidence shows that the wear is much more
affected by the mechanical properties of the surface than by the geometry of the diamonds.
Diamonds retained by the same metallic binder but with differences in terms of orientation, size

and early height of indentation appear to have comparable wear rate.

The numerical study presents some limitations in the prediction of the lateral wear, which can
be overcome considering the presence of other diamonds and a realistic topography of the
segment surface, or by improving some of the basics assumptions. However, results are quite
satisfactory in terms PWR and CWR, meaning that the complex phenomena can be well
described numerically by this multiscale approach. Also, the correlation between pressure,
attack angle and wear rate is not only consistent with the physics of the cutting process of DIT,
but may also be generalized to other situations where abrasive particles have different normal
loads. A great challenge is also to adapt the model to other tribological situations consisting of

the wear of a soft surface caused by a flow of harder particles.
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