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Abstract. The WC/Co is one of broad class of cermet materials (CM) that are applied in
fabrication of machining tools. It means that they are subjected to different kind of dynamic
loadings. They have very good mechanical properties. However, the degradation of the CM
material under dynamic load has not been enough thoroughly investigated. Experimental
results yield that the dissipation of the fracture energy in WC/Co samples is due to Co ductile
failure at the WC and Co interface [1] and/or dimple rupture mechanism [2]. Stress
concentrations about stress raisers such as grain bounds cause microcracking that is further
propagated by dynamic loading. However, there are no such predictions for impact conditions.
The main goals of the presentation are to explore the formerly created models of the two-phase
composite [3, 4] towards impact conditions impacts and give qualitative predictions of the
crack and plastic strains initiation for such cases. It has been found that microcracks
development process and stress fields depend on impact velocity and the existence of
discontinuities: (1) inside the Co binder and (2) the interface between the binder and the grains.
Estimation of the microcracks distribution by means of damage parameter is given.

1. Introduction

New technological processes very often need up-to-date materials of polycrystalline structure.
Ceramic Matrix Composites (CMC) and monolithic ceramics are presented in, for example [1, 2].
Different models of the materials are given in, for example, [3-14]. Further on, nanoceramics is of
more complicated structure [15, 16] and the same concerns functionally graded materials [17-21]. The
other CMs materials, for example, titanium/molybdenum carbides and tungsten carbide with cobalt
binders (WC/Co) are described in [22-28]. Methodologies of assessment the properties of complex
materials are presented in [29-36].

Behaviour of novel composites in the context of the multiscale modelling is commonly
investigated, [37-40]. For example, two-scale approach that decomposes the case into levels of the
respective fine and coarse scale is derived by de Borst [37]. The multiscale modelling encounters the
fundamental problem of coupling the different scales taking into account different discretization
paradigms, i.e. finite elements, finite differences, meshless methodologies, etc. A variational
multiscale approach pretends to be the successful methodology for scales coupling, [39]. The
partition-of-unity approach for multiscale models of CM and CMC appear to be successful [37].

CM behaviour due to impact loading is more complex than one phase polycrystalline ceramics. It
concerns the modelling of the CMs as well.
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For example, the WC/Co properties were examined experimentally, [22, 23, 41]. Concerning our
model of impact of CMs, we apply meso-mechanical way of modelling for the RVE containing grains
and thin continuous intergranular layers. Experiments on thin metallic intergranular layers in CMs
have been described, for instance, in: [22, 23] for WC/Co, [42] for a Pt layer on Al,O5 [43] for Al,O3
bonded with pure Al and Al with addition of 4% Mg, [44] for TiC-Mo,C grains with Ni binder. It has
been shown in experiments [43] that metallic interfaces are soft enough that failure mechanism is
ductile. Considering [23, 24] we note that in the WC/Co CMs, the most of the fracture energy is
dissipated via the ductile failure of the soft Co binder. In the failure, the two fracture mechanisms are
engaged, namely, dimple rupture mechanism [64] and microcracks development in the Co binder/ WC
grain interface, [65]. Co binder ductile failure seems to be the main mechanism of fracture resistance
in the WC/Co CM, [24].

Up to now, the evaluation of equivalent mechanical constants of CMs has been carried out under
static load, for example, [33], [44-49]. The loading models depict continuous modifications of the
material. The changes of the internal structure concern rotations of grains, peaks of plastic strains in
metallic binders, microcracks development [28, 50-51]. In the mentioned papers, the authors
investigate ductile failure of the Co intergranular thin layer with | fracture initiation mechanism. It
means, the coalescence of micro-voids that further cause cracking nucleation and then their
propagation. Description of the Il fracture initiation mechanism of the Co binder is given in [23, 24].
The ductile failure of the Co binder is caused by phenomena that initiate in the WC/Co interface. It has
been found that the role of the interfaces is important and depending on the phenomena in interfaces
may trigger different ways of cracks advancement. For example, the phenomenon has been observed
in the CMC bi-material interfaces [52-54]. In this case, the nucleated cracks can be arrested for a
moment or can advance along the stiff bound barrier.

WC/Co is widely purchased for fabrication of cutting tools. Therefore, the understanding of the
microcracks development that is vital for the durability of the tools is of high importance. The
mirocracking process is revealed in experiments for repeatable compressive load [55], and also for
repeated impacts [74]. Layered composites under dynamic load are described in [66-68, 76].
Examples of impacts and blasts exerted on such structures are shown, for example, in [67, 69-73, 75].
Nevertheless, we still see a gap in the wide literature concerning WC/Co behaviour in the case of
impacts.

To extend previously developed models for the quasi-static loading of the WC/Co [28, 47-51] we
analyse microcracks development during compressive impact of the CM sample into rigid wall. It is
justified by the fact that short impacts appear during hard materials machining. The numerical model
under consideration takes into account dimensions and structure of the components. The constitutive
laws are considered for the components, as well. In consequence, the factors that affect internal
structure of the CM variation are as follows: (a) positions of CM components, (b) presence of
grain/binder transition zones (interfaces) that are the microcracks triggers, (c) finite deformations of
the Co intergranular layers (binders), (d) plastic strains in binders, (e) grains rotation. The other vital
factor is the velocity of the impact. It was shown by means of damage parameter that has been pointed
out peaks of microcracks, [56].

2. Physical and numerical model
The CM polycrystal consists of the elastic WC grains of very high strength and Co binders that are
elastic-plastic. The constitutive material model is in agreement with experiments that are shown in [24,
43]. While the grains are discretized with hexahedral 3D elements only the binders are discretized with
assemblage of 3D hexahedrals and 3D interface elements. The interface elements are present in the
binders, in the binders joints and in their structure. They allowed introducing discontinuities into the
model.

The finite element model stands for the Representative Volume Element (RVE) of the CM. The
calculation scheme of the system that includes CM sample, rigid wall and initial and boundary
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conditions is shown in figure 1. The sample impacts the rigid wall along x-axis of the model. The
individual discretizations of the binders and the grains are presented in figure 2 and figure 3.

12
o
umpact velocity v
|~ of the sample

Figure 1. Scheme of the Figure 2. Discretization of the ~ Figure 3. Discretization of the
structure. sample. interfaces.

We consider two models, continuous (M1) and discontinuous (M2). The potential discontinuities
are allowed by the interface elements that are inserted into the binders. The model M1 counts 34572
linear C3D8 hexahedrals and 41216 nodal points. The model M2 is additionally enriched with 47407
linear 8-nodes interface elements that cause the increase of the number of nodal points up to 1521609.
We apply MSC Patran [58] for geometrical modelling, Abaqus program for the numerical simulations
[57] and program GiD for the postprocessing phase [59]. The material properties of the grains read:
Young’s modulus is 4.1x10*" Pa, and Poisson’s ratio is 0.25. The intergranular binders are elastic-
plastic with Young’s modulus 2.1x10™ Pa, Poison’s ratio 0.235, vyield stress 2.97x10® Pa. The
material obey the isotropic hardening rule.

The created finite element model allows for the brick elements separation in the cobalt binders. It is
achieved by the inserting of the cohesive interface elements that surrounds each of the hexahedral
element in the binder. The properties of the binders are established considering the work [26], and
adopting the traction-separation constitutive law in the interface elements, [60, 61].

The constitutive parameters of the constitutive law in the interfaces read: elastic modulus normal to
the midsurface of the interface element (n) is 2.1x10"' Pa, both shear moduli in the directions that are
tangent to the midsurface of the interface element (s, #) read 1.373x10"" Pa. The damage initiation
condition is postulated quadratic:

2 2 2

& & &,

L =S Ay =1 (1)

&y &5 &
In the equation above, ¢, is the nominal strain in the normal direction (r) to the midsurface of the
interface element, and &,, & are the nominal strains in the two orthogonal (s) and (#) tangent

directions to the midsurface of the interface element. The variables ¢, &;, & are the maximum

nominal strains at the normal mode (#) and the shear modes in the directions (s) and (¢#) with the
postulate of their independence. The maximum nominal strains are 2.5x10, 6.65x10™* and 6.65x10™,
respectively. Considering the isotropic damage, the maximum reduced stress is given as follows, [62]:

o> =0o,..01-D) ()

max

The reduced stress refers to the damage variable D=A4/4, with the damaged cross-section area A4,
and the area of the pristine cross-section 4,. The damage variable D is in the range of 0 and 1. The D
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variable The evolution of the damage variable follows an exponential rule. The damage variable
reflects the deterioration of the cross-section because of microcracks showing up in the course of
loading path. The evolution equation of damage variable is as follows, [60]:

Op " =0,
l-exp| —a 0 — "
o° 0, —0,
D=1-| |1~

S 1-exp(-a)

)

The o,,, is the stress referred to the cross-section that is not damaged. The stress o, is the stress

referred to the pristine cross-section. It is the nominal stress. Further on, &, is the displacement at

X X

which the stress touches the maximum strength o, at the start of damage, &, is the maximum

X

displacement attained in the loading path, 8, is the failure displacement, and « is the damage rate.

3. Numerical results

We note qualitative dissimilarity in displacement fields in the models M1 and M2 that undergo the
impact velocity of 50 m/s. While comparing figure 4(a) and figure 4(b) we observe significant
influence of the discontinuities in the binders. We mind a wedge that builds along the grains bounds,
figure 4(a). Another observation concerns the displacement fields, namely, we find that the
displacement field in the case M1 is smoother than in the case of model M2, figure 4(b).
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Figure 4. Displacement fields for two models, top view: (a) case M1; (b) case M2.

In contrast to model M1, the wedge is not formed in case M2. In both cases we can see thinning of
the binders and squeezing their material off. However, we note that the squeezing off of the interfaces
material in case M1 is more intense than in the case M2. In model M2, the discontinuities are sharper
than in case of M2. In cases M1 and M2, the maximum displacements are 1.10E-06 m and 8.46E-07 m
with the difference 23.1%. The squeezing off develops along the formed wedge, figure 5(a) and ranges
deeper into the sample than in case of model M2, figure 5(b). The squeezed-out material is more
distributed in the model with discontinuities.
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Figure 5. Displacement fields for two models, side view: (a) case M1; (b) case M2.
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Figure 6. Equivalent plastic strain distribution in binders, time instant 1.0E-08 s: (a) case M1; (b) case
M2.

Gross equivalent plastic strain is qualitatively similarly distributed in binders in both models, figure
6. However, the plastic deformation is higher in case M1 than in case M2 with the difference of 134%.
We note that plastic strains in interfaces start to develop mostly at the edges of the interfaces. It
concerns both M1 and M2 models. The effect can be seen particularly well in the binders that are
placed close to the striking edge of the sample.
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Figure 7. Damage parameter development: (a) time instant 2.0E-09 s; (b) time instant 1.0E-08 s.

The damage parameter distribution is given in figure 7. Damage appears in interfaces at the
attacking edge, figure 7 (a). When the process advances, damage propagates into the interfaces system.
We note that damage is higher in the middle of interfaces than at their edges, figure 7(b). We recall
here figure 6 that illustrates spatial distribution of plastic strains. We note a qualitative difference
between damage parameter distribution and equivalent plastic strain distribution. Plastic strains have
appeared on the edges of interfaces while damage parameter is high inside interfaces.
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Figure 8. Microcracks development: (a) time instant 2.0E-09 s; (b) time instant 1.0E-09 s.

We follow the microcracking process in figure 8. This is done for model M2. We find that the
cracking process advances uniformly into the interfaces system. The front of the cracked interfaces is
practically parallel to the attacking edge of the sample.

4. Final remarks
We point out main attributes of the new model and the summary of our observations that are as
follows:

* the model suits well for loading due to impact,

« since the displacement fields and thereafter the shapes of the sample, and values of the other
variables, are dissimilar when analyzing the continuous and discontinuous models, the model that
includes the cracks effect should be considered,

« in the continuous model, the grains move and create a visible wedge,

+ concerning the discontinuous model the grains do not build the wedge but they move along the
binders that are about parallel to the striking boundary of the sample,

* plastic strains and damage parameter give their presence at the start of the impact process,

* plastic strains shows up in the bounds of binders and develop towards their interior,

» damage parameter starts to grow in the interior of the interfaces.

The model is intended to develop RVE [63, 77] of larger size and more precise.
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