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Abstract. The present paper deals with the tribological
behaviour of the boride and carbide hardmetals evaluated
by performing comparative dry sliding pin-on-disc exper-
iments using normal contact loads. Analyses of the wear
performance results, microstructural evaluation and pro-
cessing conditions effect indicate that microstructure in-
homogenities play an important role in abrasive wear be-
haviour of cermets. In term of grain size and chemical com-
position, the addition of VC also play an important role in
increasing the wear resistance.
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1 Introduction

Powder metallurgy (PM) is a well-established processing
route for the production of near-net-shape components of
complex geometry. The traditional uniaxial powder consol-
idation process is still widely employed for the production
of PM parts, especially for the automotive industry; in this
field the typical components (i.e. gears, cams) face working
conditions giving rise to sliding, rolling or abrasion. There-
fore the understanding of wear phenomena and characteris-
tics is very important [1–5].

In general, borides are very interesting materials widely
used due to their high melting point, wear resistance, chem-
ical inertness and high hardness values [6–12], as well as
WC-Co cemented carbides are well known to possess ex-
ceptional properties within a wide temperature range.
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Their unique combination of excellent hardness, wear re-
sistance, toughness and strength explains the extensive use
in plenty of applications where excellent mechanical prop-
erties are required and heavy service conditions where high
wear resistance either in abrasive conditions or at elevated
temperatures (high speed cutting) are required [6, 7].

Tungsten carbide (WC) possesses metallic character and,
thus, high thermal and electrical conductivity combined
with excellent hardness and relatively high toughness. Their
most important advantage is the chemical compatibility
with metals, enabling easy production. Although the su-
perior toughness of the cermets does not require significant
further improvement, the presence of a metal limits the ap-
plicability at high temperatures owing to softening. Thus,
WC remain interesting materials for ceramic composites,
especially as sintering additives [8, 9].

In the present study, the tribological behaviour of the sin-
tered cermets was evaluated using dry sliding pin-on-disc
experiments.

2 Experimental Materials and Methods

Table 1 shows the chemical composition (mol. %) of the
boride-carbide hardmetals. The design has been made
based on the commercial grade 90 wt. % WC - 10 wt. %
Co, where WC has been partially substituted by other car-
bides and/or borides.

No. WB WC Co VC

7 36.5 36.5 27 –

8 36.5 18.25 27 18.25

Table 1. Chemical composition of the investigated materi-
als.

Specimens were obtained using a MTS hydraulic press,
applying pressures of 350 MPa. Processing conditions are
presented in Table 2. Densities were evaluated using the
water displacement method.

No. Processing conditions

a 1673 K=3600 s, cooling rate of 15 K=s

e 1573 K=7200 s, cooling rate of 15 K=s

Table 2. Processing conditions with data of sintering tem-
perature, time and cooling rate.



14 R. Bidulský, J. Bidulská, F. Arenas and M. A. Grande

Wear tests were carried out by means of a pin-on-disc
apparatus. The disc was made of the investigated material.
As a counter face, a WC-Co pin was used. The counter-pin
was changed after the end of each test, in order to preserve
the roundness of its top. All wear tests were performed
in air and without any lubricant. The applied loads were
25 N. The rotation speed of the disc was 140 rpm. Prior
to testing the surface was polished with abrasive papers in
order to determine a medium surface roughness equal (or
less) to 0:8 � 10�6 m, as specified in the ASTM G99-95a.
Each test was run for 1000 meters sliding distance and discs
were weighed, using a precision scales with a sensitivity
of 10�5 g to determine the evolution of wear during each
test. The surface topography was measurement by Hommel
Tester T1000 tangent profilometer.

The metallographic specimens were impregnated with
resin under vacuum in order to avoid any pore distortion
during polishing. The microstructural characterization was
carried out on unetched specimens using an LEICA MPEF4
equipped with an image analyzer and Jeol 7000F.

Mass losses were expressed as material removal during
the test. The wear of sintered materials is more compli-
cated than that of wrought steels and depends on some fac-
tors related to the sintered microstructures as well as poros-
ity. Hence, the evaluation of the wear resistance is better
expressed in terms of wear rate. The wear rate has been
calculated using the following equation:

Ws D
�m

� � L � FN
; (1)

where:

Ws is the wear rate (mm3=Nm),

�m is the mass loss of test samples during

wear test (kg),

� is the density of test materials (kg=m3/,

L is total sliding distance (m),

FN is the normal force on the pin (N).

3 Results and Discussion

Figure 1 shows the friction coefficient behaviour.
In all cases, the recorded curves in Figure 1 show that

the friction coefficient increases rapidly from the start to
the 200 metres of sliding and subsequently decreases. After
the initial stage, the variations in the curves become smaller
and the coefficient of friction reaches a stable (steady state),
slightly fluctuating value during the remaining testing time.
The friction coefficient in steady state is given in the Ta-
ble 3, together with mass loss data and some important char-
acteristics for powder metallurgy materials, such as density
and total porosity.

Figure 1. Friction behaviour of sintered cermets.

The friction behaviour of sintered cermets in the first pe-
riod of wear test can be attributed to a process of polish-
ing, generating a smooth wear track surface, by ploughing
away the surface asperities. Surface layer removal and an
increase in adhesion due to the increase in clean interfacial
areas, as well as increased asperity interactions and wear
particle entrapment, lead to a gradual increase in the fric-
tion coefficient without and/or up to peak value of friction
coefficient. This assumption is very well documented by
surface roughness, mainly for 7a material, which shows the
clearly observed peak value of friction coefficient, Table 4.

No. Density Total Steady- Mass
(�106 g=m3/ Porosity state of loss

(%) friction (�10�3 g)
(–)

7a 11.71 0.93 0.5087 0.496

8a 10.78 0.57 0.4576 0.540

7e 12.85 0.84 0.5029 0.232

8e 11.39 0.67 0.6452 0.243

Table 3. Material and wear characteristics in investigated
sintered cermets.

No. Perpendicular direction Parallel direction

Ra Rt Ra Rt

(�10�6 m) (�10�6 m) (�10�6 m) (�10�6 m)

7a 0.085 2.79 0.10 4.34

8a 0.08 1.31 0.08 1.605

7e 0.04 1.18 0.04 1.595

8e 0.04 1.105 0.06 1.815

Table 4. Surface roughness in perpendicular and parallel
direction of studied materials.
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Figure 2. Wear rate of sintered cermets.

As the process proceeds further, the wear track becomes
smoother and the friction coefficient achieved on a steady
state.

The surface roughness influenced the friction coefficient,
mainly in the first period of the run test. The relationship
between the wear and the surface topography are supported
also by other authors [10–12].

The wear rates are presented Figure 2.
It is very clear show that wear rate exponentially depen-

dence on density value of investigated materials:

y D y0 C A � exp.�x=t/; (2)

where: A D �3:3 � 10�5, y0 D 5:149, t D �1:1108:
The better explanation of wear rate behaviour of inves-

tigated materials may be found in the analysis of the wear
tracks and worn surfaces. The wear tracks of the investi-
gated material are presented in Figures 3–6.

The evaluation of SEM structures points out some uni-
form features. In all cases, the wear processes starts via
the plastic deformation of the surface irregularities and/or
ploughing away (mechanical polishing) the surface asperi-
ties therefore the surface becomes a smooth surface. It is
very clear that some “islands” were formed by loose debris
from the pin counterphase and also by the product of the
adhesion junctions of both sliding surfaces (mainly in the
Figures 3 (b), 4 (b), 5 (b) and 6 (b)).

It is well known that the cermets matrix plays an im-
portant role in the wear behaviour. Pirso et al. [16] stated
that the weakest structural elements in cermets are usually
the boundaries between carbide grains (carbide–carbide) or
phases (carbide–binder). Therefore, the sliding wear of cer-
mets starts by plastic deformation (abrasion) of the soft duc-
tile Co matrix between WC particles. The wear products
from deformed cobalt removal of the binder phase at the
surface from between the tungsten carbide grains. This as-
sumption is confirmed by SEM observation. In all worn

microstructures present several pits formed by removal of
grains by the above described mechanism.

The results is in good agreement with other authors [17–
22].

SEM analysis reveals that the main wear mechanism in
material 7 (WB-WC-Co) were initial expulsion of surface
cobalt binder phase from between the tungsten carbide, fol-
lowed by deterioration and/or detachment of carbide grains
by cracking and/or fracture. These wear behaviour is in
agreement with other authors [13–16].

The detailed study of wear tracks of material 8 (WB-
WC-Co-VC) reveals that the prevailed war mechanism is
abrasive wear. In terms of friction behaviour, VC lowers
the friction coefficient in the tribological pair by the forma-
tion of a vanadium oxy-carbide [17] and the detail investiga-
tion of wear tracks reveal that some abrasive-erosion wear
occurred. Klaasen et al. [21, 22] stated that the abrasive-
erosion wear resistance of cermets depends primarily on the
properties (strength and rigidity) of the carbide phase and
then on those of the binder.

Considering the previous statement about exponential
dependence of wear rate on density value and results to take
from SEM analysis, it is possible to summarize that density
(porosity) is a dominant microstructural factor and that the
present cavity (voids) influenced the boundaries between
carbide grains (carbide–carbide) or phases (carbide–binder)
as a possible source of cracks due to the highly stress con-
centrators. Consequently, microstructure inhomogenities
can be play more important role in abrasive wear behaviour
of cermets. Moreover, it is well known [15–17, 23–25]
that the wear resistance of cemented carbides generally in-
creases as the volume fraction of cobalt decreases and in-
creases dramatically as WC grain size is reduced. More par-
ticularly, a considerable improvement in wear performance
of cemented carbides is acquired when the WC grain size is
reduced towards nanometer.

In terms of nanosize methods, in present time in PM
area, are very promising methods are SPD (Severe Plastic
Deformation) methods, such as ECAP, ECAP-BP or ECAR
[26–30]. Another and proven method for downsizing the
final grain size in cemented carbides is grain growth inhi-
bition by adding small amounts of VC during liquid phase
sintering.

The present results show that the right way for improving
the wear resistance of cermets are to increase its strength-
resistance to extraction and adhesive interaction and adding
of inhibitors, such as VC, for downsizing the final grain
size.

4 Conclusions

The obtained results can be summarized as follows:

1. Microstructure inhomogenities (cavity as a stress con-
centrators, soft binder phase cracks, the boundaries between
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(a) (b)

Figure 3. The typical wear tracks for 7a specimen and detail of worn mirostructures.

(a) (b)

Figure 4. The typical wear tracks for 7e specimen and detail of worn mirostructures.

(a) (b)

Figure 5. The typical wear tracks for 8a specimen and detail of worn mirostructures.
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(a) (b)

Figure 6. The typical wear tracks for 8e specimen and detail of worn mirostructures.

carbide grains or carbide-binder phases) can be play more
important role in abrasive wear behaviour of cermets.

2. In term of grain size and chemical composition, addition
of VC play important role in increasing the wear resistance.
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