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RESUMEN 
 

En aplicaciones como la conformación en frío, donde los metales duros recubiertos con películas de naturaleza cerámica 
son ampliamente empleados, la existencia de un contacto mecánico repetitivo induce tensiones Hertzianas y origina el 
fallo por fatiga. En este trabajo, se investiga un recubrimiento de TiN depositado por PVD sobre dos calidades diferentes 
de metal duro para evaluar su respuesta al contacto y comportamiento a fatiga. El estudio monotónico se realiza 
utilizando indentadores esféricos de carburo cementado con diferentes radios de curvatura y se centra en la determinación 
de las curvas tensión - deformación de indentación y la carga crítica para la aparición de daño. Este análisis mecánico se 
complementa con una inspección detallada del daño generado en profundidad y superficie. Los resultados obtenidos 
muestran que 1) la película cerámica retrasa el inicio de la cedencia plástica, 2) la deformación plástica global está 
controlada, sin embargo, por la deformación del sustrato y 3) grietas circulares nuclean en la película de TiN para cargas 
elevadas durante el régimen plástico. Además, la aparición de las mismas es sensible a la fatiga por contacto. 

 
 

ABSTRACT 
 

In applications like cold forming, where ceramic - coated hardmetals are implemented, repetitive mechanical contact 
induces Hertzian pressures and causes fatigue failure. In this work, a TiN coating deposited by PVD onto two different 
hardmetal grades is investigated to evaluate its contact response and fatigue behaviour. The monotonic study is 
performed using spherical cemented carbide indenters of different curvature radii and it is focused on determining the 
indentation stress - strain curves and the critical load for damage appearance. This mechanical analysis is complemented 
with a thorough inspection of the damage generated in depth and at the surface. The results obtained show that 1) the 
ceramic film induces a delay of the plastic yielding onset, 2) the whole plastic deformation is, however, controlled by 
substrate deformation and 3) circular cracks are nucleated in the TiN films at high loads during the plastic regime. 
Furthermore, their emergence is sensitive to contact fatigue. 
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1.  INTRODUCTION 
 
Hardmetals belong to a class of composite materials, in 
which hard particles, tungsten carbide (WC), are bound 
together by a soft and ductile metal binder, cobalt (Co). 
The particular resulting microstructure yields an 
extraordinary combination of mechanical properties, 
allowing the use of these materials in a wide range of 
applications (mining, rock drilling, structural 
components). Within this context, the role of hardmetals 
in metal cutting and forming tools is remarkable, the 
corresponding components being here subjected to a 
complex state of loading (impact, mechanical contact, 
wear, etc.) that determines their lifetime [1,2]. 
 
Hence, the need to extend the lifetime of parts and/or, for 
example, minimize the use of lubricants in order to 
reduce the time, maintenance and manufacture costs has 
led to coat some base materials, among them hardmetals, 
with different thin films or coatings. In these cases, the 
effective mechanical response of the components 
depends not only on the intrinsic properties of both 

substrate and coating, but also on the nature and strength 
of the interface. 
 
In service, the contact between coated ceramic or 
hardmetal based parts and curved surfaces represents an 
important means of loading. In this regard, it is well 
known that the Hertzian test (spherical indentation) 
allows one to identify different loading damage modes as 
quasiplasticity in the substrate and coating as well as 
brittle fracture (ring, cone and/or radial cracks) in the 
latter, depending on their respective stiffness, the film 
thickness - curvature radius of the indenter ratio and the 
applied load [3-5]. 
 
Some substrate – coating systems have been previously 
investigated using impact tests [6-8], which generate a 
stress field similar to the one from Hertzian tests. In such 
tests, a dynamic load is applied to a hard ball that 
impacts repetitively the coating surface with the purpose 
of reproducing the conditions encountered by cutting or 
cold forming tools in service and determining 
quantitatively the contact fatigue behaviour of the sets. 
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 Nonetheless, these studies have been mainly focused on 
examining several coatings deposited onto one base 
material, without considering the diverse responses that 
may result from different substrates. In addition to this, 
the results are usually presented in terms of applied load, 
instead of applied stress, vs. number of cycles and 
consequently, a direct comparison of sets is not possible. 
 
Following the above ideas, the aim of the present work 
is to study the different damage modes induced by 
spherical contact in two systems hardmetal – TiN 
coating. In doing so, particular attention is paid 1) to 
assess the substrate influence in the whole system 
behaviour, 2) to establish the critical damage appearance 
criterion in terms of applied stress, and 3) to evaluate the 
contact fatigue influence over this damage emergence. 
 
 
2.  EXPERIMENTAL DETAILS 
 
Two commercial grades of hardmetal, WC-Co  
(table 1), coated with TiN (table 2) by PVD were 
studied. Prior to the industrial deposition, prismatic 
samples of cemented carbide were ground and polished. 
 

Table 1. Microstructural parameters (weight 
percentage of metal binder, Co, and grain size of the 
ceramic phase, WC) and mechanical properties of the 
two hardmetal grades used in this study [9] 

 
 10F 18C 
% wt Co 10.0 18.0 
dWC (µm) 0.50 1.66 
HV20 (GPa) 14.5 9.6 
KIc (MPavm) 9.2 14.7 
E (GPa) 541 465 
σr (MPa) 2742 2629 

 

Table 2. Coating thickness and hardness [10], the 
latter determined by nanoindentation 

 
 TiN (10F) TiN (18C) 
t (µm) 3.7 3.9 
H (GPa) 29.5 30.4 

 
2.1. Monotonic Spherical Indentation 
 
Tests focused on obtaining the indentation stress - strain 
curves and the critical load for damage appearance of 
these systems were carried out in air, applying 
monotonic loads, P, between 10 and 4000 N in a 
universal testing machine INSTRON Model 8511. 
Spherical indenters of WC-Ni with 0.5, 1.25 and  
2.5 mm curvature radius were used. From the imprints, 
the residual radius, a, was measured for each indentation 
by optical microscopy. 
 
In order to observe the subsurface indentation damage, 
the following procedure [11] was applied: 

1. A ground and polished substrate was cut 
lengthwise and the resulting pieces were PVD 
coated on the polished surface. 

 
2. The two parts were put into a mould of 

bakelite, with the coated sides facing each 
other, and the ensuing surface, perpendicular to 
the substrate – coating / coating – substrate 
interfaces, was ground and polished. 

 
3. The above mould was then broken mechanically 

and, once more, the two halves were put into a 
mould of bakelite, with the newly polished 
surfaces bonding face-to-face. 

 
4. The coated surface was indented (1.25 mm 

curvature radius indenter) symmetrically across 
the surface trace on the interface, applying 500, 
625, 1000, 1250 and 1500 N. 

 
5. Finally, the bakelite was broken mechanically 

again and indentation surfaces and cross 
sections were examined using optical and 
scanning electron microscopy (SEM). 

 
2.2. Spherical Contact Fatigue 
 
With the aim of evaluating the influence of contact 
fatigue on damage emergence, cyclic contact tests in the 
coated specimens were performed in the aforementioned 
INSTRON using a sphere of 1.25 mm curvature radius 
and varying the number of cycles, N, between 103 and 
106. The stress ratio, R, and frequency were 0.1 and  
10 Hz (12 Hz for 106 cycles), respectively. Regarding 
the applied loads, P, they were lower than the critical 
load for damage appearance identified in monotonic 
tests. 
 
 
3.  RESULTS AND DISCUSSION 
 
3.1. Indentation Stress - Strain Curves 
 
Hertzian tests allow one to obtain the indentation stress - 
strain response of the coated systems [12]. From the 
sphere curvature radius, r, indentation load, P, and 
residual radius, a, measurements, the indentation stress, 
p0, and indentation strain, a/r, can be evaluated: 
 
p0 = P/πa2                 (1) 
 
Figure 1 shows the indentation stress - strain results for 
18C and its corresponding coated system. The elastic 
curve is calculated from the following expression [13]: 
 
p0 = (4E’/3π)(a/r)                (2) 
 
where E’ = E/(1-ν2) is the reduced elastic modulus, with 
E and ν the elastic modulus and Poisson’s ratio 
respectively of the substrate. 
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Figure 1. Indentation stress - strain curves with 
spherical indenters of different curvature radii for 18C 
(open symbols) and 18 + TiN (closed symbols). 

 
In this figure, one can appreciate that the curve related to 
the substrate – coating set is above the one associated to 
the base material, in other words, for a certain 
indentation stress, the substrate exhibits a larger 
deformation than the coated system. This confirms that 
the coating protects the substrate, giving rise to a delay 
of the plastic yielding onset. 
 
When comparing the curves for the two systems  
(figure 2), the experimental data reveal that the set  
10F + TiN presents higher values of indentation stress 
for a same strain than the system 18C + TiN, which is in 
completely agreement with the higher hardness shown by 
the substrate 10F (table 1). It seems to indicate that the 
whole yielding of the different coated systems is 
controlled by the plastic deformation of the substrate. 
This last observation is also in accordance with the film 
thickness, 4 µm approx., and dimension of the 
indentation sphere, several mm, ratio. 
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Figure 2. Indentation stress - strain curves of the 
systems investigated. 
 
Finally, the yield pressure, py, for each coated system 
was estimated from the intersection of the corresponding 
elastic curve and the power best-fit of the experimental 
data (figure 3). The results, shown in  
table 3, exhibit that, as in the case of entire curves, the 

set 10F + TiN presents a higher yield pressure than the 
18C + TiN. 
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Figure 3. Evaluation of py for the set 18C + TiN. 
 

Table 3. Estimated yield pressure for the systems 
studied 

 10F + TiN 18C + TiN 
py (GPa) 5.2 4.0 

 
3.2. Monotonic Spherical Contact Damage 
 
From optical observation, the damage generated by 
spherical contact is characterised by the appearance of 
circular cracks (figure 4) at the surface of the coating. 
The critical load, Pc, for the emergence of these cracks 
and the monotonic limit, defined as the maximum 
indentation stress applied before coating fracture, were 
determined for both systems (table 4). Since it could be 
expected from the indentation stress - strain response 
(figure 2), these results verify that the set 18C + TiN 
requires a lower indentation stress for coating fracture 
than the system 10F + TiN. 
 
 
 
 
 
 
 
 
 
 

Figure 4. Circular crack in the surface of the 
composite 10F + TiN generated with a sphere of  
1.25 mm curvature radius applying 1000 N. 

 
Table 4. Critical load for the appearance of circular 
cracks in the coating (1.25 mm curvature radius 
indenter) and monotonic limit of each system 
 

 10F + TiN 18C + TiN 
Pc (N) 900 900 
Monotonic Limit (GPa) 10.8 9.4 

py 
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 If values of table 3 and table 4 are compared, one can 
notice that, in both systems, it is necessary to apply a 
stress higher than the yield pressure to achieve the 
critical damage. Consequently, it may be stated that 
plastic yielding in the coated sets exists prior to the 
emergence of circular cracks in their respective films. 
 
3.3. Subsurface Indentation Damage 
 
The optical inspections of imprint cross sections in the 
bonded-interface specimens reveal a significant plastic 
damage in the substrate under the indentation contact 
area. In figure 5, it is also possible to notice that the size 
of this damaged zone diminishes with the substrate 
hardness. Regarding the coating, this seems to follow the 
substrate deformation without varying its thickness. 
However, it cracks (circular cracks) for high loads due to 
a likely columnar intergranular cracking [14]. 
 
More accurate inspections in SEM (figure 6) show that 
the circular cracks, perpendicular to the coating surface, 
pass through the interface and get into the substrate for 
high loads. Once there, the cracks go around the ceramic 
particles, WC, following the metallic binder, Co. 
Moreover, due to the coarse WC grains in the substrate 
18C (table 1), the cracks in this coated system present a 
noticeable deflection just before going through the 
interface (figure 6b). Meanwhile, such crack deflection 
in the composite 10F + TiN is less significant because 
the fine grain-sized structure of its corresponding base 
material. 
 
3.4. Spherical Contact Fatigue Response 
 
The results of spherical contact fatigue tests are 
presented in figure 7. They show that the critical damage 
emergence is sensitive to contact fatigue, i. e., circular 
cracks in the coating appear after a certain number of 
cycles for loads lower than the critical one identified in 
monotonic tests (table 4). Moreover, in the set  
18C + TiN, there is also an evident coating decohesion 
for a relative high number of cycles. In figure 8 it is 
possible to appreciate this last contact damage mode. 

 

Figure 5. Spherical indentation (1.25 mm curvature 
radius indenter and 1500 N) damage in a) 10F + TiN 
and b) 18C + TiN. Upper and lower optical 
micrographs correspond to half-surface and cross 
section views respectively from bonded-interface 
specimens. 

 
 
 

 
Figure 6. SEM micrographs showing circular cracks 
from spherical contact (1.25 mm curvature radius 
indenter) in a) 10F + TiN (1500 N) and b) 18C + TiN 
(1250 N). 
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Figure 7. Damage appearance under spherical contact fatigue in a) 10F + TiN and b) 18C + TiN. 
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Figure 8. Coating decohesion in 18C + TiN for 400 N 
after 106 cycles. 

 
From figure 7 and the measured contact fatigue residual 
radii, a, the indentation stress, p0, vs. number of cycles, 
N, plots can be obtained for both systems as well as their 
respective fatigue limits (table 5). The results 
corresponding to the composite 10F + TiN are presented 
in figure 9, where it is also possible to appreciate the 
monotonic limit. 
 

Table 5. Fatigue critical load for the appearance of 
circular cracks in the coating and fatigue limit of the 
systems investigated 

 10F + TiN 18C + TiN 
Fatigue Pc (N) 500 200 
Fatigue limit (GPa) 8.2 5.3 
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Figure 9. Indentation stress vs. number of cycles 
showing the monotonic limit (dot line) and the fatigue 
limit (solid line) for 10F + TiN. 

 
The fatigue limit values estimated from p0 vs. N plots 
show that the maximum indentation stress without 
cracking for the system 10F + TiN is higher than the one 
related to 18C + TiN. 
 
However, when comparing the fatigue limit values of the 
two coated systems, it is necessary to remember that the 
set 10F + TiN also exhibits a higher monotonic limit. 
Therefore, the parameter that describes better the contact 
fatigue behaviour of both composites is the fatigue 
sensitivity, defined as the ratio fatigue limit – monotonic 
limit, instead of the fatigue limit itself. In this sense, the 

closer to unit the ratio is, the less sensitive to contact 
fatigue the material is. 
 
According to table 6, the system 18C + TiN is more 
sensitive to contact fatigue than the set 10F + TiN. This 
result is in completely agreement with a previous  
work [9] where it is demonstrated that the tougher 
grades of hardmetals exhibit higher fatigue sensitivity. 
Consequently, it also seems to indicate that substrate 
plays a key role in the whole contact response of the 
system. 
 
Finally, this trend in contact fatigue sensitivity could be 
related to the coating decohesion observed only in the 
composite 18C + TiN. 
 

Table 6. Fatigue sensitivity of the coated sets studied 

 10F + TiN 18C + TiN 
Fatigue sensitivity 0.8 0.6 

 
 
4.  CONCLUSIONS 
 
In this study, the response to spherical indentation and 
contact fatigue of two systems hardmetal – TiN coating 
is investigated and the ensuing conclusions are obtained: 
 
1. The film gives rise to a delay of the plastic yielding 

onset, protecting the substrate in one way. 
Nevertheless, the whole set deformation is controlled 
by the plastic deformation of the base material. In 
this sense, the coating follows the substrate 
deformation, without varying its thickness. 

 
2. For stresses higher than the system yield pressure, the 

film presents circular cracks, perpendicular to the 
surface, that can pass through the interface and get 
into the substrate. 

 
3. The emergence of these cracks is sensitive to contact 

fatigue. Moreover, the composite 18C + TiN also 
exhibits coating decohesion for a relative high 
number of cycles. 

 
4. The fatigue sensitivity is the most appropriate 

parameter to describe the fatigue behaviour. 
According to this one, the system made with the 
tougher grade of hardmetal, 18C, is more sensitive to 
contact fatigue than the set 10F + TiN. This higher 
fatigue sensitivity could be related to the film 
decohesion observed. 

 
5. Last but not least, the study shows that both coating 

and substrate play an important role in the whole 
contact response of the coated system. Furthermore, 
working in terms of applied stress instead of applied 
load can be helpful in order to compare different 
systems. 
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