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A B S T R A C T   

In this study, the mechanical behavior under monotonic loads of tungsten carbide‑cobalt (WC-Co) composites is 
investigated extensively by analyzing (1) nanoindentation tests on WC particles and Co matrix, (2) nanowires 
made of WC-Co composites tested in tension and (3) micropillars made of WC-Co composites tested in 
compression. To this end, a novel computational framework consisting of two different microplane constitutive 
models developed for WC and Co phases are proposed. For the Co matrix, the microplane J2-plasticity, called the 
model MPJ2, and for the WC particles a modified version of the microplane model M7, called the model M7WC, 
are employed. Furthermore, finite element meshes in 3D obtained from experimental tomography re
constructions of WC-Co composites are employed to rule out any spurious geometric features that is likely to be 
encountered in artificially generated meshes. After calibrating the aforementioned models, it is shown that the 
finite element predictions not only confirm the extensive experimental observations but also shed further light 
into the mechanical behavior of these composites.   

1. Introduction 

WC-Co cemented carbides, often simply termed hardmetals, are 
forefront materials in many tooling and engineering applications, such 
as metal cutting, mining, rock drilling, metal forming, structural com
ponents, and wear parts [1] because of their outstanding properties such 
as high hardness, high strength and high wear resistance. These 
outstanding properties result not only from their composite nature, 
meaning they combine constitutive phases with quite different attri
butes but also the optimal interface properties of the WC-Co system [2]. 
Depending on the metallic phase content, the state of aggregation of the 
ceramic hard phase may range from quasi-isolated ceramic particles 
dispersed in the binder phase (high metal content) to a highly connected 
skeleton of contiguous carbide grains for grades with low binder content 
[3]. Hence, considering that compositions of commercial grades range 
from 3 to 30wt% of metallic binder, cemented carbides may be micro
mechanically described as composites of ceramic nature (rather than 
metal-based) reinforced by ductile metallic ligaments, strengthened 
through the constraint imposed by the very rigid carbide crystals [4–9]. 

Small-scale mechanical tests such as nanoindentation [10,11], uni
axial tensile tests of nanowires [12] and micropillar compression 

[13,14], permit the assessment of the mechanical behavior of small 
volumes of material as well as single phases. These are relevant to study 
not only the contact and wear behaviors but also the behavior under 
monotonic loads, where the overall performance of a tool is dictated by 
the behavior of the material at small length scales. Furthermore, such 
tests allow in-situ visualization and post-mortem inspection of the 
complete microstructure, key to capture the inherent deformation 
mechanisms. Although results from these tests may have several types of 
uncertainties [15–18], they still provide one of the best characterization 
strategies to closely analyze the local inelastic behavior at micro- and 
nanometric dimensions. 

Most studies on simulation of the mechanical behavior of WC-Co 
cemented carbides consider the microstructure of these composites 
either in 2D or in the so called 2.5D [19–23]. Those in 3D use compu
tationally generated microstructures [24,25] that may fail to capture 
entirely the true nature of the material. A better approach is constructing 
3D meshes based on real sequential sectioning of the microstructure, 
using, for instance, focused ion beam (FIB) tomography [26]. In this 
case, achieved resolution is high enough to capture the interconnecting 
WC grains and binder skeletons. 

Moreover, WC carbides have been mostly modelled as either 
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isotropic elastic [20–33] or anisotropic elastic [34,35]. For damage, 
critical stress criteria [30,31] and fracture energy criteria [34] have 
been used. The WC carbides, however, are brittle under tension but can 
sustain moderate plastic strain when under compression [12–14]. This is 
an important behavior that these previous studies were not able to 
capture. On the other hand, the Co binder has been modelled as elas
toplastic with strain hardening [20,24,28,32,33,34,36], and viscoelas
ticity [21,22,35]. For damage, plastic strain accumulation criteria have 
been used [21,34]. 

In this study, we aim to create a computational framework for the 
mechanical behavior of WC-Co composites by using the microplane 
modelling approach [37–40], together with a realistic mesh based on 
FIB tomography images [26]. Contrary to other models, with the 
microplane approach it is easy to distinguish the mechanical behavior 
under different loading conditions. At the same time, these realistic 
meshes are more representative of the true composite nature of the 
material microstructure and have no spurious geometric features that 
are likely to exist and cause problems in computationally generated 
meshes. The proposed computational approach is first calibrated by 
fitting micropillar compression test data from fine-grained composite 
(FGC), three-point bending test data from FGC beams and uniaxial 
tension test data from a pure Co specimen. Next, it is validated by 
comparing model prediction outcomes with experimentally attained 
nanoindentation data on WC and Co particles [10,11]; uniaxial tensile 
test data on coarse-grained composite (CGC) nanowires [12]; and CGC 
and FGC micropillar compression test data [13,14]. 

2. Finite element analyses 

Two distinct phase assemblages of WC-Co composites are considered 
in this study: A fine-grained composite with 10.5% wt. Co (FGC) and a 
coarse-grained one with 22.4% wt. Co (CGC). The finite element meshes 
generated for the simulations of nanoindentation, nanowire tension and 
micropillar compression are shown in Fig. 1, Fig. 3 and Fig. 11 respec
tively. In this work, the analysis of micropillar compression receives 
more attention, partly because the availability of a wider range of 
experimental data. 

Another novelty in the computational framework presented are the 
constitutive models used for WC particles and Co binder. For the 
constitutive model for the metallic binder, the microplane J2-plasticity 
(MPJ2) model is used [37]. The advantage of implementing this model, 
instead of the classical J2-plasticity, is that the former allows selective 
activation of the slip planes, based on the resolved shear stress on these 
planes using a yield surface unique to each of these planes. Thus, model 
MPJ2 involves many yield surfaces, opposite to the classical J2-plasticity 
which typically employs only one yield surface. Consequently, the 

transition from elastic regime to the elastoplastic one takes place more 
smoothly when the model MPJ2 is used. The constitutive model for the 
WC carbide is chosen to be a modified version of the microplane model 
M7 [38–40], here referred to as M7WC. Model M7 was originally 
developed for multiaxial inelastic damage and fracture behavior of 
concrete; thus, it is an ideal one for simulating the mechanical behavior 
of any ceramic based quasi-brittle material, as it would be the case of 
ceramic-base composites. M7 uses the so-called stress-strain boundaries 
(or strain-dependent yield surfaces) on every potential plane of inelastic 
deformation to model the complex multiaxial mechanical behavior of 
such materials. In the last decade, M7 has been extended to model fiber- 
reinforcement [41], fatigue behavior [42], alkali-silica reaction effects 
[43], and high strain-rate behavior [44] of concrete. However, to apply 
the model M7 to WC particles, it turns that it must be modified signifi
cantly which gives rise to the model M7WC applicable to the WC 
particles. 

One of the key points of this study is the finite element meshes 
generated by sequential FIB (S-FIB) tomography, allowing the use of real 
microstructural geometry for both micropillars and nanowires. A mesh 
based on real microstructure images is more realistic than those which 
are computer-generated, thus facilitating substantially the modelling of 
the material behavior. In the case of the nanoindentation simulations, 
because the deformations are localized within either the WC particle or 
the Co phase, meshes are simply generated using Abaqus, i.e. real 
microstructural features of the material are not considered to reduce the 
computational cost of the simulations. 

Aiming to get micropillar and nanowire meshes, S-FIB images re
ported in [26] are imported to the commercial software Avizo. Then, a 
tetrahedral mesh is created after trimming, as shown in Fig. 1. Subse
quently, each tetrahedron is converted into four hexahedra. The final 
mesh has approximately 2500 and 130,000 bilinear hexahedral ele
ments in nanowire and micropillar simulations respectively. Examples 
of a meshed micropillar specimen in compression as well as a meshed 
nanowire specimen in tension are shown in Fig. 2 (a) and Fig. 2 (b) 
respectively. In Table 1, average values of microstructural features for 
micropillars [13,14] and nanowires [12] are listed, as reported in the 
original experimental studies. In the case of nanowires, representative 
microstructural information is difficult to define, as given information is 
limited to average WC particle size and WC-to-Co ratio (and even phase 
contiguity) was different for all tested specimens [12]. Considering the 
former is rather coarse and the latter ranged from values of cobalt area 
fraction between 10 and 40%, nanowire meshes in this study were 
produced using the S-FIB tomography data for CGC grade. 

Dimensions of the simulated micropillars and nanowires, together 
with those of specimens used in the experiments, are compared in 
Table 2. It may be observed that the analyzed micropillars and 

Fig. 1. Generation of the 3D micropillar models.  
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nanowires are very similar to the samples tested in the experimental 
works, in terms of both geometry and relative amount of constitutive 
phases. 

The meshes used for the nanoindentation simulations of WC and Co 
are shown in Fig. 3 (a) and (b), respectively. They consist of 712,448 and 
2,000,376 bilinear hexahedral elements, respectively, and are generated 
using Abaqus. In Fig. 3 (c), the rigid Berkovich indenter is shown 
penetrating the samples. The samples are represented by hemispheres of 
36 μm and 72 μm in diameter for the WC and Co phases, with corre
sponding penetration depths of 900 nm and 1900 nm respectively. It is 
noted that the hemispheres simulating the specimens must be much 
larger in diameter than the maximum penetration depth (about 36 times 
larger in this study) not only to minimize the influence of the boundary 
conditions on the results but also to keep the computational cost from 
rising too high. 

2.1. M7WC model 

Attempting to describe the constitutive behavior of the ceramic 
phase, i.e. WC particles, the model M7WC, a modified version of the 
model M7, is employed. In model M7 [38,39], the strain tensor ε with 
components ϵij (where i, j = 1 to 3) is projected onto “microplanes” at a 
given material point, as shown in Fig. 4. The strain vector on any given 
microplane is to be input to a constitutive relation which yields stress on 
the same microplane. This is called the kinematic constraint. Thus, the 
model M7 is a kinematically constrained microplane model. Kinematic 
constraint is necessary for capturing strain-softening behavior of quasi- 
brittle materials like WC. 

In order to represent each microplane, its corresponding unit normal 
vector n̂ and shear vectors m̂ and l̂ are used. Aiming to avoid any 

(a) (b)

Fig. 2. (a) Simulation conditions of micropillars in compression; (b) nanowires 
in tension. 

Table 1 
Microstructure parameters of the meshes used in the simulations [26], compared 
with micropillars tested in studies [14] and [13] and nanowires tested in [12].   

CGC 
[26] 

FGC 
[26] 

FGC 
[14] 

CGC 
[13] 

CGC 
[12] 

Binder Volume (%) 35.0 17.5 – – 10–40 
Binder Weight (%) 22.4 10.5 10 15  
Mean WC Size (μm) 1.6 0.4 0.4 – 2.0 
Contiguity 0.30 0.56 0.20 – – 
Mean Free Path 

(μm) 
1.26 0.19 0.50 – –  

Table 2 
Dimensions of small-scale specimens used in [14], [13] and [12], as compared to those of the simulated micropillars and nanowires.   

Simulated CGC and FGC micropillars CGC micropillars in [13] FGC micropillars in [14] Simulated CGC nanowires CGC nanowires in [12] 

Aspect ratio (l/dtop) 2.9 2 to 2.5 3.3 – – 
Taper angle (degrees) 3 2 to 3 3.4 – – 
Top Diameter (μm) 2.1 2.5 to 3 2.1 – – 
Thickness (μm) – – – 0.4 0.2 to 0.5 
Width (μm) – – – 1.4 0.3 to 1.5 
Length(μm) – – – 4 3.7 to 4.7  

(a) (b)

(c) (d)

Fig. 3. (a) WC, (b) Co hemispheres to be indented by the (c) Berkovich indenter; (d) model assembly.  

P.V.S. Machado et al.                                                                                                                                                                                                                          



International Journal of Refractory Metals and Hard Materials 111 (2023) 106053

4

directional bias, m̂ is given a random direction; and then, ̂l is defined as 
l̂ = n̂ × m̂. Hence, the 3 microplane strain components at each micro
plane are calculated as εN = Nijϵij, εM = Mijϵij and εL = Lijϵij, where 
subscripts range from 1 to 3, Nij = ninj, Mij = (nimj + njmi)/2 and Lij = (nilj 
+ njli)/2. The microplane stress components σN, σM and σL are obtained 

using the corresponding constitutive relations as σN = FN(εN), σ2
T = σ2

L +

σ2
M = Fτ

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ϵ2
L + ϵ2

M

√ )
in tension (σN > 0). The stress tensor is calculated 

by considering the principle of virtual work: 

2π
3

σ : δε =

∫

Ω
(σNδεN + σMδεM + σLδεL)dΩ (1)  

which leads to  

σij =
3
2

π
∫

Ω

(
σNNij + σLLij +σMMij

)
dΩ (2)  

in tension (σN > 0). In compression (σN < 0), the macro-micro stress 
equilibrium equation becomes: 

σij =
3
2

π
∫

Ω

(
σDNij + σLLij +σMMij

)
dΩ+ σvδij (3)  

in which σD = FD(ϵD) and σV = FV(ϵV) are the deviatoric and volumetric 
parts of the microplane normal stress obtained from the corresponding 
constitutive functions. 

Such an approach has some key advantages: (i) damage and cracking 
in the strain-softening regime [45] may be modelled; (ii) the constitutive 
equations are more intuitive on the microplane using vectors, instead of 
invariants of second order tensors; (iii) the vertex effect is automatically 
captured [46]; and (iv) boundary slip observed between WC particles 
can be captured. Its full algorithm is explained in [38], and the inter
ested reader is referred to [29] for detailed information. However, there 
are two important modifications that have been made in the model M7, 
such that it may be satisfactorily applied to simulation of WC particle 
behavior. The first one refers to the volumetric boundary defined by 
Eqs.13 and 14 in [38], which has been modified as 

σb
V = Ek1k3exp( − ϵV/k1k4) (4) 

The second one involves the shear boundary given by Eqs. 27 and 28 
in [38], which has been replaced by 

σb
τ =

k1k2
(

1 +
max(ετ − c10 ,0)

c11

)2 (5)  

where ετ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε2
L + ε2

M

√

. These two relatively slight changes improve the 
model behavior drastically, particularly for the case of nanoindentation 
tests, as can be seen in Fig. 10. This modified model M7 is referred to in 
this work as M7WC. 

2.2. MPJ2 model 

Description of the constitutive behavior of the metallic phase, i.e. the 
Co binder, is achieved employing the MPJ2 model. It is based on a series 
of models first presented in Ref. [37], but that study lacked not only a 
detailed computational algorithm but also sufficiently extensive verifi
cation of the model. In this study, an in-depth computational algorithm 
in the finite strain range is presented. Moreover, in the results section it 
is shown that this model can predict nanoindentation, nanowires under 
tension, and micropillars under compression experiments. 

In the classical J2 plasticity the yield surface is expressed in terms of 
the second invariant of the deviatoric stress tensor 

J2 =
1
6
[
(σI − σII)

2
+(σII − σIII)

2
+(σIII − σI)

2 ] (6)  

where σI, σII and σIII are the principal values of σ. The yield surface is set 
to expand as a function of the accumulated plastic strain, ϵp

eff: 

J2 = τ2
(

ϵeff
p

)
(7) 

When elastic limit is reached, radial return of the stress state to the 
yield surface is then imposed. Isotropic-hardening is inappropriate for 
capturing the Bauschinger effect, which is generally remediated by the 
kinematic-hardening [47]. However, in the model MPJ2 the Bau
schinger effect is obtained as a consequence of the loading and 
unloading interactions between different microplanes without using 
kinematic hardening. 

In the model MPJ2, hardening is assumed to occur on a microplane 
when the inequality given by 

σ2
D + σ2

L + σ2
M > τ2

(
ϵeff

p

)
(8)  

is satisfied. In this equation, σD = σN − σV is the microplane deviatoric 
stress, σM and σLare microplane shear stresses, σN = Nijσij is the micro
plane normal stress, σV = σii/3 (repeated indices imply summation) is 
the volumetric stress, and τ(ϵp

eff) is the hardening function defined on a 
microplane. The complete microplane J2-plasticity model algorithm is as 
follows:  

(i) The Green’s Lagrangian strain tensor, appropriate for finite 
strain, is calculated using: 

ε =
1
2
(
FTF − I

)
(9)  

where F is the deformation gradient tensor.  

(ii) Cauchy-Green deformation tensor is computed using: 

C = 2 • ε+ I (10)   

Fig. 4. Microplane system with kinematic constraint.  
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(iii) Eigen values and eigen vectors of C are computed by using the 
Jacobi eigen value algorithm [48].  

(iv) Considering the matrix V = [v1 v2 v3], where v1, v2 and v3 are the 
eigenvectors of C, and the diagonal matrix Λ with components 
log(λ1), log(λ2) and log(λ3), where λ1, λ2 and λ3 are the eigen
values of C; the logarithmic strain H is computed using: 

H =
1
2

VΛVT (11)    

(v) The logarithmic strain increment is calculated using: 

δH = H − Hold (12)   

(vi) The volumetric strain and its increment (εV and δεV) are deter
mined as: 

εV = lnJ/3 (13)  

δεV = (lnJ − lnJold)/3 (14)  

where J is the determinant of F. 
Microplane and strain vectors (εN, εL and εM) and strain increments 

(δεN, δεL, δεM) are calculated with the logarithmic strain tensor H and its 
increment δH, as: εN = NijHij, εM = MijHij and εL = LijHij, and δεN = NijδHij, 
δεM = MijδHij and δεL = LijδHij, where subscripts range from 1 to 3, Nij =

ninj, Mij = (nimj + njmi)/2 and Lij = (nilj + njli)/2.  

(vii) The volumetric stress and its increment, which are the same for 
all microplanes, are computed as: 

δσV = EV δεV (15)  

σV = σV old + δσV (16) 

In Eq. (15), the elastic volumetric stiffness is defined as EV = E/(1 +
2ν). 

The deviatoric strain increment is then evaluated in each microplane 
as δεD = δεN − δεV.  

(viii) The stress increments are computed as: 

σK = σold
K + δεKET (17)  

where K = D, M or L and ET = E/(1 + ν). 
If the inequality 

σ2
D + σ2

M + σ2
L ≤ τ2(εPold) (18)  

is true at a given microplane, then the yield surface has not been 
exceeded; thus, the material is still in elastic regime, and no hardening 
takes place. 

If the inequality (18) is false at a given microplane, then it means 
elastoplastic deformation occurs, and material hardens according to the 
normality rule. The values of σD, σM, σL radially return to the yield 
surface, and thus they are calculated as: 

σK = σK −
ET δϵold

p σold
K

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ2

D + σ2
M + σ2

L

√ (19)  

where K = D, L or M.  

(ix) As a consequence of work hardening, the hardening function τ is 
now updated as: 

τ2 =

[√

3k3

(

1 +
εP

k2

)k1
]2

(20)  

εP = εPold + δεP (21)  

δεP = max
(

Δλ1

Δλ2
, 0

)

(22)  

where 

Δλ1 =
ET(σDoldδεD + σLoldδεL + σM oldδεM)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
σ2

Dold + σ2
Mold + σ2

Lold
)√ (23)  

Δλ2 = ET +
τ(εPold)k1

k2 + εPold
(24)    

(x) σN = σV + σD, on each microplane is computed.  
(xi) Finally, the principle of virtual work given in Eq. (1) is applied to 

calculate the Cauchy stress tensor components. 

3. Calibration 

3.1. The model M7WC 

The model M7WC is used to simulate the mechanical behavior of WC 
particles. Elastic modulus and Poisson’s ratio are obtained from exper
iments from [20], but were further optimized to match the experimental 
values used in this section for calibration. The element size in the mesh is 
fixed at approximately 95 nm. However, this model has many more 
parameters to calibrate due to complex multiaxial behavior of ceramic 
particles under varying stress states. Thus, the following experimental 
observations are considered to calibrate the parameters of this model:  

(i) Under compression, WC has been reported to sustain moderate 
plastic strain [13,14,49]. The experimental behavior of FGC 
micropillars under compression is shown in Fig. 13 (a). To fit this 
experimental data, the parameters of the deviatoric-volumetric 
boundary of the M7WC model are calibrated to allow sufficient 
strain-hardening before post-peak softening regime. For this end, 
only the response of a single simulated typical micropillar has 
been used. It then yields the optimum values of the parameters c5, 
c6, k3 and k4, as shown in Table 3. The WC-WC boundaries ori
ented at 45∘ in relation to the compressive load are more sus
ceptible to boundary gliding during micropillar compression 
[14,49]. Aiming to capture this gliding under compression, the 
shear boundary parameters k2 and c10 are calibrated to fit this 
experimental data. 

Table 3 
Optimum values of the parameters used in microplane model M7WC.  

Parameter Value Meaning 

E 700 GPa Young’s modulus 
ν 0.24 Poisson’s ratio 
k1 7.3 •

10− 7 
Radial scaling parameter 

k2 125 Vertical scaling of shear boundary 
c10 1 • 10− 2 Horizontal scaling of shear boundary 
c5 0.1 Volumetric-deviatoric coupling in the horizontal scaling of 

the deviatoric boundary 
c6 12 Volumetric-deviatoric coupling in the vertical scaling of 

the deviatoric boundary 
k3 142.5 Vertical scaling of volumetric boundary 
k4 500 Horizontal scaling of volumetric boundary 
c2 0.28 Tensile yielding in normal boundary  
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(ii) In WC-Co nanowires under tension, WC particles are shown to 
undergo little or no plastic deformation [12]. The same happens 
in WC-Co microbeams under three-point bending [50]. Hence, a 
large sudden drop on the tensile normal boundary after some 
elastic deformation is imposed. On the other hand, to determine 
the tensile strength and fracture energy of FGC, three simulations 
of notched 3-point bending beam tests of FGC are performed. The 
specimens and the corresponding load-displacement curves ob
tained in the simulations are shown in Fig. 5. As expected, this 
boundary greatly affects crack opening in Mode I. The beams in 
these simulations are 8550 nm in length, and 1710 nm in width 
and height. The notch length is 684 nm in all beams. The 
microstructure of the beams is obtained from the tomography 
images of the FGC grade. Fracture energy of the FGC is calculated 
using the work-of-fracture method [51], as given by 

GF =
WF

b(D − a0)
(25)  

where GF is the fracture energy, WF is the area under load-displacement 
curve, b is the width of the beam, D is the height of the beam, and a0 is 
the notch length. It is noted that the crack path almost exclusively lies 
through the WC particles. Thus, using Fig. 5, the fracture energy of WC 
particles is determined to be 248 ± 34 Jm− 2. This range of values is very 
close to the one reported in [52] as 246 ± 5 Jm− 2 in Table I for a WC-Co 
composite with similar microstructural assemblage, in which crack 
paths remained in WC particles. This step yields the optimum value of 
the parameter c2. The optimally calibrated parameters of the M7WC 
model are shown in Table 3. 

3.2. The model MPJ2 

Within WC-Co ceramic-metal composites, Co has been reported to 
have a very high ductility, besides exhibiting a strong interface with WC 
[13] [53]. In this case, calibration is done by optimally fitting a simple 
uniaxial tensile test, [10,54,55] as shown in Fig. 6 (a) which allows the 
determination of the model parameters k1 and k2, which control strain- 
hardening, as well as k3, which is approximately the yield limit. Elastic 
modulus and Poisson’s ratio are already available from the experiments 
from [56], but were further optimized to match experimental values 
used in this section for calibration. The optimal parameters obtained are 
given in Table 4. The simulated specimen is a dog-bone specimen in 
which symmetry is considered in two axes as shown in Fig. 6 (b). A mesh 
of 300 linear hexahedral elements is employed to discretize it. 

Damage and fracture have not been included in the formulation of 
the MPJ2 model because it is found to have negligible influence in the 
fits of the experimental data used in this study. However, when the el
ements are distorted too much, i.e. if the absolute value of any of the 

principal strains exceeds 100% at any one of its Gauss points, they are 
deleted. Such element deletion introduces some damage and fracture in 
the material at extremely distorted sites. For this reason, the element 
size is fixed at approximately 95 nm. 

4. Verification 

4.1. Nanoindentation of Co binder and WC particles 

From now on, the word “prediction” refers to a result from a simu
lation in which not only the model parameters are kept fixed at their 
calibrated values but also the element size in the mesh is kept at 
approximately 95 nm. The nanoindentation predictions on Co binder 
and WC particles are compared with corresponding experimental data 
for both materials, obtained from [11] and [10] in Fig. 8 and Fig. 10. In 
Fig. 7, the indentation is shown on the surface of a 72 μm diameter Co 
particle at the maximum penetration depth of 1900 nm. It shows the 
maximum principal logarithmic strain distribution, indicating the 
possible cracking pattern at the maximum indentation depth after 
complete unloading of the indenter. 

The load-penetration depth prediction, shown in Fig. 8 (a), is used to 
calculate the hardness-penetration depth response shown in Fig. 8 (b), 
according to the method described in Ref. [57]. To this end, the initial 
part of the unloading curve in Fig. 8 (a) is optimally fitted with a straight 
line (R2 = 0.99), the slope of which is taken as the unloading stiffness. 
Hardness predicted for the metallic phase is calculated at the maximum 
penetration depth of 1900 nm as 4.8 ± 0.1 GPa. This value is in total 
agreement with the one experimentally measured in [10]. The predic
tion in Fig. 8 (b) nicely approximates the experimental data beyond a 
shallow depth of about 300 nm. At shallower penetration depths, 
experimental measurements are known to be unreliable [10]; thus, 
comparison between prediction and experimental data is not addressed 
in that very small penetration depths. 

Fig. 9 depicts the nanoindentation imprint after unloading on a 36 
μm diameter WC particle up to the maximum penetration depth of 900 
nm. It shows a very heterogeneous maximum principal strain distribu
tion, indicating the microcrack distribution in the material at the 
maximum penetration depth after complete unloading of the indenter. 
This is different from the scenario observed in the indentation imprint 
on the Co binder (Fig. 7) which shows possible cracking only at the 3 
interior edges of the indenter exclusively. 

Fig. 10 (a) shows the load-penetration depth prediction resulting 
from the nanoindentation test. It is in satisfactory agreement with the 
experimental data obtained for a prismatic plane of WC, except for the 
tail of the unloading curve. This is also the case for the predicted 
hardness, as shown in Fig. 9 (b), except at very low penetration depth 
values. An additional discrepancy is discerned at very high depths, 

(a) (b)

Fig. 5. (a) Three-point bending simulation load-displacement results; (b) geometry and microstructure used in the simulations.  
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where hardness values predicted are slightly overestimated. Possible 
reason for it may be the fact that in the simulation the true micro
structure of the material is not used and thus the effect of WC particle 
being “supported” by the softer Co binder becoming more important as 
penetration depth increases is missed. The hardness values predicted at 
maximum penetration depths of 900 and 200 nm are 20.7 ± 0.5 GPa and 
20.5 ± 0.5 respectively. The predicted hardness at a maximum pene
tration depth of 200 nm and the experimental hardness reported for WC 
prismatic planes at the same maximum penetration depth as 22.0 ± 9.6 
GPa [11] agree quite well. 

4.2. Nanowires in tension 

Useful experimental data on mechanical response of nanowires of 
WC-Co hardmetals are reported in [12]. Nanowires used in these 

experiments had WC particles with an average size of 2 μm, similar to 
the CGCs. They are classified as non-segmentalized or segmentalized, 
depending on if they exhibit a continuous structure of WC throughout its 
length or not. Nanowires are also classified according to the area frac
tion of Co observed on their top and side surfaces. In general, all spec
imens having a Co area fraction above 20% are segmentalized, while 
those with metallic area fraction under 20% may be segmentalized or 
non-segmentalized. 

Nanowire specimens used in the predictions, shown in Fig. 11 (a), 
have a mean area fraction of 12.7 ± 5.4% and are all non-segmentalized. 
Accordingly, the predictions are to be compared with the test results 
from the non-segmentalized nanowires reported in [12]. All nanowires 
are structured with CGC S-FIB tomography, as this grade is constituted 
by carbides whose mean size is similar to the one reported in the 
experimental study. As the modelled nanowires do not have the exact 
same microstructure as those tested in [12], and the simulated micro
structures are chosen randomly, some deviation in the predictions from 
the experimental values is to be expected. Consequently, Fig. 11 (b) 
depicts a slight deviation in the prediction. However, it is noted that the 
prediction curve is still well within the 95% confidence intervals. The 
predicted mean tensile strength turns out to be 4.30 ± 1.40 GPa which is 
close to the experimentally reported range of values given as. 4.69 ±
0.60 GPa in [15]. 

In all predictions seen in Fig. 12, a linear-elastic initial part of the 
stress-strain curve is followed by a sharp drop in the stress, caused by the 
brittle fracturing of the WC particles. This figure is primarily useful to 
create the predicted strength range for the nanowires. 

4.3. Micropillars in compression 

Predictions from twelve simulations on FGC and CGC micropillar 
specimens are compared with experimental data given in [13,14], as 
shown in Fig. 13. In Fig. 13 (a), stress-strain curves are calculated from 
the measured load-displacement data considering a cross-sectional area 
1 μm below the top of the micropillars [14]. Meanwhile, in Fig. 13 (b) 
such curves are calculated considering a cross-sectional area at three- 
fourths of the total length of the micropillar. The indenters are 
assumed to be inclined by 1.25∘ and 2.10∘ relative to the top surface of 
the micropillars for the CGC and FGC micropillars respectively to be able 
to fit the initial part of the stress-strain curves observed in experiments 
(see Fig. 15 for comparison). These inclination angles mean imperfect 
contact conditions between indenter and micropillar. Since the micro
pillars are randomly obtained from real tomography images, there is 

(a) (b)

Fig. 6. (a) Uniaxial tension test considered for optimization of J2-plasticity parameters compared to simulation results; (b) simulated mesh and boundary conditions.  

Table 4 
Optimum values of the microplane J2-plasticity model parameters.  

Parameter Value Meaning 

E 230 GPa Young’s modulus 
ν 0.3 Poisson’s ratio 
k1 0.52 Power of hardening law 
k2 0.055 Normalized plastic strain 
k3 620 MPa Approximately the yield strength  

Fig. 7. Final imprint at the end of the prediction of nanoindentation on 
Co particle. 
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variation in the stress-strain response obtained in the simulations as 
shown in Fig. 13 (a) and Fig. 13 (b). 

In Fig. 14, the mean values of experimental data and predictions, 

both with a 95% confidence interval, are shown for FGC and CGC 
micropillars. The prediction curves are well within the experimental 
confidence intervals for both types of composites. The confidence in
terval of the FGC predictions is much narrower than that of the CGC 
case, as seen in Fig. 14 (a). This indicates that micropillars of FGC are 
closer to the representative volume element (RVE) of the microstructure 
than in the case of CGC ones. Nevertheless, the relatively good fit in 
Fig. 14 (b) points out that the six predictions considered are also 
representative of the corresponding microstructure. 

In the simulations shown in Fig. 15, a perfect contact is assumed 
between the indenter and the top surface of the micropillar. In this case, 
a linear elastic response is observed in in the initial part of the simulated 
stress-strain curves. However, it does not capture experimental obser
vations of a non-linear initial part. Moreover, the overall stress-strain 
response prediction for the FGC micropillars grossly overshoots experi
mental values. Thus, from Fig. 14 and Fig. 15 it may concluded that the 
experiments involved a misalignment at the contact surface between 
indenter and micropillar of about 1.25∘ and 2.10∘ for CGC and FGC 
specimens respectively. 

Table 5 compares the experimental and predicted unloading stiffness 
of FGC and CGC specimens. It can be inferred from this table that the 
imperfect contact conditions do not persist at high compressive loads. 

Fig. 8. Nanoindentation testing of metallic phase: (a) predicted load-penetration depth curve; and (b) comparison of hardness-penetration depth prediction curve 
with corresponding experimental data from [10]. 

Fig. 9. Final imprint at the end of the prediction of nanoindentation on 
WC particle. 

Fig. 10. Nanoindentation testing of WC carbides (a) prediction load-penetration depth compared to the experimental curve; (b) comparison of the predicted 
hardness-penetration depth curve with M7WC, M7 models and corresponding experimental data from [11]. 
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Simulation scenarios of compressed micropillars are shown in 
Fig. 16. Equivalent deviatoric stresses for Co binder and maximum 
principal strains for WC particles for FGC composite are shown in Fig. 16 
(a). Equivalent plastic stresses seem to be moderate in the binder phase, 
but maximum principal strains are observed to be in the finite strain 
regime. Regarding the ceramic phase, the plotted maximum principal 
strains point out cracking paths: fissures inclined at 45∘ and vertical 
cracks parallel to the compression load, which are archetypical features 
of cracking in quasi-brittle materials. Predicted outcomes for CGC are 
given in Fig. 16 (b) where it is observed that equivalent deviatoric 
stresses are concentrated at or near the WC-Co interfaces, together with 
cracks in the WC particles, mostly appearing at WC-WC grain bound
aries. This cracking scenario is similar to the one discerned after 
experimental tests, as shown in Fig. 16. 

In the case of FGC micropillars, because of the relatively low binder 
content, irreversible deformation phenomena is linked to (mainly) WC- 
WC boundary gliding and dislocation movement within individual car
bides, as shown in Fig. 17 by arrows marked as (1) and (3) respectively. 
On the other hand, because of the higher binder content within CGC 
specimens, plastic strain in this case occurs within the metallic phase, as 
shown in Fig. 17 by arrows marked as (2). According to [14], both WC- 
WC boundaries cracks and WC-Co interface cracks were observed in 

Fig. 11. (a) Nanowire meshes used in the predictions; and (b) comparison of predicted uniaxial tensile test response of nanowires and the corresponding experi
mental data from [12]. 

Fig. 12. Predictions plotted separately against experimental data from [12] to 
determine the predicted strengths. 

Fig. 13. Predicted stress-strain curves from micropillar simulations plotted against experimental data of (a) FGC tested in Sandoval et al. [14]; and (b) CGC tested in 
Tarragó et al. [13]. 
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several specimens of micropillars under compression. However, cracks 
in WC-WC boundaries were much more prevalent independently of the 
grade analyzed. This is an indication that such regions are favorable the 
initiation and extension of cracks, as depicted in Fig. 17. According to 
[14], both WC-WC boundaries cracks and WC-Co interface cracks were 
observed in several specimens of micropillars under compression. 
However, cracks in WC-WC boundaries were much more prevalent 
independently of the grade analyzed. This is an indication that such 
regions are favorable the initiation and extension of cracks, as depicted 
in Fig. 17. At WC-Co interfaces the well-known stress concentration at a 
bimaterial interface [58,59] in which the materials stiffnesses are very 
different are observed, so it is automatically captured by the proposed 
computational framework. 

Regarding WC-WC grain boundaries, inclined microplanes experi
encing higher resolved shear stress reached their strengths earlier and 
experienced cracking. As a consequence, extension of cracking strains at 
the macrolevel are obtained at an inclined angle, as shown in Fig. 16 and 
Fig. 18. Moreover, and as expected, the predictions highlights the key 
role played by sharp corners and grooves in the carbides as crack 
nucleation sites, many of which are WC-WC boundaries, as shown in 
Fig. 18. It is also very interesting that no special numerical treatment is 
used in the simulations to capture cracking at these boundaries. 

After reaching the elastic limit, WC particles may sustain moderate 
plastic strain [49,60,61,62]. In the predictions of micropillar compres
sive behavior, both the deviatoric and shear boundaries are active. 
Hence, the strain-hardening observed in Fig. 13 and Fig. 14 can be 
controlled by adjusting the parameters of these two stress-strain 
boundaries. Microplanes experiencing increasing deviatoric compres
sive strain will eventually reach post-peak softening regime causing 
inclined cracks and cracks in the direction of loading. 

As WC-Co interfaces are known to be critical regions for crack 
propagation [19,53], in the predictions the Co binder is observed to 
undergo large strains as the carbides move and rotate during loading, as 
shown in Fig. 19. As a consequence of this significant relative movement 
between carbides, severe strains in the Co binder are induced, resulting 
in toughening of the composite by means of ductile-ligament bridging 
[8,53]. This is indeed the primary strengthening role of the metallic 

Fig. 14. Average and confidence intervals of predicted and experimental stress-strain curves using imperfect contact for (a) FGC and (b) CGC micropillars.  

Fig. 15. The predicted stress-strain curves using perfect contact for (a) FGC and (b) CGC micropillars.  

Table 5 
Comparison of predicted and experimental stiffness values, from unloading 
testing stage.   

FGC CGC 

Experimental unloading stiffness (GPa) 625 ±
103 

270 ±
31 

Predicted unloading stiffness, assuming perfect contact 
(GPa) 

639 ± 24 347 ±
78 

Predicted unloading stiffness, assuming imperfect contact 
(GPa) 

623 ± 52 334 ±
59  
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binder in cemented carbides [4,5,6,7,9], and such experimental fact is 
also satisfactorily captured by the simulation. This is clearly illustrated 
in Fig. 20 (a) and Fig. 20 (b) where it may be discerned that cracks are 

effectively arrested when they reach the Co binder, in agreement with 
the experimental observations [52,53]. 

Fig. 16. Micropillar compression of (a) FGC and (b) CGC specimens: predicted deformation/cracking scenario and experimental observations [14]. Stresses are 
in MPa. 

Fig. 17. Experimental observations: WC-WC boundary glide (1); plastic deformation within binder (2); slip planes activation in WC particles (3); 45◦ cracks (4); 
crack at Co/WC boundary (5). Reproduced with the permission from [14]. 
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Fig. 18. Strain concentration in sharp grooves and corners of the mesh, typically found at WC-WC boundaries for (a) FGC and (b) CGC micropillars.  

Fig. 19. Shear strain in the binder between two rotating WC particles in (a) and (b).  
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5. Conclusions 

In this study, a microplane-based computational framework is 
developed for the finite element analysis of WC-Co hard metals. The 
finite element meshes are obtained from FIB tomography images of the 
real WC-Co composites, removing any possibility of spurious geometric 
features likely to happen in the case of computationally generated 
meshes, which can influence stress concentration and consequently 
crack initiation and propagation. Then, two distinct microplane consti
tutive models are developed for each phase in the simulations: model 
MPJ2 for the Co binder and the microplane model M7WC for the WC 
particles. The optimization of the model MPJ2 parameters is carried out 
considering uniaxial tension data, while the parameters of the model 
M7WC are optimized considering a single simulation of a micropillar 
under compression on the FGC and the experimental fracture energy of 
FGC in Mode I via 3-point bending simulations. Finally, the methodol
ogy was verified against (1) nanoindentation experiments of both WC 
and Co phases, (2) nanowire tension experiments and (3) micropillar 
compression experiments. The prediction curves are shown to match 
very well the experimental data with few exceptions. The following 
conclusions are drawn from this study:  

(i) The proposed computational framework could predict: the 
hardness of both WC carbides and the Co binder in nano
indentation; the tensile response and tensile strength of non- 
segmentalized nanowires; and compressive response of several 
micropillars of two different grades (without considering the 
single micropillar simulation used for model calibration). 

(ii) It is found out that the indenter in the experiments has an incli
nation relative to the top surface of the micropillars at 1.25∘ and 
2.10∘ for the CGC and FGC respectively. Thus, the imperfect 
contact between indenter and micropillar greatly effects the 

initial mechanical response. On the other hand, the stiffness 
calculated with the unloading part of the stress-strain curves from 
simulations agree well with the reported experimental values and 
these values are insensitive to the indenter inclination.  

(iii) The simulation of indentation at shallow depths is challenging in 
both WC particles and Co binder. Further mesh refinement is 
known to help only marginally. However, experimental data is 
also known to be not representative of the material response at 
such shallow penetration depths due to difficult-to-control sur
face effects. It is found that for sufficiently accurate indentation 
simulations, the diameter of the discretized half space should be 
at least 36 times larger than the max. Penetration depth for both 
WC and Co phases. Larger diameters may increase the compu
tational cost but little to no improvements may be achieved in the 
predictions.  

(iv) According to nanoindentation predictions there is distributed 
microcracking in the WC particles. In micropillar compression 
simulations, sharp geometric features such as those found in the 
WC-WC interfaces were main source of cracks, which propagated 
at inclined angles as experimental observations show. In non- 
segmentalized nanowires under tension, the stress-strain 
response shows little or no plastic deformation, agreeing well 
with experiments done in WC-Co hardmetal under tension. Under 
compression, WC is known to be able to sustain moderate plastic 
strain, while in tension it has a very brittle behavior. Model 
M7WC can discern both cases due to the built-in normal, volu
metric, shear and deviatoric boundaries which govern both the 
tensile and compressive behaviors of the WC particle.  

(v) The Co binder region neighboring the WC carbides is found to 
undergo high strains as carbides rotate and move during the 
micropillar compression. This is likely the cause of crack initia
tion in these zones, as observed in the experiments. The 

Fig. 20. (a) Cracked carbides bridged by ductile ligaments of the metallic phase; (b) crack arrest when it impinges the Co binder.  
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mechanism of “Co-binder bridging” widely known in literature is 
captured in the predictions of micropillar simulations. Such high 
plastic strains are found to toughen the composite and arrest the 
cracks passing through the WC particles. The use of the work 
conjugate Kirchoff stress and logarithmic strain tensors in the 
MPJ2 model makes it possible to reproduce these large strain 
mechanisms. 

The use of the microplane approach for both WC and Co phases along 
with the real microstructure predicts the deformation and fracture of all 
experiments analyzed. This approach can be applied to other loading 
configurations, such as cyclic loads, to WC-Co composites with varying 
ratios of WC particles, and even to other cermets. 
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[26] E. Jiménez-Piqué, M. Turon-Vinas, H. Chen, T. Trifonov, J. Fair, E. Tarrés, 
L. Llanes, Focused ion beam tomography of WC-Co cemented carbides, Int. J. 
Refract. Met. Hard Mater. 67 (2017) 9–17. 
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vorkommenden Gleichungen numerisch aufzulösen, J. Reine Angew. Math. 1846 
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