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Mechanical behavior of rotary-percussive drilling tools made of tungsten carbide (WC) hardmetal in im-
pact interaction with hard rock is investigated. This study presents a three-step multiscale simulation
strategy, developed for evaluation of stress and strain heterogeneity within the hardmetal microstruc-
ture when subjected to loadings representative for drilling applications. Two homogenization approaches
are used: a full-field finite-element model and a Beta-model (a nonlinear extension of the Kroner’s uni-
form field model). Both models combine isotropic Drucker-Prager elasto-plastic behavior of WC grains
and isotropic von Mises elasto-plastic behavior of the binder, and include nonlinear hardening. First, a
three-dimensional finite-element model of a representative volume element is constructed, which closely
resembles the hardmetal microstructure. Full-field simulation with applied proportional loadings allows
to determine the hardmetal effective elastic properties for different binder content, and an initial yield
surface, resembling in shape a Drucker-Prager surface with a cap. These simulations are also used to
calibrate the Beta-model, which, however, cannot predict the correct plastic behavior for the loadings
with high hydrostatic component. Second, macroscopic finite-element simulations of normal and oblique
frictional impact of an elastic rock by a hardmetal spherical tip are performed using a macroscopic
set-up. The calibrated Beta-model is used at every Gauss-point of the hardmetal impactor. Finally, the
most critical for the hardmetal’s integrity points are identified on the impactor’s surface, and complex
non-proportional stress paths associated with these points are extracted. These stress paths are used as
boundary conditions in a full-field simulations employing representative volume elements of hardmetal
microstructure. Analysis of stress and plastic-strain fields at the microstructural scale suggests that the
major source of wear of drilling inserts may come from tensile failure of WC grains.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Rotary-percussive drilling is the main method when penetrat-
ing hard rock formations. Rock crushing is achieved by repetitive
impacts and flushing out the rock debris. Majority of drill-bits are
constructed of spherically-tipped cylindrical WC hardmetal inserts
embedded in a metallic “crown” - see Fig. 1a. WC hardmetal in-
serts (black in Fig. 1a and b) are the main operating components of
the drill-bit, which come in contact with rock. Wear of the hard-
metal inserts leads to loss of drill-bit’s functional shape and in-
creasing expenses related to the drill-bit replacement. WC hard-
metal is a dual-phase composite, where ceramic brittle Tungsten
Carbide grains with a high strength in compression are embedded
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in metallic matrix - the binder (Fang and Koopman, 2014). Mate-
rial used as a binder is usually Cobalt, Nickel, Iron and their mixes,
with binder content ranges from 5 to 20 vol.%. Different combina-
tions of hardness and toughness properties for this composite are
achieved by varying mainly binder content and composition, and
WC grain size.

The aim of this paper is to illustrate, by numerical simula-
tion, the heterogeneity of the stress and strain fields within the
microstructure, induced by the representative stresses acting on
the hardmetal during drilling. In order to achieve the above, the
following steps are taken. (i) The effective (average) behavior of
the hardmetal is obtained by means of a homogenization method
based on a direct 3D finite-element simulation of a representa-
tive volume element (RVE). A uniform field (UF) model, based on
Eshelby’s solution of the inclusion problem, extended to elasto-
plasticity is calibrated to reproduce closely the behavior of the
RVE model. (ii) The finite element (FE) simulation of an impact
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Fig. 1. (a)Typical drill-bit for percussive drilling with nine WC hardmetal inserts, (b) close-up of worn drill-bit insert, (c)-(f) scanning electron microscope images of different

WC hardmetal grades.

of a spherical WC hardmetal impactor and the rock formation is
performed. The UF model obtained in the previous step is used
in the macro-scale simulations. (iii) A selection of stress histories
is extracted from critical material points of the hardmetal in the
impact simulations. Such stress paths, representative of those act-
ing on the hardmetal insert during drilling, are applied to the 3D
RVE models with an explicitly introduced morphology. As a result,
we obtain the distribution of stresses and strains within the hard-
metal bulk, occurring under loadings, representative for the rotary-
percussive drilling.

The two homogenization methods used in the current study
are: (i) direct 3D FE simulation of mechanical behavior of the RVE
(Kanit et al., 2003; Besson et al., 2009) and (ii) a two-phase UF
model with the B-rule (Cailletaud and Pilvin, 1994; Cailletaud and
Coudon, 2015) - a nonlinear extension of the classical Kréner’s
model (Kroner, 1961; Budiansky and WU, 1961). The use of these
methods for two-dimensional WC hardmetal models was demon-
strated in Tkalich et al. (2017a), showing a good agreement be-
tween FE and UF homogenization approaches. All finite-element
simulations are performed in Z-set analysis suite (Z-set, 2017).
The three-dimensional models with an explicitly introduced mi-
crostructural morphology is constructed using Voronoi tessellation
algorithm available in Rycroft (2008) with the subsequent subdi-
vision of the created Voronoi grains. An in-depth analysis of the
algorithm and of generated microstructures is presented in a sep-
arate paper (Yastrebov et al., 2018).

The paper is organized as follows. Constitutive behaviors of the
WC and binder phases are presented and discussed in Section 2.
The homogenization approaches, together with morphological and
numerical aspects of the models and performed simulations are
described in Section 3. The results of each step of the strategy

are presented consecutively in Section 4. Conclusions are given in
Section 5.

2. Materials and constitutive models

Different combinations of toughness and hardness of the WC
hardmetal are achieved by adjusting sintering parameters like
binder content, binder composition, WC mean grain size and WC
grain size distribution. The hardness of the composite is for the
most part determined by the tungsten carbide phase, whereas
toughness - by the binder phase. Two types of interfaces are
present: WC grain-WC grain and WC grain-binder. They also play
a significant role in determining overall hardmetal behavior and
properties. In compression, macroscopic inelastic deformation in
hardmetal can reach 1-3% before fracturing. It originates mainly
from the plastic deformation of the ductile binder phase and
the formation of stacking faults in WC grains (Roebuck and Al-
mond, 1988). Under bending or tensile loads, a close-to-linear
stress-strain dependence is observed up to failure, which occurs
usually at strains of 0.1-0.5% (Nishimatsu, 1960; Exner and Gur-
land, 1970; Jaensson, 1971).

The constitutive equation used for WC and binder phases are
presented in the following sections, where material parameters for
each phase are chosen according to the data reported in the liter-
ature. Variation of constituent materials’ properties found in liter-
ature give a noticeable scatter. Elastic response of the hardmetal is
mostly determined by the WC phase, given its dominant volume
fraction. Behavior in plastic regime is determined by the relative
shapes of the phases’ yield surfaces: binder phase dominates un-
der compressive and shear loadings and WC phase - under tensile.
In Tkalich et al. (2017a), the investigation of the sensitivity of the
effective hardmetal behavior to the binder plastic properties can
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Table 1
Material parameters for elastic and plastic behavior of WC and binder phases.

Tungsten Carbide (WC) grains

Elastic constants of transversely isotropic WC Cn 720GPa
Ci2 254 GPa
Ci3 150 GPa
C33 972 GPa
Cyq 328 GPa

Homogenized isotropic Young’s modulus Ewc 707.7 GPa
Homogenized isotropic Poisson’s ratio Vwc 0.197
Initial yield stress in uniaxial compression in Eq. (2)  Rwg, 4 GPa
Friction angle in Eq. (2) dwe 45°
Dilatation angle in Eq. (4) Ywe 30°
Hardening constants in Eq. (3) Qwc 3GPa
bwc 10
Binder, Cobalt
Young’s modulus Ep 208 GPa
Poisson’s ratio Vg 0.3
Initial yield stress in Eq. (6) Rg, 560 MPa
Hardening constants in Eq. (6) Qp 607 MPa
bg 140

be found, which reports that for the variation of initial yield stress
or hardening parameter within a 30% interval, the yield stress in
compression changes in the interval of 45-6% around the original
yield stress.

Interfaces are assumed perfect, as if they are not weakened by
defects or impurities. In reality, strength of the WC grain-binder
interface, and thus the cohesion of the resulting hardmetal, is de-
termined by the degree of wetting of WC grains by liquid metal-
lic binder (Ramgqvist, 1965; Almond and Roebuck, 1988; Pastor,
1999; Gille et al., 2000). WC grain-WC grain bond is determined
by both the wetting and energy of the contact for a particular mis-
orientations of adjacent grains. Fracture mechanisms in WC hard-
metals are controversial: even the determination of the predomi-
nant ones is still under debate. Several numerical studies of crack
propagation in the WC hardmetals were carried out in Sigl and
Schmauder (1988); Fischmeister et al. (1988); McHugh and Con-
nolly (2003).

2.1. Tungsten carbide

After sintering with metallic binder, tungsten carbide (WC)
shapes as convex faceted grains. Its crystal structure has a hexag-
onal (HCP) unit cell and thus exhibits transversely isotropic elastic
behavior (French, 1969; Exner, 1979; Lee and Gilmore, 1982). The
elasticity tensor of WC crystals can be defined by five elastic con-
stants. In Voigt notation, it is represented by the following matrix
where direction “3” corresponds to the longer axis normal to the
HCP basal plane

Cn G Cg3 0 0 0

. Cn G 0 0 0

I A 0
CWC = . X . C44 0 0 s (1 )

0

(Cn —C2)/2

where stands for symmetrical components. The components
of this tensor measured by Lee and Gilmore (1982) and refined
by Golovchan and Litoshenko (2010) are listed in Table 1. The
isotropic elastic constants were obtained using self-consistent ho-
mogenization framework with a model of 2000 randomly oriented
grains, assuming a perfect disorder in the material (Kroner, 1977).
The resulting values are Ewc=707.7 GPa and vyc=0.197,
which is in good agreement with the experimental measure-
ments (Shackelford et al., 2016). In this study we employ an
isotropic elastic behavior for WC grains.

()

Despite the brittle nature of WC, slip markings are observed in
WC grains on the deteriorated surfaces of hardmetal tools (Beste
and Jacobson, 2008; Tkalich et al., 2017b). Since, the strength of
WC is known to be different in compression and in tension, we
used a pressure-dependent Drucker-Prager yield criterion, defined
as follows:

J(0) + 11 (o) tan(¢pwc) /3
1 —tan(¢we)/3

1/%s ;s is the equivalent (von Mises) stress, s is

fwe(o, p) = — Rwe, — Ywe (D). (2)

where J,(0) =

the deviatoric part of the stress tensor o, I;(0) = tr(o) is the
trace of the stress tensor, then the hydrostatic pressure is given
by P = —%Il (o) and Ry, is the initial yield stress for a compres-
sion loading and ¢ is the friction angle set to 45°. The angle
was deduced from the difference in uniaxial tensile and compres-
sive yield stresses identified in Golovchan and Litoshenko (2010). A
time independent framework is used, with an isotropic hardening
defined as a function of the accumulated plastic strain p

Ywc(P) = Qwc[1 — exp(—bwcp)]. with:

t
ﬁ:/,/%ép:é”dt 3)
0

where the plastic strain &P is determined using the total &%t and
elastic strain tensors &¢ by &P = et — g¢, and &” denotes its rate.
A non-associated flow rule is employed, the flow potential having
the following form:

gwc(@) =k (@) + 5h (@) tan(Ywo) )

where Yy is the dilatation angle, which defines amount of plastic
volumetric strain developed during plastic shearing. We assumed
rather arbitrarily ynwc = 30°, as no experimental data were found.
For moderate loads, as shown in Section 4, the amount of plas-
tic deformation in WC is rather small, therefore the results are not
very sensitive to this parameter. Moreover, one of the key objec-
tives of the study is to obtain the effective yield surface, which is
unaffected by the hardening properties. The plastic strain tensor is
then calculated, introducing the plastic multiplier A to express the
constraint, as follows:

.p 7 08wc
&" =A P (5)
with the usual Kuhn-Tucker conditions.

The identification of the material parameters characterizing
plastic behavior is based on the available literature, which shows
a considerable scatter, attributed to difference in grain size and
orientation (Schedler, 1988). The initial yield stress in tension and
compression is chosen as an average of those reported in the liter-
ature for grain sizes between 5 and 2 pm: 2.0 GPa and 4.0 GPa,
respectively (Shatov et al, 2014; Prakash, 2014). The post-yield
behavior of WC grains in tension should significantly differ from
that in compression: it was found for the basal and prismatic
planes, as shown in an experimental study by Csanadi et al. (2014),
where uniaxial compression tests on WC micro-pillars were per-
formed. A significantly higher hardening capacity was observed for
basal planes compared to the prismatic, which can be attributed
to different slip mechanisms. On the one hand, the outer surface
of drilling tools undergo large irreversible deformation and mi-
cro fracture due to strong stress concentrations originating from
the contact with local rock roughness in severe environment (high
temperatures and pressures). On the other hand, the difference in
slip hardening is not crucial for determining the initial yield sur-
face and for understanding very first stages of plastic flow occur-
ring in drilling applications. Hardening constants are calibrated so
that WC grains exhibit post-yield behavior median between those
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experimentally obtained in Csanadi et al. (2014) for basal and pris-
matic planes giving the hardening constants Qyc = 3.0 GPa and
bwc = 10. All constants are listed in Table 1.

2.2. Binder

Metallic binder penetrates WC hardmetal bulk in the forms
of inter-connected pools and thin channels confined between WC
grains. In its “foam”-like structure, the same crystallographic struc-
ture of the binder extends, within the composite’s bulk, to the dis-
tances several times greater than the WC grain sizes. From the
scanning electron images of undamaged microstructure it can be
seen that the width of binder channels vary and Hall-Petch-like
strengthening effect (Hall, 1951; Petch, 1953) takes place due the
small mean free paths in some directions and the reduced num-
ber of possibly active slip systems. Using the Lee-Gurland model
(Lee and Gurland, 1978; Gurland, 1979), we estimated the initial
yield stress and work-hardening parameters to be Rp, = 561.0 MPa
and Qg = 607.0 MPa, respectively. An isotropic elasto-plastic model
with a von Mises criterion and isotropic hardening is chosen for
the behavior of the binder. The yield surface is defined as

f3(0,p) =J2(0) —Rg, — Ys(p)  with :
Yp(P) = Qs[1 — exp(—bgp)]. (6)

Hardening exponent parameter bg is chosen to be 140. The mate-
rial parameters are listed in Table 1.

3. Methods

The current section presents the description of three different
numerical models and simulations, which are used in the current
study within the three-step multiscale strategy described in the
introduction. First, geometrical microstructural models constructed
using an augmented Voronoi tessellation algorithm are introduced
in Section 3.1. Second, analytical uniform field model, based on
Eshelby’s solution of inclusion problem is recalled and govern-
ing equations are provided in Section 3.2. Third, a finite-element
model for impact simulation is presented in Section 3.3. The finite-
element impact simulation is considered at the macroscopic level:
the drill-bit has a centimeter size, and each Gauss point introduces
the same constitutive equations. Two models at a lower scale are
considered: the UF model represents the average fields in each
phase at a meso-scale, which allows us to represent two differ-
ent phase behaviors, but remains a crude simulation of the RVE;
the FE model combines phase behavior and realistic morphology
at a micro-scale, and provides the best approach to study the local
behavior.

3.1. Geometrical model

Contrary to ordinary two phase composites of matrix/inclusion
type, cemented carbides have two types of interfaces: WC grain-
WC grain and WC grain-binder. This fact, together with a low
volumetric content of the binder phase (5-20% for conventional
grades), presents a challenge in generating synthetic realistic mor-
phologies. In the present study the microstructure model is gener-
ated using a two step algorithm. First, the Voronoi tessellation is
constructed with random seed locations within a cubic box (Barbe
et al, 2001; Gérard et al., 2009). Second, each Voronoi grain is
cut into two sub-grains by a randomly oriented plane. The posi-
tion of the cutting plane is chosen such that the volumes of the
two sub-grains correspond to the volume fraction of the binder
n, and of the WC (1 —n,), ie. they are Vy- (1 —1n,) for the WC
and Vp - n, for the binder, where V; is the initial grain volume. Ob-
tained model resembles the real hardmetal morphology composed
of WC grains and binder pools (see SEM images in Fig. 1c-e). The

algorithm is implemented in the “Voro++" environment, which is
freely available (Rycroft, 2008). A detailed morphological study of
this model including multiple-cuts option will be presented in a
separate paper (Yastrebov et al., 2018).

An example of a finite-element microstructure-respective model
consisting of 300 initial Voronoi grains is shown in Fig. 2. Three
RVE models with volumetric binder fractions of 7.5, 10 and 15%
are shown in Fig. 3, where binder and WC phases are shown sep-
arately. The sufficiency of the size of chosen RVE model (corre-
sponding to the volume of approximately 9 x 9 x 9 um?3) is as-
sured by (i) isotropy of resulting Young’s moduli and Poisson’s ra-
tios, (ii) the proximity of elastic tensors obtained using uniform
static and kinetic boundary conditions (Hill-Mandel's lemma (Huet,
1990; Besson et al., 2009)) and also (iii) by the fact that different
realizations of a random microstructure provide elastic constants,
which differ by less than 1%.

3.2. Uniform field model

The specific uniform field model used here is the so called 8-
rule (Cailletaud and Pilvin, 1994; Cailletaud and Coudon, 2015),
which is a nonlinear extension of the classical approach with an
elastic accommodation initially introduced by Kréner (1961) and
followed by Budiansky and WU (1961). The response of the model
includes then the composite’s effective curve, as well as responses
of each phase. The constitutive equations for the plastic behavior
of both phases were presented in Section 2.1 and Section 2.2 with
material parameters as given in Table 1. The strain partition writes
as follows for each phase

E=Cy:X+E’, &=C':0;+¢f, (7)

where ¥ and E are the average stress and strain tensors, respec-
tively, EP is the macroscopic plastic tensor, o; and €; are the uni-
form stress and uniform strain tensors of the ith phase, ef is the
uniform plastic strain tensors and C; is the fourth order elasticity
tensor of the ith phase, and C is the macroscopic fourth order
elasticity tensor. For the case of significant plastic strain accumula-
tion, a new accommodation variable B; with a nonlinear evolution
is introduced in each phase (Cailletaud and Coudon, 2015). This re-
sults in the following expression for stresses in each phase “i":

oi=A:[Z+C:(B-B)] . (8)

where C* = Cer: (I —S), and S is the Eshelby tensor, which de-
pends on the shape of the inclusion and on the properties of the
homogenized medium, [ is the fourth-order symmetric unit ten-

sor: I = %(5}‘8} +8{8§.‘). The fourth order tensor A; introduces a

correction due to the non-uniform elasticity and has the following
form:

-1
Ar=[Cer:S:Cop +C G (9)

The second order tensor B; represents the accommodation tensor
in each phase and f is the corresponding macroscopic tensor. The
Eshelby tensor is chosen according to the effective behavior of the
material. For the case of a spherical inclusion the expression de-
pends on the effective Poisson’s ratio only and reads:

1
—  [(5V. —
15(-1 _ veff) [( eff
where I is the second order identity tensor. Eq. (9) can be rewritten
in this case as:

A=[s+C:g] (11)

The following evolution rules are introduced:

Bi= & — el (DB + DI (12)

S— DIST+2(4 - 5ve) 1], (10)
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Fig. 2. A model for WC hardmetal microstructure with binder volumetric fraction of 15%: (a) a finite element mesh containing 500 WC grains and 500 binder parts with
~ 1.6 million elements and 0.27 million nodes, binder phase is shown in red; (b) each color denotes a separate WC grain, while the binder is shown in black; (c) each
color denotes a separate binder “grain”, WC grains are not shown; (d) an interior 75% volume, over which the statistical study is performed to avoid edge effects. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Representative elementary volumes with different binder volumetric fractions: (a) 7.5%, (b) 10%, and (c) 15%. Volumes contain 1000 WC grains and 1000 binder pools
(top images show binder in red, bottom images show only binder pools). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

where coefficient D;i and Dj are the material parameters of ith
phase acting on deviatoric and spherical parts of B; denoted by

9V and ﬁfph, respectively, and used to control the non-linearity
of the stress redistribution. Four parameters D; are calibrated us-
ing results of the FE simulation of the corresponding composite.
The value of B is deduced from the B; by using the fact that the

average of the local stresses is nothing but the macroscopic stress:

B=(A:C) " (A C By (13)

The iterative scheme for obtaining the effective elasticity tensor is
as follows:

Certe="»_ MCi:[1+Se1: (Cemfyy:Gi— l)]_l, (14)
i=WC,B

where k is the iteration counter. The initial guess of the effective
elasticity tensor Cy for the two-phase composite is taken as:

Cetro =mGCi + (1 =G, (15)

The elasticity tensors C; and C, are those of the binder and the
WC materials. They are isotropic and constructed using the param-
eters Ewc, Ywc, Egp and vp.

3.3. Impact simulation

We are particularly interested in the mechanical behavior of WC
hardmetal under loads, which are representative for rock drilling,
when a drill-bit insert impacts the rock. The drill-bit operates
in rotary-percussive regime: 2000-3000 hits/min and 50-150 rpm.
The real shape of the hardmetal inserts can be properly approxi-
mated by a paraboloid, which fits perfectly the Hertz’s contact the-
ory (Hertz, 1988), and which, for relatively small contact radius, is
indistinguishable from a spherical shape, which was used in the
present study.

To improve the design of drill-bits and to enhance wear resis-
tance of drill-bit inserts, it is crucial to understand what is caus-
ing an increase in material loss. The issue of drill-bit wear and ef-
ficiency is an active research topic, where challenges come from
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o000
o006
o000

A Radial direction (outward from the center)

(b)

<—— Direction of motion

Fig. 4. Wear pattern on a drill-bit after 80 m drilled through hard rock formation: (a) general view, (b) zoom on several central (“C") and peripheral (“P”) inserts. Red arrow
shows the direction of insert’s motion with respect to the rock, black arrow denotes the outward direction from the center of rotation of the drill-bit. For the central inserts
the two lines cross on their centers. The distance from the center d for the considered inserts are as follows: C1 d~ 12.4 mm, for C2-C3 d~21.5 mm, for C4-C6 d~37.9 mm.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the fact that many factors come into play in drilling. However, de-
spite the varying configuration and composition of drill-bits used
in rotary-percussive drilling, a common pattern of insert’s wear
traces can be found. Indicative results were presented in an exper-
imental study (Tkalich et al., 2017b), where the full-scale rotary-
percussive drilling in hard rock was performed, with an average
rotation speed of 80rpm, feed force of 4.3 kN, and percussion fre-
quency of 65 Hz. The wear traces on all the drill-bit inserts ex-
hibited inclination towards the insert’s leading edge (the results
are recalled in Fig. 4). This can be explained by the harmful ten-
sile stresses present on the leading edges of inserts due to the
frictional contact with rock. The higher the impact angle is, the
greater is the induced tensile stress. Impact angle is zero at the
very center of drill-bit rotation and increases towards the periph-
ery. Additionally, the angle is altered by the roughness and the
shape of the bore hole floor. In the current study, with the help of
numerical tools we focus on this single insert-rock interaction as-
pect - the effect of the impact angle. In order to demonstrate how
the tangential forces change the response of the WC hardmetal
inserts to the impact, we compare the normal and the oblique
insert-rock impacts, both employing the same simple model ge-
ometry.

We use the finite-element method to solve an insert-rock con-
tact problem at the macroscopic scale for normal and mixed nor-
mal/tangential contacts. Impact simulations are performed using
Z-set finite element software suite (Besson and Foerch, 1997; Z-
set, 2017) in a quasi-static framework, where the impactor (half
sphere) comes in frictional contact with a rock mass cylinder (see
Fig. 5). Impactor is driven by displacements imposed on its top
(hatched face in Fig. 5):

uy(t) = ugtan(0)t/ty, with g(t) = 1= (E—to)/to. ifty <t < 26y,

Uy =0, {t/to, fo<t<t (46
Uz (t) = —uog(t);

In simple words, the impactor hits the rock surface at angle 0
(6 = 0 corresponds to the normal impact), in the interval 0 <t <ty

Drill-bit
insert

I
I
I
I
|
|
|
|
|
:
1
Rock :
I
I
I
I
I
I
I
I

L

Fig. 5. Illustration of the macroscopic impact geometry.

the indenter moves towards the surface, and for ty <t <2ty it
moves outwards. The maximal penetration is ug = 1 mm. The tra-
jectory angle with the rock surface normal is the same for loading
and unloading. Dimensions of the rock are chosen large enough
to avoid edge effects (depth 15 mm, diameter 20 mm), insert’s ra-
dius is 5mm. The rock block is fixed in all directions at its bottom
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Table 2

Proportional stress paths in terms of principal stresses used to compute the effective behavior and the yield surface; o is an

arbitrary normalization stress.

5 T4 T3 T2 T1 S a1 c3 c4 c5 6 c7 c8
ailoo 1 1 1 1 1 -1 -1 -1 -1 -1 -1 -1 -1 -1
o3l00 1 08 065 035 0 05 0 -04 -06 -073 -081 08 -094 -1
a3log 1 08 065 035 0 05 0 -04 -06 -073 -081 -088 -094 -1
and outer surfaces. At the symmetry plane, a symmetry bound- Table 3

ary condition is used imposing zero normal displacement. Approx-
imately 200 000 elements and 41 000 nodes were used to mesh
the model: 8-node linear brick and 6-node linear prism elements
with full integration are used, the mesh is dense in the zone of the
interest near the impact. Surface mesh in the impact zone form a
regular quadrilateral grid as seen in Fig. 11. Coulomb’s friction law
is used in the interface with friction coefficient p = 0.3, which is
an average macroscopic friction value for interactions consisting of
abrasive crushed rock surface and particles, combined with lubri-
cants which are used in drilling (Beste and Jacobson, 2002).

We use B-model for the WC hardmetal, integrated at every
Gauss-point of the impactor. Parameters D; for the B; evolution
are calibrated on finite element simulations of the synthetic mi-
crostructure under proportional loadings, see Section 4.1. Linearly
elastic material is used for the rock with Young’s modulus E, = 79
GPa and Poisson’s ratio v, = 0.26, which corresponds to Kuru gran-
ite elastic properties (Tkalich et al., 2016). No damage, fracture
or fragmentation is introduced. This choice is partly justified by
the fact that at high confining pressure the compressive strength
of the granite significantly increases and it can bear rather high
loads (Hokka et al., 2016). On the other hand, in drilling applica-
tion the rock crashes by chipping (big pieces) and fragments into
powder in the zone right beneath the impactor. Thus, in forward
motion the rock should also experience a softening behavior as
well as during unloading. Because of huge irreversible rock defor-
mation/crushing, the stresses in the tool might drop abruptly and
possibly do not present such high friction induced shear compo-
nents. Nevertheless, our simulations offer insights into the stress
heterogeneity within the WC hardmetal bulk, especially for the
material near the outer surface of the insert. The stress state is an-
alyzed in one-element thickness layer near the contact surface, at
which wear of the real inserts occurs. At the microstructure scale
the wear can be seen as an accumulation of micro-fractures of WC
grains and other damage mechanisms, which occur only near the
surface as was confirmed by microscope observations using scan-
ning electron microscope (Beste et al., 2001; Olovsjo et al.,, 2013;
Tkalich et al., 2017b).

4. Results
4.1. Effective behavior

The effective elastic moduli and initial yield surface of WC hard-
metal on a macro-scale are determined by means of series of FE
simulations with proportional loadings applied on hardmetal RVEs.
A mixed loading type is applied, with a zero normal displacement
on three adjusted sides of the cube-shaped RVE (see Fig. 2): ux =0
at x =0 plane, uy =0 at y =0 and u, = 0 at z = 0; the other three
faces are loaded with normal tractions. The stress paths are shown
in Fig. 6, and description in terms of applied principal stresses is
given in Table 2. Stresses and strains in both phases are given di-
rectly in the S-model by Eqs. (7) and (8), whereas in FE model the
average response of each phase is calculated as the volume average
of the corresponding phase. The average values are computed in an
internal volume (see Fig. 2d) to avoid edge effects. Volume fraction
of phases in the 75% internal volume is the same as in the total

Effective Young’s moduli and Poisson’s ratios for each microstructure obtained using
FE and UF models, and the relative error.

Binder [vol.%] Young's modulus, Eg [GPa] Poisson’s ratio, Ve

FE UF Al%] FE UF Al%]
75 6566 6518 0.7 0204 0204 <01
10.0 6389 6337 08 0206 0207 05
15.0 5988 5982 0.1 0211 0212 05

RVE. Material parameters for each phase are given in Table 1. The
B-model was calibrated using the results of these simulations and
the following parameters were chosen: D4 = 200, D5 = 50, D$ = 30
and D = 30 (see Eq. (12) for reference).

For a model consisting of 200 WC grains and 200 binder
pools, no significant difference in effective behavior was
found between models with different morphology realiza-
tions. This is a validation of the fact that the RVE size is big
enough to be representative. Experimental studies, for instance
by Doi et al. (1970) or Koopman et al. (2002), report that elastic
moduli of the hardmetal depend only on the volume fraction of
the phases, for the conventional composites (binder 5-20 vol.%).
The elastic moduli obtained with FE and UF models are compared
in Table 3 for various amount of binder phase, between 7.5 and
15%. A good agreement is found with the relative error being lesser
than 1 %. These results are consistent with previously reported
data (Tkalich et al., 2017a, see Table 8).

Figs. 7-9 show the stress-strain curves obtained using FE and
UF models for a single realization of the microstructure with the
binder volume fraction of 10%. For the sake of brevity, only three
loadings are shown: “T4”, “S” and “C2”, that respectively corre-
spond to asymmetric triaxial tension, pure shear and asymmet-
ric triaxial compression. Three curves are plotted for each loading,
which correspond to the effective, average WC and average binder
behaviors. The macroscopic curve is rather close to the curve of
the WC phase, due to the small volume fraction of the binder. De-
pending on the loading type, the plastic strain is larger in the WC
phase (case of T4 loading) or in the binder (cases of S and C2 load-
ings). This is consistent with the fact that plastic yield in tension is
much smaller than in compression for WC phase, and that the elas-
tic stiffness is larger for WC than for the binder. The general agree-
ment between the reference finite-element model and the uniform
field model is acceptable. The best fit is obtained for the pure shear
case, meanwhile, for the two other cases, the binder’s response in
the UF model is too soft, however, it does not affect significantly
the macroscopic response.

The so-called “equi-loading” lines link points on the three
curves (effective, WC, and binder) at the same loading step. This
offers the opportunity to examine the type of redistribution. A
pure elastic redistribution, as in Kréner's model, would present a
constant slope of the equi-loading line, depending on elastic mod-
uli only. In the present model, the slope decreases with increas-
ing plastic strain, as classically observed for self-consistent mod-
els. Again, it can be observed that the best agreement is obtained
for pure shear. The slope-change predicted by the UF model is too
slow for the tensile case, and too fast for the compressive case.
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The yield stress for each type of loading was identified as the
point at which the effective equivalent plastic strain p reaches
0.01%, which is computed as

_ [2
— |ZEP - EP
p= BE'E’

where EP is the effective plastic strain tensor, which is computed
as follows, using effective stress (X) - effective strain (E) curves:

EP=E-C4:X. (18)

The yield stresses obtained using FE simulations and the UF
model and shown in Fig. 10 in pressure-von Mises stress space.

(17)

Unlike the case of the effective elastic properties, the results de-
pend now on the chosen morphology. Five RVE models are selected
for each of the three binder content cases to perform the FE sim-
ulations. The scatter in yield stresses determined using FE simu-
lations is considerable, especially when the pressure is positive,
whereas almost no scatter is found when it is negative. Dirichlet
boundary conditions were used, which are responsible for small
deviation of the average stress states from the stress paths.
Expectedly, at positive pressures the yield surfaces predicted by
the FE model is rather different from those by the UF model. This
is because no plasticity can appear in Eshelby’s inclusion problem
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under hydrostatic pressure, whereas in FE model stresses redis-
tribute due to morphological nuances of the microstructure, which
result in plastic flow in the binder. Thus, the true yield surface
forms a curve with two branches: (i) Drucker-Prager-type branch,
at which von Mises yield stress increases linearly with the pres-
sure with the friction angle almost equivalent to the friction angle
of WC, this branch is well predicted by the UF model; the maxi-
mal von Mises yield value predicted by the UF model slightly un-
derestimates the FE result, in the worst case of 7.5% of binder it
predicts a 10% lower value; (ii) Cap-branch, at which von Mises

yield stress decreases down to zero under increasing pressure. In
the current study we do not analyze the plastic strain tensor evo-
lution, and thus the macroscopic plastic flow rule remains unde-
termined and the model incomplete. The stress state with a high
hydrostatic pressure is of high importance for insert-rock interac-
tion analysis, as near the contact surface huge pressures develop.
In this study, however, we limit the macroscopic description of
cemented WC to this provided by the S-model, bearing in mind
that a more accurate macroscopic model can be used in future
studies.
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4.2. Representative loadings

Two macroscopic quasi-static impact simulations were per-
formed: a normal (vertical) and an oblique impact at 6 = 15°. We
recall that the calibrated B-model is used for WC hardmetal, a
linear-elastic model is used for the rock.

For the case of normal impact, the stress state corresponds to
a normal frictional contact with a “slip-ring” and sticking center
zones in the contact (Johnson, 1987). Plastic slip is developed in
WC phase around the contour of the maximal extension of the
contact area, and is marginal compared to plastic strains in binder.
However, right outside the contact zone the axial stress o is neg-
ative, but is compensated by positive oy resulting in zero hydro-
static pressure and pure shear stress state outside the contact area,
where yield in WC phase might occur. Within the slip-ring at the
periphery of contact zone s <r<a, where s is the stick-zone radius

and a is the contact radius, the stress state has a shear component,
proportional to the contact pressure |oy;| = i |o|, with coefficient
of friction u.

For the case of oblique impact, the stress state corresponds
mainly to a full slip frictional sliding (Hamilton and Good-
man, 1966) at which strong tensile stress component develops in
front of the contact zone resulting in negative hydrostatic pres-
sure (see Fig. 11b). This zone becomes favorable for plastifica-
tion/microfracturing of WC phase (see Fig. 11d). An increase in the
friction coefficient would lead to even higher magnitudes of the
in-plane stress component oy, which is collinear with the im-
pact inclination. The resulting plastic zone is crescent shaped, that
could represent a failure limit for a possible material “chipping”.
Fig. 11 demonstrates the von Mises stress distribution in WC phase
as well as plastic strain accumulated in binder and in WC.
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To analyze the stress evolution in detail, three locations on the
impactor’s contact surface were selected, see points marked with
numbers 1-3 in Fig. 11. Stress history paths extracted from those
locations are plotted in pressure-von Mises stress space in Fig. 12,
and are marked with the numbers corresponding to the locations
in Fig. 11. In the simulations that follows, we employ paths 1 and
2 as Neumann boundary conditions for the WC hardmetal finite-
element 3D RVE model. Paths are applied on the sides of the cube-
shaped RVE in a form of a full strain tensor.

The responses of the RVE to four representative loading paths
are shown in Fig. 13: paths 1 and 2 from both the normal and the
oblique impacts. Curves in Fig. 13 are showing the RVE’s total, WC
and binder phase’s “microscopic mean”. Note that since the pres-
sure is a linear combination of stress components, the macroscopic
and microscopic averaged values are the same, which is not the
case for the von Mises stress being a non-linear function of stress
components. That is the reason why the mean microscopic paths
in Fig. 13 do not coincide with macroscopic ones shown in Fig. 12.
The means were obtained in two steps in the following order: first,
the value of von Mises stress and pressure was computed for each
Gauss point, and second, the weighted average was calculated by
taking into account the volume corresponding to each point. In
order to avoid possible edge effects, the data was extracted only
from the 75% of the inner RVE volume. For the moments of maxi-
mal penetration, the dispersion of stresses in each phase is shown
in Fig. 13 in a form of joint stress probability densities (“clouds”)
in pressure-von Mises stress space. The clouds give an important
insight on the state of the RVE. While the mean values could re-
main remote from the inelastic domain, clouds are able to give in-
formation about the number of material points that have reached
the plastic domain. Thus, the dispersion clouds give information
regarding the possible accumulation of plastic deformation or mi-
crofractures within the material bulk.

In the case of path 2 from both the normal [Fig. 13a.2] and
the oblique [Fig. 13b.2] impacts, during the whole loading cycle
the entire WC phase remains elastic, whereas the stress in the
binder rapidly reaches the initial yield stress and the hardening
takes place. However, the plastic strain in binder remains relatively
small, as the hardening is significant. WC cloud show dispersion in
pressure of about 2 GPa, and slightly higher - about 2.5 GPa in
the von Mises stress. Shape of the binder cloud is elongated more

along the pressure axis spreading for about 2.5 GPa, while only for
about 0.6 GPa along the von Mises axis since the stress is bounded
by its saturated value 5" (o) = Rp, + Qp ~ 1.17 GPa.

In the case of path 1 from both the normal (Fig. 13a.1) and
the oblique (Fig. 13b.1) impacts, elastic limits are reached in both
phases. Higher von Mises stresses and developed tensile stresses
lead to greater levels of plastic deformation accumulated in WC
grains. Due to brittle nature of WC grains, plastic strains generated
at negative pressures represent grains’ fracturing in real hardmetal,
which would lead to an increased rate of insert’s surface deterio-
ration, i.e. wear. The clouds’ shapes in the case of the normal im-
pact resembles that for the path 2, however, they are about 1.6
times smaller in size along both axes. In the case of the oblique
impact, WC cloud gets heavily distorted due to the material’s post-
yield behavior. The fact that flow potential normal is inclined in
the pressure-von Mises stress space (dilation angle nyc = 30°)
leads to the cloud distortion following that normal. Behavior of
the binder phase is affected by the increase in negative pressure,
which results in the increase of the binder cloud.

Resulting plastic strain fields at the maximal penetration are
shown in Fig. 14 for locations (paths) 1 and 2 for the normal and
oblique impacts, where the RVE is split in two parts along grain
boundaries. Equivalent plastic strain variables are stored separately
for WC and binder phases, which allows to illustrate them dis-
tinctly within the microstructure bulk. Plasticity near the outer
RVE boundaries is induced by boundary conditions and should
be disregarded. Majority of the binder material has reached the
state of inelastic behavior in all cases, since high shear stresses in-
duced within the microstructure. It can be also seen in “clouds” in
Fig. 13. In the case of the normal impact, inelastic deformation in
WC grains is very marginal and can be observed only at location
(path 1) concentrates at corners near interfaces with the binder
[see Fig. 14c]. For the oblique impact, contrary to the prediction
of B-model (compare plastic strain levels at point 1 in Fig. 11) the
plastic strain in WC grains is comparable with that in the binder. In
the case of path 2 loading, the combination of very significant hy-
drostatic stresses and relatively low shear stresses prevent the WC
grains from reaching the elastic limit. Thus, the hardmetal’s surface
at the location corresponding to path 2 (point 2 in Fig. 11) is much
less prone to wear, compared to that at the dangerous location 1
(point 1 in Fig. 11).
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is shown in a form of joint stress probability densities (“clouds”) for both hardmetal phases. Color-bars show the probability to find a point at a current location in stress

space (logarithmic color scale). The size of each “bin” in the cloud is 25 x 25 MPaZ2.

5. Conclusions
5.1. Summary

The three-step strategy employed in the current study had its
goal in obtaining the distribution of stresses and strains within the
WC hardmetal bulk, which occurs under loadings, representative
for the rotary-percussive drilling. Within the undertaken investi-
gation we computed effective elastic moduli and determined ef-
fective initial yield surface for the WC hardmetal composite with
different binder content.

Two homogenization methods were used: (i) a full-field model
based on a direct 3D finite-element simulation of synthetic
microstructure-respective models, where a new algorithm based
on the Voronoi tessellation has been developed and used to con-
struct a two-phase two-interface microstructure; (ii) a S-model,
which is a nonlinear extension of the self-consistent Kroner's
model. Each constituent is represented by its own material model,
namely classical ]2 plasticity for the binder, and a Drucker-Prager
model for the WC phase.

The effective elastic behavior predicted by the UF model fol-
lows very closely with that determined using FE models. Outside
the elastic domain, the UF model is also able to accurately predict
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the behavior of the pressure-dependent WC hardmetal for mod-
erate loads. The initial yield surface for WC hardmetal obtained
with the full-field 3D finite-element model consists of two dis-
tinguishable branches in the “pressure-von Mises” stress space: a
linear pressure-dependent segment in a part of tensile hydrostatic
stresses and a “cap”-shaped segment in a part of compressive hy-
drostatic stresses. The uniform field model predicts a yield surface
which consists of a linear pressure-dependent first branch and the
second branch in the part of compressive hydrostatic stresses -
parallel to the pressure axis. No “cap”-shaped segment is present
here, since the UF model cannot capture the dispersion of stresses
around the mean value, which are responsible for reaching the
plastic limit in the full-field model. For predicting extreme phe-
nomena like wear and fracture, which are governed not by mean
stress values but rather by the tail of the probability distribu-
tions, a more sophisticated and accurate homogenization model
is needed (see, e.g., recent works (Fritzen and Leuschner, 2013;
Michel and Suquet, 2016)).

Performed finite-element simulations of macro-scale impacts
employing B-model for the WC hardmetal impactor provide a
stress evolution paths, which are regarded as representative load-
ings for the hardmetal at a scale of its representative volume el-
ement. This analysis enables to reveal microscopic stress states,
which can extend far from the mean values predicted by the 8-
model. It is important to remark here that in the center of the
contact zone in absence of sliding a high hydrostatic compression
rules: as we saw the UF model cannot predict any plastic yield
for such a load, that what is observed in Fig. 11, third column
top row. In the presence of a sliding component (oblique impact),
shear tractions appear in the interface and result in some plastic
activity in the binder (see Fig. 11, third column lower row). On the
contrary in the microscopic full-field analysis a different picture
emerges. See the “cloud” and the microscopic mean curve for the
binder in Fig. 13a.2 corresponding to the central point (path 2) mi-

croscopic state for the normal impact: a considerable plastic strain
developes in almost whole binder phase. It is important to bear in
mind this example especially for the contact/impact microstructral
analysis, which frequently promotes high hydrostatic stresses near
the contact interface.

5.2. Implications for wear of drilling tools

In rotary-percussive drilling, drill-bit inserts impact the rock
surface at various angles. Impact angle is zero at the very center
of rotation of the drill-bit and increases towards the edges. This
angle however can be altered by the topography of the bore hole
floor. Due to friction, higher impact angles result in greater ten-
sile stresses induced on the leading edges of inserts. Since WC
grains are weak under tensile stresses, this region is prone to mi-
crofracturing of grains with its subsequent removal, which leads
to the macroscopic wear. Microstructural analysis, made possible
by the three-step multiscale strategy, demonstrates that macro-
scopic zones at the leading edges of the inserts are the criti-
cal locations for the near-surface microfracture of WC grains in
tensile mode. This result correlates with experimental observa-
tions (Tkalich et al., 2017b): (1) the wear rate increases with the
increasing distance of drill-bit inserts from the center; (2) the
wear is deeper on the leading edges of inserts. Experimental study
by Swick et al. (1992) showed no traces of abrasive scratches on
worn surfaces, which correlates with the finding that the abra-
sive wear occurs on the material with lower melting tempera-
ture (Bowden and Tabor, 2001). Thus the abrasive should not hap-
pen on the hardmetal since the melting temperature of WC is
higher than those of rock constituents. Therefore, we can conclude
that the tensile stresses occurring on leading edges of drill-bit in-
serts due to frictional oblique impact can play a significant role in
WC grain fracturing which promotes wear.
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