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This paper describes a numerical simulation and experimental study of the Vickers indentation testing of 
WC-6Co specimens. The numerical analysis was implemented by a three-dimensional finite element (FE) model 
using the commercial solver MARC™. Hardness values predicted by this model agreed well with those obtained 
experimentally. It was also observed that the load-displacement curves obtained numerically were quite similar to 
those presented by the literature for the Vickers testing. The maximum principal stress field was used to locate the 
most expected areas for crack formation and propagation during the Vickers indentation testing of WC-6Co. 
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1. Introduction

Indentation testing is commonly used for surface hardness meas-
urement of different materials1. This testing method is, however, quite 
versatile and several new applications for it have been proposed. 
These include the evaluation of different mechanical properties of 
materials including elasticity modulus (E), fracture toughness (K

IC
), 

and the elastic-plastic power law curve2.
However, the implementation of some of these techniques and 

many of their results still raise questions among researchers3,4. Dif-
ficulties are particularly acute when materials like tungsten carbide 
with cobalt (WC-Co), which present a mechanical behavior between 
a plain brittle ceramic and a more ductile metal, are tested5. WC-Co 
is a material frequently used to manufacture cutting tools for which 
very high surface hardness and compression and wear strength are 
expected6. These peculiar mechanical properties make it difficult to 
evaluate those materials through conventional testing techniques. 
Consequently, several non-conventional techniques have been 
proposed in the literature to evaluate the mechanical properties of 
WC-Co7,8. Among these, the Vickers indentation testing is one of 
the most used to evaluate fracture toughness of tungsten carbide 
and similar materials. However, this application of Vickers testing 
presents some limitations or drawbacks. Amongst these limitations, 
the diversity of empirical equations that are available to calculate 
fracture toughness based on two main models of crack nucleation 
and propagation is one of the most important, Figure 1. During the 
Vickers indentation testing of WC-Co, the surface radial cracks that 
usually can be observed are considered to be Palmqvist cracks9.

Numerical modeling can contribute to solve some of the limitations 
of the experimental analysis of Vickers indentation testing. Such ap-
proach can estimate the strain and stress fields in the material around 
the indentation, helping to sort out areas with more favorable conditions 
for crack nucleation and propagation during the test, and, allowing a 
more thorough understanding of the test. In the last ten years, some 
attempts to numerically model by finite element analysis indentation 
testing of different materials have been performed10-13. However, even 
this approach has presented some shortcomings related to several fac-
tors including the need of higher computer performance and the lack of 
adequate criteria to characterize crack nucleation and propagation.

This work presents a numerical simulation of Vickers testing 
of tungsten carbide with 6% cobalt (WC-6Co) using finite element 
three-dimensional models. This work was coupled with the experi-
mental determination of Vickers hardness and fracture toughness of a 
WC-6Co machining insert by indentation techniques. The numerical 
approach was trigged by the difficulties to experimentally evaluate 
stress and strain fields developed in the material during the loading 
and unloading cycles of an indentation test. In this paper, the stress 
fields obtained by numerical simulation, the predicted sites for 
cracking nucleation, the predicted load evolution during testing and 
predicted hardness values are compared with the experimental data 
and also with results reported in the literature.

2. Methodology

2.1. Hardness testing
The experimental hardness testing of WC-6Co inserts was 

performed in a Heckert hardness testing machine using a 136° 
pyramidal diamond indenter. The procedure was in accordance to 
the DIN50133 standard14. Before indentation, the insert surface was 
polished to a mirror-like finishing in order to minimize the presence 
of residual stresses. This procedure included an initial grinding step 
with silicon carbide emery paper and a final polishing step with 
aluminum oxide (0.1 µm)15. Two load levels (294 N and 612.5 N) 
were used. The load was slowly applied to the insert surface by the 
indenter with a penetration speed of about 0.001-0.02 mm/s dur-
ing 30 seconds. After this time, the indenter was removed from the 
specimen surface and the indentation dimensions were measured 
with an optical microscope1. The results from these tests were used 
as part of the validation process of the numerical model developed 
in this work. They were also used to define values to some input 
variables of the model.

Fracture toughness was evaluated from the indentation test results 
by the semi-empirical equation for Palmqvist cracks proposed by 
Niihara9 and modified by Szutkowska8, Equation 1.

 (1)
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Where K
IC

 is the fracture toughness, H is the hardness, E is the 
elasticity modulus, a is the half length of the indentation diagonal, 
l is the half size of the Palmqvist surface crack, Figure 1, and φ is a 
restriction factor proposed by Szutkowska8. According to Niihara9 
and Szutkowska8, this equation is one of the most reliable to evaluate 
fracture toughness of tungsten carbide with cobalt.

2.2. Numerical modeling

The numerical simulations were developed with the commercial 
finite element software MARC™ 16. This software is considered to 
be very efficient to perform numerical analysis of systems that are 
characterized by high strain and stress gradients and a non-linear 
behavior.

Hardness values obtained by Vickers testing do not usually 
depend of the load that was used. This feature allows simulating 
the indentation cycle of the test by imposing displacements to the 
indenter, an approach that tends to present a better stability17. A similar 
approach was adopt to simulate the removal of the indenter from the 
specimen. In the present work, displacement steps of 0.02 mm were 
adopted based on results of the experimental tests13,16. The loading 
and unloading cycles were modeled using 800 and 200 interaction 
steps, respectively.

To reduce the processing time, only a quarter of both the WC-6Co 
specimen and the indenter were considered in the model, Figure 2. 
The specimen was modeled as a circular plate using three-dimensional 
20-nodes brick elements that were arranged in a mesh with 3000 
elements and 13261 nodes, Figure 2. The bottom of the plate was 
constrained in the indentation direction (z-axis). Other boundary 
conditions linked to the problem symmetry were applied to speci-
men planes in the x and y directions17,18. The Vickers indenter was 
modeled as a rigid plate forming a pyramid with an angle of 136° 
between its opposing faces. 

The WC-6Co specimen was considered as an isotropic, homo-
geneous material with Young modulus of 619.5 MPa, and Poisson 
coefficient of 0.282,17. The elastic-plastic behavior of this material was 
represented by Equation 2 where σ

e
 is the effective stress, ε

e
 is the 

effective strain, ε’
e
 the effective strain rate, m is the hardening coef-

ficient and n is the strain rate sensitivity coefficient. Table 1 presents 
values of A, B, n, m, yield stress (σ

y
), transversal rupture stress (σ

TR
), 

and fracture toughness (K
IC

) that were adopted in the present work 
based on data from the literature for WC-6Co2,6.

σ
e 
=

 
B + Aεm

e 
ε’n

e
 (2)

Table 3. Fracture toughness of WC-6Co calculated from the indentation 
testing results.

Hardness (GPa) φ = H/σ
y

l/a K
IC

 (MN/m3/2)

17.66 3.07 1.27 9.68

18.03 3.13 0.75 10.10

l l

2a

Palmqvist

(a) (b)

a l

A A

B

C

Palmqvist

Figure 1. Models of crack nucleation and growth during Vickers indentation 
testing: a) Niihara9; and b) Laugier5.

Table 1. Mechanical properties of WC-6Co2,6.

σ
y
 (MPa) σ

TR
 (MPa) A (MPa) B n m K

IC
 (MN/m3/2)

5760 3750 18060 0 0 0.244 10.0

Table 2. Example of experimental results obtained in the hardness testing 
of WC-6Co17.

Load
(N)

Hardness
(GPa)

Diagonal
length (2a)

Mean crack
length (l)

l/a ratio

612.5 17.66 139.3 µm 88.6 µm 1.27

294.0 18.03 89.6 µm 33.8 µm 0.75

Z

YX

Figure 2. Numerical representation of the WC-6Co specimen and indenter.

3. Results and Discussion

Table 2 shows results obtained in the experimental hardness test-
ing of WC-6Co. It can be observed that, as expected, hardness values 
obtained with the two load levels are quite close. Figure 3 shows 
an indentation on the WC-6Co surface where characteristic radial 
cracks can be observed. The ratio between the crack and indenta-
tion diagonal lengths was inside the 0.25-2.5 range that characterize 
Palmqvist radial cracks2,3,9.

Fracture toughness (K
IC

) of WC-6Co was evaluated from the 
results presented in Table 2 using Equation 1. In this calculation, 
it was also used data from Table 1 and the restrain factor (φ) sug-
gested by Szutkowska8. Table 3 shows the values of K

IC
 that were 
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obtained. When these results are compared to that presented by Trent6, 
10 MN/m3/2, for the fracture toughness of WC-6Co (measured by 
flexion testing), a difference of less than 10% is obtained. 

The numerical simulation of the Vickers testing of WC-6Co ob-
tained a surface hardness value of 18.63 GPa. This value was about 
4% higher than the measured ones and indicates that the simulation 
represented adequately the global behavior of the Vickers indenta-
tion testing. Figure 4 presents the load-displacement relationship 
predicted by the model for the test cycle (loading and unloading). 
This relationship is quite similar to those found in the literature for 
the indentation testing of different materials of low-toughness2,12,18. It 
can be observed in Figure 4 that the unloading path differs remarkably 
from the loading path what results in a residual displacement after 
the testing load drops to zero. This displacement is the indentation 
depth and is associated to the plastic deformation that occurs in the 
material around the indentation. The localized plastic deformation 
creates a residual stress field that is a the key factor for the nucleation 
and propagation of cracks during the unloading period of the test. 

Figure 5 shows the distribution of the maximum principal stress 
predicted by the model by the end of the test in the plane that includes 
the indentation diagonal. This stress field was used in conjunction 
with Rankine criterion, Equation 3, to predict regions in this plane 
where crack nucleation was expected17.

σ
1
 ≥ σTR 

(3)

Strong levels of residual tensile stresses are observed close to 
the specimen surface and the indentation tip. This agrees well with 
results from both experimental tests and numerical simulations found 
in the literature that usually indicate the nucleation of cracks close 
to the indentation tip5,8,9,18. On the other hand, a region of compres-
sion stresses is observed under the indentation. Crack nucleation and 
propagation are not expected in this region9.

Three points (nodes 321, 12802 and 311, Figure 5) in the region 
close to the indentation tip were selected to show the stress evolution 
during the simulation, Figure 6. A build up of high levels of tensile 
stresses is observed by the end of the loading cycle e during unload-
ing. Therefore, considering Rankine criterion and the value of σ

TR
 

of WC-6Co (Table 1) a high chance of cracking can be expected in 
this region. The location of tensile of compression stress fields also 
suggests the formation of Palmqvist type cracks, Figure 1, close to 
the indention tips. 

Figure 3. Indentation with radial surface cracks. 
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Figure 4. Simulated loading and unloading cycles.
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Figure 5. Distribution of the highest principal stress in the plane that contains 
the indentation diagonal.
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Figure 6. Evolution of the highest principal stress during the simulation of 
three selected points (see Figure 5).
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The main point of the present work is related to the numerical 
simulation of Vickers testing of a quasi-brittle material. Its results 
strongly suggest that radials cracks should nucleate and growth close 
to indentation tips. This is in agreement with experimental results 
from the literature that show that the radial cracks formed during 
indentation testing of WC-6Co is of the Palmqvist type. 

4. Conclusions

This work presents experimental and numerical results of indenta-
tion testing of tungsten carbide with 6% cobalt. Fracture toughness of 
this material was evaluated experimentally by the indentation testing 
using a semi-empirical equation. Hardness fracture toughness values 
agreed well to those reported by Szutkowska8.

The 3D finite element (FE) model developed in the present work 
was able to represent adequately the general behavior of the Vickers 
indentation testing and also some qualitative aspects of the stress 
field around the indentation. The formation of a residual stress field 
was shown. Predicted maximum principal stress values closed to the 
indentation in the region around its diagonal direction were higher 
than the rupture stress of WC-6Co and support the formation of 
Palmqvist cracks in this region. 

As a future work, it is intended to evaluate the condition for crack 
propagation during indentation testing of WC-6%Co using fracture 
toughness (K

IC
) is a failure criterion.
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