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This paper reports the friction and wear response of WC–10%Co(Cr/V) cemented carbide with different
surface finishes, attained by grinding (G) and wire-EDM, respectively, during sliding experiments at
400 °C. For comparison, tests under the same conditions were carried out at 25 °C. The wear experiments
were performed under a normal force of 14 N, which produced a Hertzian maximum pressure of 3.10 GPa,
and a sliding speed of 0.3 m/s against WC–6%Co(Cr/V) balls of 6 mm diameter. At 25 °C the average values
of the friction coefficients were 0.36 ± 0.04 and 0.39 ± 0.06 for the ground and wire-EDM surface finishes,
respectively. The mechanical behavior of both systems at 25 °C was assessed by carrying out analytical calcu-
lations of the stress field created by a circular sliding contact under a spherical indenter, where the residual
stresses were considered. The theoretical results are in agreement with the experimental data, indicating that
the wire-EDM sample has a specific wear rate, which is approximately 3.1 times greater than that corre-
sponding to the G sample at 25 °C. At 400 °C, an increase in the friction coefficients takes place up to values
of 0.75 ± 0.1 and 0.71 ± 0.8, for the ground and wire-EDM surface finishes, respectively. The increase was
associated to an adhesive mechanism, which is more pronounced for the G sample. However, for the
wire-EDM sample this increase was more linked to a marked abrasive mechanism. The wear rates for both
samples at 400 °C are similar to those obtained at 25 °C, which indicates that apparently the test temperature
does not have an important effect on the wear rate. However, it is known that temperature influences
considerably the residual stress nature. Therefore, these results were explained by taking into account the
wear mechanisms between the tribopairs in view of the mechanical characteristics and the morphological
features obtained from SEM coupled with EDS analysis.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In the last three decades, the EMD process has been one of the
most important abrasion-less machining methods for hard and brittle
materials, which employs a series of electrical sparks to erode the
superfluous work-material and to generate the desired shape. The
feasibility of implementing EDM for conforming cemented carbides
has been successfully proven and, more specifically, this method is con-
sidered to be an efficient technology to machineWC–Co cemented car-
bides [1–5]. However, a disadvantage of EDM is that it induces a
heat-affected zone (HAZ) including micro-cracks, craters and unfavor-
able stresses just beneath the shaped surface [6,7]. Consequently,
the defects on the machined surface severely reduce the service life,

reliability and machining precision of a tool or a mould made of
WC-based alloys.

Therefore, detailed information on the influence of EDM on me-
chanical or tribological properties of cemented carbides is essential
if the performance reliability associated with the structural applica-
tion of EDM'ed cemented carbides is to be improved.

In the literature, an important amount of research has been pub-
lished regarding the influence of the HAZ on different aspects related
to the behavior of cemented carbides, such as surface integrity [8,9],
surface roughness [10], flexural strength [11–13], fracture and fatigue
resistance [8], as well as hardness [14].

With respect to the impact of wire-EDM machining process on
friction and wear, extensive research was carried out under recip-
rocating sliding motion mode on a number of commercial WC–Co
cemented carbides with 6–12%Co and different additions of grain
refiners [15–21]. It has been shown that the grain size distribution
and cobalt concentration are the major factors affecting the material
removal rate and the attainable surface smoothness. For example,
by carrying out several consecutive EDM surface finishing steps, it
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allowed the average surface roughness to be reduced below Rt =
1.3 μm or Ra = 0.3 μm.

However, to the knowledge of the authors, there is a scarce informa-
tion on the influence of wire-EDM on the friction response of cemented
carbides under continuous sliding contact at high temperatures, al-
though some reports on the wear response of WC–Co hard metals up
to 600 °C have been recently published in the literature, using either
alumina [22] or the same type of material [23] as counterpart.

Consequently, this paper aims to investigate the friction response
of WC–Co/WC–Co cemented carbide tribopairs with different surface
finishes attained by grinding and wire-EDM, respectively, during slid-
ing experiments at 400 °C. For comparison, tests under the same con-
ditions are carried out at room temperature. The test temperature of
only 400 °C was selected to avoid significant effects of oxidation for
WC–10%Co, since it was shown recently by Shi et al. [24] that the
carbide starts to oxidize at about 425 °C and, at a temperature of
450 °C, an oxidation layer thickness of ~39 μm is already achieved,
which is composed of oxides such as WO3, Co3O4 and CoWO4 phases,
irrespective of the tested temperature.

2. Experimental

2.1. Test material

The present investigation has been conducted on a cemented car-
bide based material with 10%Co as metallic binder and with small
amounts of Cr3C2 and VC, added as grain size inhibitors during
sintering. The cemented carbide grades correspond to CERATIZIT
grades of MG18 (WC10Co(Cr/V)) and this composition was chosen
as result of our previous study [25] that indicated that this material
has exhibited the best reciprocating wear and friction performance
when compared with WC–10%Co without any additions.

The chemical, physical, mechanical and microstructural character-
istics of the WC10Co(Cr/V) alloy, as well as the WC6Co(Cr/V) counter
pin material are provided in Table 1.

The morphological characteristics of both carbides WC10Co(Cr/V)
and WC6Co(Cr/V) grade samples are presented in the SEM micro-
graphs in Fig. 1. As it can be observed, the WC10Co(Cr/V) grade has
a finer microstructure, with an average grain size of 0.3 μm.

Plate specimensofWC10Co(Cr/V) alloysweremachined and surface
finished by both grinding andwire-EDM, respectivelywith final dimen-
sions of 38 × 58 × 4 mm3. The grinding and operation was conducted
using a JF415DS grinding equipment (Jung, Göppingen, Germany) by
means of a diamond abrasive wheel (type MD4075B55, Wendt Boart,
Brussels, Belgium) with a wheel diameter of 200 mm, average abrasive
grain size of 54 μm, wheel speed of 22 m/s, table speed of 12 m/min
and cutting depth of 10 μm.

Wire electrical plate charge machining (wire-EDM) was performed
on a ROBOFIL 2030SI technology (Charmilles Technologies, Switzerland)

in de-ionized water with dielectric conductivity of 5 μS/cm. The
wire electrode consisted of a CuZn37 brass alloy with a diameter of
0.25 mm. Its tensile strength is of approximately 500 MPa. The
wire-EDM machining route consisted of a rough material-removing
step followed by 7 finishing steps. The first EDM step was carried
out with high spark thermal energy in order to acquire high material
removal rates. Subsequently, several finish steps with globally de-
creasing energy input and pulse duration were applied. Each consec-
utive EDM step cuts off the previous wire-EDM'ed surface with the
goal to achieve a decreasing surface roughness and a higher surface
quality.

The current research was focused on samples manufactured by
means of the wire-EDM (E21), according to the optimum parameters
already determined [15] for this material, shown in Table 2, which
produced a recast layer of ~5 μm and a HAZ extension of ~12 μm, in-
cluding the recast layer. The surface finish after grinding is regarded

Table 1
Properties for the cemented carbide based materials used as test samples(a) (plate) and
the static counterpart(b) (pin).

Material properties WC10Co(Cr/V)(a) WC6Co(Cr/V)(b)

Grain growth inhibitor [wt.%] 0.8% Cr3C2/VC 0.8% Cr3C2/VC
Electrical resistivity [Ω.m] 1.7 × 10−7 1.4 × 10−7

HV10 [kg/mm2] 1685 ± 4 1913 ± 1
HV30 [kg/mm2] 1652 ± 5 1715 ± 4
KIC (10 kg) [MPa.m1/2] 11.0 ± 0.6 8.4 ± 0.2
KIC (30 kg) [MPa.m1/2] 9.7 ± 0.2 8.8 ± 0.2
Compressive strength [GPa] 6.6 7.2
Poisson constant 0.29 0.29
E-modulus [GPa] 541 ± 4 609 ± 4
Average WC grain size [μm] 0.32 0.55
d50 grain size [μm] 0.3 0.5
d90 grain size [μm] 0.6 1.0
dav grain size [μm] 0.3 0.6

Fig. 1. SEM images in BSE mode revealing the microstructure of (a) WC10Co(Cr/V) and
(b) WC6Co(Cr/V); the bright phase corresponds to WC, and the dark phase corresponds
to the binder.

Table 2
Parameters for the machining of the E21 sample.

Wire-EDM regime E21

Open voltage [V] 140
Pulse duration, te [μs] 1
Pulse interval, to [μs] 4
Maximum speed [mm/min] 6.1
Reference servo voltage, Aj [v] 6
Pulse ignition height, IAL [A] 4.5
Flushing pressure [bar] 0
Wire tension [N] 10
Wire winding speed [m/min] 6.8
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as the reference surface finish condition and will be referred to as ‘ G’,
throughout the text.

The surface roughness of both the surface finish variants of E21
and G samples of cemented carbides was measured by means of sur-
face profilometry (Somicronic® EMS Surfascan 3D, type SM3, needle
type ST305), according to the ISO 4288 standard.

The resulting arithmetic mean roughness values (Ra) were 0.22 μm
and 0.23 μm for the ground and wire-EDM'ed specimens, respectively.
It is worth noting that the Ra roughness level of both materials and

surface finishes is very similar to each other. Thus, the surface rough-
ness effect can be neglected.

Both the stress state and the bending strength of theWC10Co(Cr/V)
bulk material ground and W-EDM, respectively were determined in a
preceding research. Details of the experimental settingswere published
elsewhere [26]. The surface stresses, measured by X-ray diffraction
using the d-sin2ψ method, indicated that the compressive stress state
of the G sample raised to approximately 1.652 ± 0.106 GPa, owing to
the mechanical impact of the grinding operation, in contrast with the
stress state in the wire-EDM surfaces, for which tensile stresses were
of the order of 537 ± 51 MPa.

Regarding the results on the flexural strength experiments, a value
of 3508 ± 168 MPa was determined for the G sample, which is nearly
2.7 times greater than the value of 1327 ± 88 MPa found for the E21
sample, as a consequence of the presence of an important number of
defects and flaws, whichwere produced during theW-EDMmachining.

2.2. Wear tests

Systematicwear tests according to the ASTMG99-95a standardwere
carried out for assessing the influence of the surface finish on the
friction and wear behavior of the WC-based cemented carbides. The
tests were carried out at temperatures of 25 °C and 400 °C, respec-
tively employing a pin on disk configuration, on a high-temperature
tribometer (CSM, Switzerland) in atmospheric unlubricated conditions
(60 ± 1% relative humidity). Pins of WC6Co(Cr/V) were used as static
counterpart, with 6 mm diameter and surface roughness Ra and Rt

values of 0.35 μm and 2.68 μm, respectively.
The wear experiments were performed under a normal force of

14 N, which produced a Hertzian maximum pressure of ~3 GPa. The

Fig. 2. FIB-SEM cross-section of the samples before the wear test: (a) wire-EDM sample (E21); (b) ground sample (G); (c) top surface of the E21 sample; and (d) top surface of
the G sample.

Fig. 3. Evolution of the friction coefficients with the sliding distance at 25 °C and 400 °C
for the samples under study. (Normal load = 14 N; sliding velocity = 0.3 m/s).
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sliding speed was of 0.3 m/s. Such values were chosen in order to
have similar conditions in relation to those employed during recipro-
cating tests, reported previously [16,17]. The duration of each test run
was associated with a sliding distance (s) of 10 km.

Before the wear tests, both pin and plate specimens were cleaned
ultrasonically in distilled water with a detergent solution (2% Tickopur
R33, 60 °C, 15 min) and immersed in acetone. Subsequently, the sam-
ples were cleansed in cold distilled water and dried in a stream of air.

After the sliding tests, the worn surfaces were cleaned by pres-
surized air. The generated wear was quantified volumetrically by
means of a surface topography scanning equipment (Somicronic®
EMS Surfascan 3D SM3, needle type ST305). The morphological
characterization of the surface conditions of the samples under
study before and after wear testing was carried out using a scan-
ning electron microscope (SEM, XL-30 FEG, FEI, Philips, Eindhoven,
The Netherlands), equipped with an energy disperse X-ray spec-
trometer (EDAX-Dx-4i, Philips, Eindhoven, The Netherlands). How-
ever, the morphological characterization of the sample sub-surface
before and after the wear test was carried out by a combined scanning
electron microscopy (SEM) and focused ion beam (FIB) techniques
(FEI Nova 600 Nanolab Dual-Beam FIB). The rectangular sectioning
process consisted of a high ion current milling (20 nA) followed by a
cleaning step of the obtained section (0.5 nA). Both processes were
carried out with a voltage of 30 kV. Additionally, ion beam irradiation
was applied as “etching” technique in order to clearly reveal the differ-
ent zones through the cross section.When appropriate parameters and
shorter exposure timeswere used (50 pA and 10 μs), ions irradiated the
surface creating a smoothing phenomenon on it.

The mechanical behavior of both systems at 25 °C was assessed by
carrying out analytical calculations of the stress field created by a circu-
lar sliding contact under a spherical indenter, using ELASTICA®, a com-
mercial program. Therefore, by knowing the friction coefficient values,
which were determined from the pin-on-disk tests carried out at
room temperature, the sliding contact conditions were modeled for
two different tangential forces for the G sample and the E21 sample,
respectively.

The residual stresses at the surface, which were reported above for
both the G and E21 samples, were also included in the calculations in
order to see their influence on the variation of the principal stresses
with the positive x-direction, which coincides with the direction of
the application of the tangential force.

The calculations were performed for the G sample by considering
the contact between the spherical indenter and the bulk material.
However, for the E21 sample, the modeling was carried out consider-
ing the contact between the indenter and a system composed of 2

layers and a substrate, i.e. the recast layer, the HAZ layer and the
bulk material. This consideration was done based on the results
presented by Qu et al. [14], who showed that large variations both
for the calculated hardness and modulus of elasticity were obtained
in all three regions when carrying out the nanoindentation charac-
terization of the surface layers of electrical discharge machined on
WC–10Co. These authors, after a rigorous study coupled with SEM
technique, determined that the hardness and E modulus values var-
ied respectively between 7.6 to 19.7 GPa and 239 to 514 GPa for the
bulk material, whereas for the HAZ such parameters varied between
15 GPa to 20.4 GPa and 323 GPa to 515 GPa, respectively. For the
recast layer, the variation was between 5.6 GPa to 17.3 GPa and
189 GPa to 411 GPa, respectively. These variations were explained
in terms of the presence of porosity, the soft cobalt matrix, cracks
and other defects within these regions.

Therefore, for the effect of the calculation, average values of the
E modulus of 292 GPa and 394 GPa for the recast and HAZ layers,
respectively, were taken into account, as reported by Qu et al. [14].

3. Results and discussion

3.1. Sample morphology

FIB SEM images of the prepared cross-sections of the E21 and G
samples are presented in Fig. 2a and b, respectively. Fig. 2a reveals
the presence of the recast layer, exhibiting droplets and voids to-
gether with (sub)surface micro-cracks of considerable extension
(more than 5 μm) and superficial cracks, distributed randomly on
its surface, characteristics which are in agreement with the typical
morphology of a W-EDM carbide found for this sample and reported
in the literature.

EDS X-ray analysis carried out in order to identify the elements
corresponding to the three zones of sample E21, i.e. the recast layer,
HAZ and bulk, has indicated a similar composition for the bulk and
the HAZ where C, W and Co are present, whereas the recast layer
contained small amounts of Cu, Zn and O as additional elements.
These results corroborate the findings reported earlier [26], which ex-
plain the presence of O and Cu as a consequence of the melting and
oxidation of the wire during machining.

3.2. Friction and wear characteristics

The effect of fine wire-EDM on friction response of the E21
cemented carbides with respect to the G sample is illustrated in
Fig. 3 for both 25 °C and 400 °C, respectively. The friction coefficient

Fig. 4. Cross section profiles of the wear tracks of the samples at: 25 °C and 400 °C.
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that is reported below corresponds to an average of 3 experiments
performed under identical conditions and with standard deviations
of less than 10%.

At 25 °C, the variation of the friction coefficient for both samples
with the sliding distance presents similar features, i.e. an increment
during the first sliding meters, which corresponds to the running-in
period, followed by a decrease in its value towards a steady state,
which was achieved only by the G sample.

The average values of the friction coefficients were 0.36 ± 0.04
and 0.39 ± 0.06 for the ground and wire-EDM surface finishes, re-
spectively. Moreover, it could be seen that, although the difference
between the average friction coefficient values exhibited by both
samples is insignificant at this temperature, the E21 sample could
not reach the steady state even at high sliding distances due to the
slow, but continuous removal of particles as a consequence of the
presence of a considerable amount of cracks. The wire-EDM'ed sample
randomly evidenced a sudden increase in the friction coefficient value
up to 0.48 during the test. This difference in the friction level between
wire-EDM'ed and the ground samples appears to increase slightly
with increasing sliding distance.

The values of the friction coefficients between similar tribopairs of
WC–10%Co reported in the literature for the tests carried out at room
temperature are somewhat contradictory. Comparable average values
for the friction coefficient of approximately 0.3 were reported recently
for WC–Co samples produced by spark plasma sintering (SPS) [27].
The tests were carried out under dry conditions using a pin on plate
tribometer by sliding a 6 mm WC–6wt.%Co pin against polished
samples of WC–10%Co, at a constant linear speed of 0.10 m/s and
with an applied normal load of 30 N. These test conditions led to a
Hertzian maximum pressure of 3.45 GPa. Espinoza et al. [28], when
tested WC–Co–C3C2–VC cemented carbides against WC–6%Co ball
of 5 mm radius and a normal load of 40 N in dry sliding conditions
at room temperature, obtained an average value of 0.35. This normal

load produced a value of the Hertzian maximum pressure, Pmax, in
static conditions of 3.12 GPa, which is nearly equal to that calculated
for the wear test conditions employed in the present research work
(Pmax = 3.10 GPa). Bonny et al. [29], carrying out reciprocating slid-
ing experiments of similar tribopairs, with a pin of 4 mm radius and a
load of 100 N, obtained an average friction coefficient of 0.4 for a
Pmax of 5.95 GPa. However, these results do not agree with those
published by Casas et al. [23], who determined a value of the friction
coefficient corresponding to the steady state equal to 1 at room tem-
perature and in a pin-on-ring tribometer, where pins of WC–10%Co
of 4 mm diameter were employed and the materials were tested at
0.5 m/s sliding velocity and 56 N normal load. The maximum pres-
sure for the Hertzian contact was determined to be equal to 5.1 GPa.

As can be seen in Fig. 3, the friction coefficient becomes larger
when the wear test is performed at 400 °C and all the events, which
are mirrored by its variation with the sliding distance, constitute an
indication of the wear mechanism, which takes place during the
wear test.

It is well known that as the temperature increases, the mechani-
cal properties of the WC–Co cermets decrease. It has been shown
[30,31] that between 20 and 900 °C, the hardness of WC–6%Co and
WC–10%Co alloys at all temperatures decreases with increasing the
WC grain size, according to a Hall–Petch type relationship.

The increase in temperature will bring about a decrease in hardness
for both individual phases (WC and binder) and, this decrease will be
more accentuated (i.e. the value of the slope of the curve showing the
dependence of hardness with the grain size) for the hard metal whose
cobalt content is higher [30,31]. Therefore, although the increase in
temperaturewill produce a drop in the hardness values of the tribopairs
under study, the relative difference between their hardness values,
which exists at room temperature, will still be maintained at higher
temperatures. In these conditions, a more pronounced adhesion mech-
anismwill take place and this will bring about an increase in the friction
coefficient to an average value of more than two times higher at the
temperature of 400 °C for the G sample, as compared to the value
recorded at room temperature.

An average value of the friction coefficient of 0.75 ± 0.1 was
determined and, again, this value is different to that of 0.6, which is
the value reported previously by Casas et al. [23] for similar tribopairs
tested at 400 °C. For the E21 sample a similar average value of the
friction coefficient of 0.71 ± 0.8 was determined. Nevertheless, it
could be noticed from the friction evolution curve that for the E21
sample all the individual values are higher than those corresponding

Table 3
Results from the wear tests.

Grade Test temperature [°C] WC–10wt.%Co(a)

Surface finish G E21

Volume wear [×10−2 mm3] 25 1.8 ± 0.3 5.5 ± 0.8
400 1.9 ± 0.3 6.5 ± 0.9

Specific wear rate
[×10−7 mm3/N.m]

25 1.3 ± 0.2 4.0 ± 0.6
400 1.3 ± 0.3 4.7 ± 0.7

a- sample G
b- sample E21

b

a

Fig. 5. Change of the σxx stress component with the distance for: (a) G sample (normal
load = 14 N; μ = 0.36) and (b) E21 sample (normal load = 14 N; μ = 0.39).

a-sample G
b-sam ple E21p

b

a

Fig. 6. Change of the σxx stress component with the distance for: (a) G sample frictional
force = 5.04 N and compressive residual stresses = −1.65 GPa and (b) E21 sample
frictional force = 5.46 N and the tensile residual stresses = 0.54 GPa.

202 Y. Pérez Delgado et al. / Int. Journal of Refractory Metals and Hard Materials 41 (2013) 198–209



Author's personal copy

to the G sample, up to a sliding distance of 3700 m. The variation of
the friction coefficient is also characterized by sudden increases as a
consequence of the wearing off of the main part of the weak recast
layer, which led to a high amount of debris. After 3700 m of the slid-
ing distance, the friction coefficient starts to drop slightly, showing a
smaller value at the end of the test than the value of the friction coef-
ficient corresponding to the steady state determined for the G sample.

3.3. Specific wear constant

Profilometry of the tracks was used to assess the amounts of
material deposition and removal from the plate surface. Typical
post-processed profiles of worn tracks on the plate at room and at
400 °C are displayed in Fig. 4.

The post-mortem assessment of the wear scar dimensions on the
plate, i.e. volume, was measured using topographical scanning equip-
ment (Hommel Somicronic® EMS Surfascan 3D, type SM3, stylus type
ST305, Saint-André-de-Corcy, France). The area of the worn track was
integrated from the 2D profile and further multiplied by the circular
periphery with 7 mm radius.

The values of the specific wear rate for the G and E21 samples are
indicated in Table 3.

As it could be observed, the W-EDM sample has a specific wear
rate, which is approximately 3.1 times higher than that correspond-
ing to the G sample at 25 °C. This behavior at room temperature
could be explained by taking into consideration the results obtained

from the analytical modeling of the contact stresses for these samples
at 25 °C, explained below.

3.4. Correlation between surface integrity, contact response and
residual stresses

It is well known, that for an elastic tribocontact, the flat material
experiences large compressive stresses. Within the contact circle,
the applied load is distributed as a hemispherical compressive stress,
while the maximum tensile stress is at the edge of the contact circle.
However, the friction at the contact significantly modifies the stress
field near the contact area and this will be even more affected by
the sign of the residual stresses at the sample surface.

As indicated by Hamilton [32], with brittle materials the appear-
ance of tensile stresses at the surface is far more important than the
value of the yield parameter. In the present work, two cases were
considered in the calculations. The first case (see Fig. 5) takes into
account only the values of the normal and frictional forces for each
sample. According to Hamilton [32], the σxx component of the stress
state under these conditions is given by the following equations:

σxx ¼ 3P
2πa3

1 � 2νð Þ x2 � y2
� �

a3

3r4

2
4

3
5

þ 3μP
2πa3

axM0

r4
� xϕ 1 þ ν

4

� �� �
if rj j > aj j

ð1aÞ

Otherwise:

σxx ¼ 3P
2πa3

1
r2

y2�x2
� �

r2
F1 � F2ð Þ

2
4

3
5

8<
:

9=
; � 3μP

2πa3
xπ
2

ν
4

þ 1
� �� �

ð1bÞ

In the above equations:

r2 ¼ x2 þ y2 ; M0 ¼ r2 � a2
� �1

2 ; ϕ ¼ tan�1 a
M

� �
ð2aÞ

where

M ¼ Sþ A
2

� �
; A ¼ r2 þ z2 � a2 ; S ¼ A2þ4a2z2

� �1
2 ð2bÞ

also:

F1 ¼ 1� 2νð Þ
3

F0; F0 ¼ a2�r2
� �1:5−a3 and F2

¼ x2 þ 2νy2
� �

a2�r2
� �1

2 ð2cÞ

x, y and z represent the axes of the coordinate system, P the normal
load, a, the Hertzian contact radius, ν Poisson's ratio and μ the friction
coefficient.

The curves shown in Fig. 5, corresponding to the G and E21 sam-
ples, respectively, describe the stress distribution as a function of the
x direction according to Eqs. (1a) and (1b). In the particular case that
y = z = 0 and x = −a, the maximum value of σxx is attained [32]:

σ max
xx ¼ 3P

2πa2
1−2ν

3
þ 4þ ν

8
πμ

� �
ð3Þ

which occurs at the trailing edge of the contact (x = −a), whose
trajectory is similar to the crack path.

For the second case, the residual stresses, which exist at the
surface, were added to the value of σxx at the location x = −a, for
each sample. Fig. 6 illustrates the results obtained for samples G
and E21, respectively.

Table 4
Young's modulus and mechanical properties of the tribosystems under study.

Thickness
(μm)

E modulus
(GPa)

Poisson
constant

TRS
(GPa)

Residual stress
(GPa)

Indenter WC–6Co
pin ϕ = 6 mm

Infinite 609 0.29 3.780

G sample bulk Infinite 541 0.29 −1.652
E21 sample 0.29 1.327 +0.537
• Recast layer 4.92 292a

• HAZ 7.16 394a

• Bulk Infinite 541

a Reference [14].

Table 5
Results from the analytical calculations indicating the values of the principal stresses,
the maximum tensile stresses and von Mises stresses for the two conditions applied
to the samples G and E21 (normal load 14 N).

Surface finish 1st case 2nd case

Ga E21b Ga E21b

Normal load [N] 14 14 14 14
Friction coefficient 0.36 0.39 0.36 0.39
Friction force [N] 5.04 5.46 5.04 5.46
Residual stresses [GPa] 0 0 −1.65 0.54
Contact radius, a [μm] 46.52 47.24 46.52 47.24
Contact area [μm2] 6800 7011 6800 7011
Mean contact pressure [GPa] 2.06 2.00 2.06 2.00
Maximum contact pressure [GPa] 3.1 3.0 3.1 3.0
Principal stress, σxx [GPa] at
x = −a [μm], y = 0, z = 0

2.30 1.95 0.64 2.50

Principal stress, σyy [GPa] at x = −a [μm],
y = 0, z = 0

−0.05 0.14 −0.06 0.14

Principal stress, σyz [GPa] at x = −a [μm],
y = 0, z = 0

−0.00 −0.01 −0.01 −0.01

von Mises stress [GPa] at x = −46.17
[μm], y = 0, z = 0

2.30 1.95 0.70 2.50

a Ground.
b Wire-EDM E21.
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Fig. 7. SEM micrographs (BSE mode) of the samples G and E21: (a) wear track of the G sample; (b) detail of the micrograph presented in (a); (c) micrograph showing in detail the
tribofilm formed over the wear track surface of the sample G; (d) wear track of the E21 sample; (e) detail of the micrograph presented in (a); and (f) micrograph showing the grain
micro-fracture and grain pull-out in the wear track surface of the sample E21.

a

b

B

A

2

1

c

1

2

A
B100 µµm

Fig. 8. (a) SEM of the G sample wear track at 400 °C; (b) detail of (a) and EDS analysis of the points 1 and 2 indicated in the micrograph; (c) detail of points A and B indicated in
micrograph (b).
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The data related to the mechanical properties taken into consider-
ation for the calculations are presented in Table 4 and the results are
indicated in Table 5.

It is well known that when the friction coefficient is equal to 0,
i.e. under pure Hertzian static indentation conditions, one of the prin-
cipal stresses at the surface is tensile near the edge of the contact and
the stress distribution is symmetrical. As the friction coefficient rises,
it can be seen that the σxx stress component is still the highest tensile
stress, which acts in the plane of the surface and has almost the same
value for both samples G and E21. This stress acts in the radial direc-
tion in the back edge of the contact and is the most likely point of fail-
ure, producing the well known ring cracks.

However, it can be seen from Fig. 6 that under sliding conditions the
presence of tensile residual stresses at the surface of the E21 sample pro-
duces even a higher tensile stress whose value is approximately 4 times
higher at the back edge contact than those corresponding to G sample,
since the compressive surface stress layer after grinding decreases consid-
erably the imposed frictional contact stress from2.5 GPa tonearly 0.7 GPa.

Furthermore, it can be noticed that the sign σxx in front of the in-
denter is also different for the E21 and G samples during the contact,
indicating compressive stresses in the case of the latter.

These findings suggest that, in this case, a better wear perfor-
mance should be expected for the G sample and this behavior could
be explained by taking into consideration the Linear Elastic Fracture
Mechanics (LEFM) criterion that when the maximum tensile stress,
σxx
max equals to or exceeds the values of KIC, the cracks will propagate

on the surface of the material in a catastrophic manner:

βσ max
xx

ffiffiffiffiffiffi
πd

p
≥ kIC ð4Þ

KIC the plane strain fracture toughness
σxx
max the maximum tensile stress at the crack tip

β geometrical factor
d length of the critical flaw size.

If the values of the maximum tensile stresses determined in
Table 5 are substituted in the above equation and considering that
the value of KIC for both samples is equal, it shows that the ratio σxx

max

G sample/σxx
max

E21 sample is inversely proportional to the ratio of their

critical flaw size dE21 sample/dG sample = 0.06, indicating once more
the weakness of the E21 system.

It is interesting to observe fromTable 2 that thewear rate coefficient,
k, at 400 °C is almost the same as that reported for the room tempera-
ture test for the sample G and just somewhat higher (approximately
15%) than the value corresponding to the E21 sample, indicating that
apparently the test temperature does not have an important effect
on the wear rate, but, as we shall see below, on the wear mechanism
between tribopairs.

Similar analytical calculations for the sliding contact were not
performed at 400 °C, since the elastic properties of hard metal alloys
at higher temperature are seldom found in the literature.

However, at this point, it is important tomentionwhat are themain
changes related to the increase in temperature. It is well known, that
the mechanical properties and chemical stability of cemented carbides
can strongly be affected by the increase in temperature. Mechanical
properties such as transverse rupture strength (TRS), yield stress, σs,
and strain at fracture δ were reported in detail by Yu and co-workers
[33] for cemented carbides with micron and submicron sizes, different
Co contents ranging from 6 to 15% and for temperatures varying be-
tween 20 and 1000 °C. Itwas shown, for example, that both the fracture
stress (TRS) and Young's modulus decrease with increasing tempera-
ture slowly up to 600 °C, but all these alloys will display ductility only
at temperatures higher than 600 °C, when they will exhibit a consid-
erable drop in their values. These authors have reported that for a
similar composition and morphological characteristics of carbides
as those considered in the present study, the relationship between
(HV/σs)will increase from3.04 at 25 °C to nearly 6.5 at 400 °C and plastic
deformation will be able to take place only in the Co binder, which will
lead to very low strain at fracture.

Therefore, a very important factor that should be taken into consid-
eration in order to explain thewear behavior at 400 °C is the fact that, as
the test temperature increases, the level of residual stresses introduced
as a consequence of the fabrication and the sample preparation process
will decrease slightly. As quoted in the literature [23,34], for example,
the decrease in the tensile residual stresses will eventually reduce the
possibility of the propagation of the existing cracks between the inter-
face cobalt-carbide, which in turn will promote an increase in the
fracture energy, hindering the detachment of material particles and
enhancing the adhesion mechanism between tribopairs.

a

b

c

c

d

Fig. 9. (a) SEM of the E21 sample wear track at 400 °C; (b) detail of (a) in the center of the wear track showing the high amount of cracks; (c) details of the wear track near the
border indicating some adhesion mechanism and (d) the high amount of debris produced during the test, near the border of the wear track.
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3.5. SEM and wear mechanism

The SEM micrographs corresponding to the worn surfaces are
presented in Fig. 7 for both the G and E21 samples at room temperature.
It can be seen that, in the case of the G sample, a tribofilm is formed
which covers the contact surface almost completely in the center, leav-
ing someWCgrains to be seen through it. The SEMmicrograph (Fig. 7c),
in backscattering mode, indicates that the film is made of a mechanical
mixture of sub-micron particles of WC, which were produced as debris
due to the abrasion mechanism that takes place when the pin is slid
against the surface and the existing Co binder. It is well known that
the wear products could in turn cause scratching and extraction of
binder between carbide grains [35].

Cobalt, at a temperature less than 500 °C, is very brittle and under
load, fracture can occur starting at WC/WC grain boundaries. Then,
the crack travels through the binder and grain boundaries by the
so-called multi-ligament cracking mechanism [36], when the cobalt
forming the ligaments is free from constraints and could be deformed
and squeezed out, leaving the WC grain without the protection.

However, in case of the E21 sample, the contact between the pin
and the sample is modified by the presence of the recast layer and
the tribo-compatibility, that characterized the sample G, is no longer
existent. As it was mentioned previously, high amounts of debris are
eliminated from the contact and only small quantities of them were

retained over the wear track surface. Debris formation is assisted by
the presence of considerable amount of cracks (see Fig. 2), which
will propagate in the plane where the highest tensile stresses, σxx

max,
calculated in Table 5, act perpendicularly.

Fig. 8 shows the typical morphology of the wear track after the
test carried out on the G sample at 400 °C. It can be seen that the
amount of oxygen, as indicated by the EDS analysis performed in
point 2, is almost negligible. However, the %O is higher for point 1,
which shows the presence of some debris retained in the wear track
that have been oxidized due to their contact with air and higher
local temperature. Plastic deformation is also present in A, which
corroborates the deformation behavior classification of WC–Co as
function of temperature, carried out by Buss [36]. This author indicated
that, under this temperature conditions, i.e. 400 °C, the mechanical be-
havior of theWC–Co system corresponds to a so called “second domain
of deformation” that is characterized by the plastic deformation of the
binder, with no considerable plastic deformation of WC. Some detach-
ment of WC grains could also be observed in B.

Fig. 9 corresponds to the morphology of the E21 sample tested at
400 °C. It could be seen that in this case a considerable amount of
debris particles are mainly located in the outer extensions of the
wear track, whereas the center of the wear track presents a smoother
surface as compared to the initial morphology of the E21 sample,
which exhibited large amount of micro-cracks and porosities.

Fig. 10. (a) SEMmicrograph and element X-ray mapping of the worn G sample tested at 400 °C indicating the distribution of C, W, Co and O; (b) SEMmicrograph and element X-ray
mapping of the worn E21 sample tested at 400 °C indicating the distribution of C, W, Co and O.
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It was mentioned previously that at the end of the wear test carried
out at 400 °C, a smaller value for the friction coefficient was found for
the sample E21. The existence of a higher amount of oxygen in the
recast layer as compared to the G sample, probably, could explain this
behavior. Oxygen mapping carried out during the SEM analysis on me-
tallographically prepared cross-sections of both wire-EDM and ground
samples corroborates these findings (see Fig. 10). Another important
feature found from the SEM mapping of the cross-section of the wear
track of the sampleswas related to the distribution of C and Co. A higher
amount of C is observed for both samples near the surface, as compared
to the bulk. Also, the amount of Co is higher in the G sample as com-
pared to the E21 sample. However, it has to be remembered that Co
depletion for the E21 sample occurs as a consequence of W-EDM pro-
cessing [26].

It is interesting to observe from Fig. 11 that even after 10 km of
the sliding distance, the typical morphology of the recast layer is
still present, having a thickness of approximately 500 nm and show-
ing a polished surface with its characteristic features (see Fig. 11b).

The specific wear rate of the pins was not determined due to
the presence of adhered material from the plate. However, to better
understand how the worn surfaces on the balls evolved, EDS was
employed to carry out a chemical analysis of their surfaces. The key
difference in alloy content between the pin and E21 plate material
is that that the latter had in its composition a small amount of Cu,

coming from the W-EDM processing. This element will be absent
from the pin material. While it is not a quantitative technique, the
presence or absence of Cu peaks in the EDS spectra can be used to de-
tect whether the E21 plate material has been transferred to the pin.
The same procedure was employed for the G sample and its corre-
sponding pin by carrying out Co analysis outside the wear scar and in-
side it. An increase of the %Co inside the wear scar will be an evidence
of material transfer from the plate to the pin, since the Co content is
higher in the plate.

Fig. 12 shows the representative SEMmicrographs of thewear scars
produced on the pins corresponding to all the wear test conditions
employed in this research and Table 6 shows the results from the
semi-quantitative EDS analysis carried out for each point indicated in
the respective micrograph.

Another interesting aspect is the variation of the %O in this table
for each pin wear scar, as compared to the respective base material.

4. Conclusions

The friction and wear responses of twoWC–10%Co(Cr/V) cemented
carbides were evaluated at 25 °C and 400 °C, by carrying out slid-
ing wear tests against WC–6%Co(Cr/V) balls in a high temperature
tribometer. In this way, it was possible to determine the influence of
the surface finish produced by the machining processes.

Fig. 11. FIB-SEM cross-section of the samples after the wear test at 400 °C: (a) wire-EDM sample (E21); (b) ground sample (G); and top surface of: (c) E21 sample and (d) G sample.
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The results have shown that:

• At a temperature of 25 °C the average values of the friction coeffi-
cients were 0.36 ± 0.04 and 0.39 ± 0.06 for the ground (G sample)
and wire-EDM (E21 sample) surface finishes, respectively. The spe-
cific wear rate for the E21 sample is approximately 3.1 times higher
than that corresponding to G sample, as a consequence of the micro-
structural changes that took place during the surface finish process.
This behavior was explained by taking into consideration the results
obtained from the analytical modeling of the stress field created by
a circular sliding contact, under a spherical indenter, where the values
of the residual stresses inherent to each sample were considered. For
the E21 sample, themodelingwas carried out considering the contact

between the indenter and a system composed of 2 layers (recast layer
and HAZ layer) and the substrate, due to the large variation in their
elastic properties. In this case, it was shown that the presence of ten-
sile residual stresses at the surface of the E21 sample increases the
value of σxx

max, which is approximately 4 times higher than that corre-
sponding to G sample. For the latter, the compressive surface stress
layer decreases the imposed frictional contact stress, from 2.5 GPa
to nearly 0.7 GPa. Also, itwas found that, for theG sample, the stresses
in front of the indenter are of a compressive nature.

• By means of Linear Elastic Fracture Mechanics (LEFM), it has been
shown that the critical flaw size for the E21 sample is only 0.06
times that of the critical flaw size of the G sample, which explains
its poor tribological performance.

• At 400 °C, an increase in the friction coefficients takes place up to
values of 0.75 ± 0.1 and 0.71 ± 0.8, for the ground and wire-EDM
surface finishes, respectively. For the G sample a more pronounced
adhesion mechanism takes place and this brings about an increase
in the friction coefficient to an average value of more than two
times, as compared to the value recorded at room temperature. How-
ever, for the wire-EDM sample this increase was more linked to a
marked abrasive wear mechanism due to the presence of the weak
recast layer, which led to a high amount of debris.

• The wear rates for both samples at 400 °C are similar to those
obtained at 25 °C, which indicates that apparently the test tempera-
ture does not have an important effect on this parameter. However,
an important factor that should be taken into consideration in order
to explain the wear behavior of the E21 sample at 400 °C is the fact
that, as the test temperature increases, the level of tensile residual
stresses introduced as consequence of machining decreases slightly.
This phenomenon will, eventually, reduce the possibility of the prop-
agation of the existing cracks.

• From the morphological features observed from the SEM-EDS analy-
sis, it was shown that after 10 km sliding distance, the E21 sample

Fig. 12. (a)Morphology of theWC6Co(Cr/V) pin surface after sliding against G sample at 25 °C; (b)morphology of theWC6Co(Cr/V) pin surface after sliding against E21 sample at 25 °C;
(c) morphology of the WC6Co(Cr/V) pin surface after sliding against G sample at 400 °C; (d) morphology of the WC6Co(Cr/V) pin surface after sliding against E21 sample at 400 °C.

Table 6
EDS analysis of the points indicated in (a) and (b) for the samples at 25 °C; (c) and (d)
for the samples at 400 °C.

Figure Sample/ball at 25 °C C–K O–K Cr–K Co–K Cu–K W–L

12 a Pt1 27.92 4.64 0.22 4.39 61.95
Pt2 25.46 2.13 0.36 2.33 69.72
Pt3 27.76 0.39 0.19 1.9 69.77
Pt4 31.61 1.13 67.05
Pt5 29.71 5.97 2.4 61.92

12 b Pt6 22.86 2.73 0.32 3.24 0.56 70.28
Pt7 29.38 8.41 0.26 3.2 1.19 57.48

Figure Sample/ball at 400 °C C–K O–K Cr–K Co–K Cu–K W–L
12 c Pt1 30.47 13.21 0.04 2.98 53.3

Pt2 21.41 10.96 0.35 4.5 62.78
Pt3 38.08 0.37 3.25 58.3

12 d Pt1 22.26 9.33 0.3 5.24 0.28 62.59
Pt2 30.58 3.38 0.25 2.06 63.54
Pt3 34.89 3.42 0.19 1.95 59.54
Pt4 19.4 2.71 0.46 4.67 0.04 72.46
Pt5 27.86 8.43 0.38 2.72 60.61
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still maintains at its surface the recast layer of about 500 nm, with an
appreciable amount of oxygen, i.e. a more lubricious film, which ex-
plains its satisfactory performance, despite the presence of cracks.
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