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A B S T R A C T

Nanostructured Cr-based WC hardmetals are successfully sintered by spark plasma sintering. The wear beha-
viour of these Cr-based WC hardmetals with different C contents ranging from 5.57 wt% to 6.91 wt%, is eval-
uated performing sliding wear tests under two different wear conditions. This work analyses the influence of the
C content on the wear performance through the study of the phase formation and WC grain size. The Cr-based
hardmetal with 5.57 wt% C content exhibits a lower wear rate than Co-based WC hardmetals tested under
similar dry ball-on-plate wear conditions, even considering that these Co-based WC hardmetals have higher WC
content (90 wt%) than Cr-based WC hardmetals (83.2 wt%). The combination of a nanosized WC grain and the
avoidance of brittle (Cr,Fe)7C3 or soft graphite phases leads to a superior wear performance. Thus, the use of Cr-
based binders in the hardmetal industry, alternatively to Co-based binders, is promising in applications in which
high wear resistance is needed.

1. Introduction

WC-based hardmetals are widely used as cutting tools for metals,
plastics and composite due to their high hardness and wear resistance
[1]. The wear performance plays a key role for cutting tools in de-
termining the span of life, machining efficient, surface quality, cost and
accuracy [2]. Wear characteristics of WC-based hardmetals have been
extensively studied under dry conditions using different tribological
systems. Jia and Fischer [3] tested the wear resistance of nanos-
tructured and conventional hardmetals on a pin-on-disk tribometer in
an unlubricated atmosphere. Liu et al. [4] studied the wear behaviours
and mechanisms of WC-Co and WC-Fe3Al hardmetals under a dry
sliding system using a ball-on-disc configuration. Bonny et al [5,6]
conducted wear experiments on WC-Co hardmetals in dry reciprocating
sliding contact using a high-frequency TE77 pin-on-plate system. All
above references demonstrated that wear performance of hardmetals is
directly determined by their chemical composition, phase formation,
WC grain size and extra refractory carbide additions, although there
were some differences in the tested parameters, counterpart materials
and the applied tribological equipment [7]. Generally, the wear

resistance of hardmetals increases with the increase of the WC re-
inforcement content since the hard WC phase serves as the main
counter material [8]. Cobalt binder could reduce the wear resistance
and oxidation of hardmetals due to its limited hardness and its poor
oxidation resistance, despite it is the most used binder alloy as a con-
sequence of the good wettability of tungsten carbide by cobalt [9,10].
Great interest has been driven to improve the wear resistance of
hardmetals without or with less Co contents, especially at high tem-
peratures and under oxidative environments [11,12]. Many researchers
have reported that the wear resistance of hardmetals could be sig-
nificantly improved when the average WC grain becomes nanometric
[3–7], [13–15]. More specifically, the benefit of the grain size reduction
to nanoscale on the improvement of wear resistance was described as
caused by an increase of hardness without reducing the toughness [16].
Two main ways have been performed to reduce the final WC grain size
in hardmetals towards nanometric scale: the addition of grain growth
inhibitors such as Cr3C2 or VC [17], and the application of field-assisted
solid state sintering techniques such as spark plasma sintering (SPS)
[18,19]. Thus, the addition of chromium or chromium carbides was
known as a way to inhibit the growth of WC particles during solid state
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sintering [20]. Such previous works report to have produced WC-based
hard materials with Cr-based alloy by using SPS technique and this Cr-
based WC hard composite exhibited a good combination of mechanical
properties and oxidation resistance, due to the existence of a nanoscale
WC grain size [21,22].

The main goal of the present work is to study the wear behaviour of
SPSed Cr-based WC hardmetals with different C contents under dry
sliding tests using two different trybosystem conditons. The wear per-
formance of Cr-based WC hardmetals will be compared with Co-based
WC hardmetals under similar test conditions, in order to evaluate the
prospect of introducing Cr-based WC hardmetals as cutting tools.

2. Experimental

2.1. Spark plasma sintering of Cr-based WC hardmetals

The mechanically milled nanosized Cr-based WC powders with
different extra C contents were sintered with full density by SPS at
1350 °C for 10min, with an applied pressure of 80MPa. The material
designated as Cr-based WC-0.5C in Table 1 has an extra 0.5 wt% C
content, whereas others have 1 wt% and 2wt% extra C contents, re-
spectively. The C content represented was added in Cr-based WC
hardmetals. The real C contents in sintered samples were measured by a
LECO chemical analyser. The grain size of WC was determined using
the linear intercept method on SEM images [23]. Thus, Table 1 lists the
designed C contents, the real carbon contents, the hardness values and
fracture toughness values by Palmqvist method reported in the previous
study [24] together with the average WC grain size of the Cr-based WC
hardmetals used in this work.

2.2. Wear resistance tests

The studies of wear resistance shown in this research were carried
out using two equipments with different specimen sizes: samples with
6× 5×4mm for wear tests in a Bruker-UMT-Tribolab trybometer and
samples with 20×6.5× 6mm for wear tests developed in a Wazau-
TRM 2000-Tribometer. Both wear measurements on Cr-based WC
hardmetals are characterised by dry sliding tests on a ball-on-plate
configuration using reciprocating lineal movement. Prior to the tribo-
logical test, samples were polished and cleaned in distilled water for
10min followed by drying in furnace at 110 °C for 30min. An alumina
ball of 5 mm diameter (supplied by Goodfellow) was used as a static
counter material in the Bruker tribometer. The samples were moving

against the alumina ball reciprocally. The tests were performed in
ambient air (20 ± 2 °C, humidity 55%), under 15 N or 18 N load, at a
frequency of 5 Hz, and the stroke length was of 5mm for 30min. All
tests were repeated 3 times in order to have repeatability in terms of the
friction coefficient (μ). The total sliding distance was fixed to
90,000mm. A WC-6wt% Co ball of 10mm diameter (supplied by
Fritsch) was used as a static counter material in the Wazau tribometer.
These tests were performed in ambient air under 50 N load, at a fre-
quency of 2.5 Hz, and a stroke length of 10mm for 60min in ambient
air (20 ± 2 °C, humidity 55%). The total sliding distance was fixed to
100,000mm.

A profilometer (Olympus DSX500, Opto-digital microscope) was
used to obtain the 3D images of the wear tracks after sliding. The values
of width, depth, and volume loss were determined by three 2D profiles,
which were obtained from the 3D image. Then, the average depth value
was calculated by the following Eq. [25]:

=D A
W

w

where D is the average depth in mm, Aw is the average wear loss area
of three 2D profiles for each wear track, and W is the average width of
each wear track measured for three 2D profile. Thus, the wear loss
volume is calculated with the following formula:
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where ΔV is the volume loss for wear sliding in mm3, R is the radius of
the sliding ball, and l is the sliding stroke. The wear rate is determined
by the following formula [26]:

= ∆W v
FSv

where Wv is the wear rate in mm3/mm, ΔV is the volume loss of the
sample in mm3, F is the contact load and S is the total sliding distance.
We need to mention that the oxidation of the binder phase during dry
sling wear testing may affect the measurement of volume loss due to its
high Pilling-Bedworth ratio [27].

3. Results and discussion

3.1. Microstructural analysis of the SPSed Cr-based hardmetals

Fig. 1 displays the microstructure of Cr-based WC hardmetals with

Table 1
Designed C contents, real carbon contents measured by LECO, hardness, fracture toughness, and average WC grain size of Cr-based WC hardmetals [24].

Hardmetals Designed
C content (wt%)

Measured
C content (wt%)

Hardness (HV30) Toughness (MPam1/2) Average WC
grain size (nm)

Cr-based WC-0.5C 5.59 5.57 ± 0.05 2219 ± 16 8.2 ± 0.1 100 ± 14
Cr-based WC-1C 6.03 6.17 ± 0.09 2164 ± 31 7.4 ± 0.2 350 ± 20
Cr-based WC-2C 6.96 6.91 ± 0.04 1914 ± 13 7.1 ± 0.3 750 ± 85

Fig. 1. BSE images revealing the microstructure of Cr-based WC with different C contents: (a) 5.57 wt%, (b) 6.17 wt%, and (a) 6.91 wt%; white phase is WC, grey is
(Cr,Fe)7C3, and dark is Cr2O3 or graphite.
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different C contents. The Cr-based WC hardmetal with 5.57 wt% C
content consists of WC, binder and Cr2O3 phases, with an average WC
grain size of 100 nm. A (Cr,Fe)7C3 phase (grey region) and graphite
(dark) are formed in Cr-based WC hardmetal with 6.17 wt% and
6.91 wt% C, respectively. The formation of brittle (Cr,Fe)7C3 or soft
graphite is detrimental for the mechanical properties of hardmetals.
The average WC grain size also increases with the increase of C content
from 100 nm to 750 nm, which may due to a better solubility of WC
grains and more effective growth of WC in the Cr-based alloy [20].

3.2. Dry ball-on-plate wear test under the mild aggressive conditions

3.2.1. Friction coefficient and wear surface analyses
The imposed normal force (FN) and the concomitant tangential

friction force (FT) of the count ball part were continuously recorded
using a load and a friction sensor [6], respectively, when a load of 15 or
18 N was applied against Cr-based WC hardmetals. The static friction
force (FT) is calculated using the following equation:

=
+

F
F F| | | |

2T
T max T min, ,

The coefficient of friction (μ) is calculated from the FT/FN ratio.
Fig. 2 shows that the recorded normal contact force seems to corre-
spond very well to the imposed contact load of this particular case,
which is 18 N. The friction force appears either positive or negative,
depending on the sliding direction.

The evolution of the friction coefficient (μ) for Cr-based WC hard-
metals with different extra carbon contents is displayed in Fig. 3. Two
loads (15 N and 18 N) are applied to study the effect of force on the
friction coefficient, μ. Generally, the friction coefficient increases ra-
pidly throughout the first seconds, which is attributed to the quick in-
crease of theball-on-disc contact area due to polishing of asperities [6].
After the initial stage, the variations in μ become smaller in the “run-
ning in” stage, and it reaches an equilibrium state of stable value, since
the wear track becomes smoother after ploughing away the surface
asperities [5]. However, the friction coefficient observed in Cr-based
WC hardmetals with 6.91 wt% C content appears slightly inconstant
due to the existence of soft graphite phase. Thus, the surface with
graphite has less resistance to overcome, which leads to an increase in
surface roughness, and therefore the μ increases [5]. Fig. 3 highlights
that a higher contact load (18 N) leads to smaller and more stable va-
lues of friction coefficient, since the increase in FT is lower than that in

FN when the applied force increases. Thus, the higher load of 18 N is
selected as the force to be applied on all Cr-based WC hardmetals in the
next analyses. The friction coefficients measured for Cr-based WC
hardmetals with 5.57 wt% C, 6.17 wt% C, and 6.91 wt% C contents are
in the range of 0.27–0.30, 0.34–0.36, and 0.43–0.51, respectively, due
to the different phases existing in each material which may have a
distinctive effect on the friction coefficient [13]. (Cr,Fe)7C3 and gra-
phite exist in the Cr-based WC hardmetals with extra 6.17 wt% C and
6.91 wt% C, respectively, which increases the FT due to their lower
levels of hardness compared to that of WC, finally leading to the in-
crease of the friction coefficient.

Visual observations after the wear sliding tests reveal a smooth and
bright appearance of the wear track in all tested samples, indicating
that the surfaces of Cr-based WC hardmetals have been ploughed by the
alumina ball during the wear sliding. SEM and EDX analyses are per-
formed on the worn surfaces to obtain more information of the wear
process followed. Fig. 4 illustrates general images of the worn surfaces
and a higher magnification of the central part in the wear track. From
the general view of the wear tracks, a slight decrease of the wear track
width with the increase of the carbon content (the distance between
two white dashed lines in Fig. 4) is found for Cr-based WC hardmetals.
The width varies from a value around 200 μm, in samples with extra
0.5 wt% C content, to around 170 μm and 165 μm, in samples with 6.17
and 6.91 wt% C contents, respectively. This phenomenon can be ex-
plained by the occurrence of different mechanisms: abrasive wear,
adhesion of wear debris layers, soft phase removal, and grain cracking.
The parallel grooves in all the wear tracks point out that the abrasive
wear mechanism is dominant in all Cr-based WC hardmetals. The Cr-
based WC hardmetal with 5.57 wt% C content has the highest hardness,
as previously reported, which leads to an increase in the wear track
width due a higher volume loss coming from the alumina ball. The BSE
and SE micrographs in the central part of the worn surface in the Cr-
based WC hardmetals with extra 5.57 and 6.17 wt% C contents show
the adhesion of the wear debris layers in grey color. Actually, the ex-
istence of thin wear debris layers on the surface of hardmetals protects
the Cr-based WC hardmetals, leading to an improvement of their wear
resistance [6]. On the other hand, the presence of (Cr,Fe)7C3 phase and
the bigger WC grain size will decrease the wear resistance of Cr-based
WC hardmetals when extra C increases from 0.5 to 1 wt%, due to the
less hardness and fracture toughness [24]. BSE and SE micrographs of
worn surface in Cr-based WC hardmetals with 6.91 wt% C content,

Fig. 2. Real time normal force (FN) and friction force (FT) for a load of 18 N,
frequency of 5 Hz, stroke length of 5 mm, as a function of time for Cr-based WC
hardmetals [6].

Fig. 3. Friction coefficient as a function of time for two different contact loads
(15 N and 18 N) in Cr-based WC hardmetals with different C contents tested
using an alumina ball, a frequency of 5 Hz, and stroke length of 5mm for
30min.
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Fig. 4. BSE and SE images of the wear track generated in Cr-based WC hardmetals with different C content after wear tests with a load of 18 N, frequency of 5 Hz,
stroke length of 5mm, and time of 30min. General view images of wear track on the left and higher magnification of the central part in wear track (white square
area) on the right. EDX point analyses are carried out in the positions of numbered as 1, 2, and 3.

Fig. 5. EDX analyses on wear tracks corresponding to Cr-based WC hardmetals with 5.57 wt%, 6.17 wt% and 6.91 wt% C contents, respectively.
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present micro cracks and surface removal of the soft graphite, which
lead to a further grain pullout and reduction of wear resistance. Ad-
ditionally, the removal of the binder and/or graphite phase increases
the tangential friction force, leading to a higher friction coefficient,

which explains the trend followed by the friction coefficient displayed
in Fig. 3.

EDX spectrum 1, taken in the worn surface of the Cr-based WC
hardmetal with 5.57 wt% content, reveals the existence of W, Al, Cr, O,

Fig. 6. 3D topographic images showing the wear tracks of Cr-based WC hardmetals with different extra C contents after dry sliding tests with a load of 18 N,
frequency of 5 Hz, stroke length of 5 mm, and time of 30min: (a) 5.57 wt% C, (b) 6.17 wt% C, and (c) 6.91 wt% C.
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Fe and C, as shown in Fig. 5. Therefore, the wear surface is enriched in
Al and O content, coming from the alumina ball. Hence, the worn track
surface turns to be covered with a thin Al2O3 wear debris layer, se-
parating the Cr-based WC hardmetal from the count sliding ball. It is
worth noting that a similar EDX spectrum is obtained in the wear track
of the Cr-based WC hardmetal with 6.17 wt% C content (spectrum 2).
The spectrum 3, taken in the crack region of the hardmetal with 6.91 wt
% content, reveals more quantity of C and O, and less Al since graphite
is being removed from the bulk material and probably it is covering the
wear track. In fact, the micro-cracks presented in this hardmetal are
induced by tangential stresses due to the reciprocal sliding contact
pressure exerted by the alumina ball, which leads to the removal of the
soft graphite.

3.2.2. Volume loss and wear rate
Fig. 6 shows the 3D topographic images of the worn surfaces for Cr-

based WC hardmetals with different C contents after dry sliding tests.
The different colors in the topographic images are related to the dis-
tribution of heights: red represents the highest height, while purple
indicates the lowest height. As expected, severe parallel grooves are

observed in the wear tracks since abrasion wear is the main mechanism
for the surface sliding against alumina ball. Fig. 6(c) highlights that the
worn surface of the Cr-based WC hardmetal with 6.91 wt% C content
exhibits the narrowest and deepest wear track, whereas the Cr-based
WC hardmetal with 5.57 wt% C content has the widest and shallowest
one, as shown in Fig. 6(a). Therefore, the results shown in Fig. 6 suggest
that the volume loss of Cr-based hardmetals increases with the increase
of the C content from 5.57 to 6.91 wt%.

Fig. 7 presents the wear track profiles taken in three different in-
tersection lines and the corresponding optical images of the wear tracks
in Cr-based WC hardmetals with different C contents after dry sliding
tests. The average width of the track and the average wear loss area of
each profile are measured by surface profilometry, and results are listed
in Table 2. This table summarises the average width, loss area, depth,
wear volume loss, and wear rate values calculated for all the Cr-based
WC hardmetals tested during 30min against an alumina ball with a
load of 18 N, frequency of 5 Hz, and stroke length of 5mm. The lowest
depth and volume loss are achieved by the Cr-based WC hardmetal with
5.57 wt% C content, whereas the highest values occur for the Cr-based
WC hardmetal with 6.91 wt% C content, which is in full agreement with

Fig. 7. Representative wear track profiles and corresponding optical images of Cr-based WC hardmetals with different extra C contents after dry sliding tests with a
load of 18 N, frequency of 5 Hz, stroke length of 5mm, and time of 30min: (a) 5.57 wt% C, (b) 6.17 wt% C, and (c) 6.91 wt% C.

Table 2
Wear data obtained for Cr-based WC hardmetals with extra 0.5, 1, and 2wt% C contents tested with a load of 18 N, frequency of 5 Hz, and stroke length of 5mm
against alumina ball.

Cr-based WC hardmetals with different C contents Width
W (μm)

Loss area
Aw (μm2)

Depth
D (μm)

Volume loss
∆V (10−6 mm3)

Wear rate
Wv (10−9 mm3/N·m)

(0.5 wt% C)
5.57wt% C

217.4 ± 3 1047.6 ± 226 4.7 ± 0.2 5.2 ± 0.2 3.2 ± 0.1
212.2 ± 5 1107.7 ± 326 5.2 ± 0.4 5.6 ± 0.4 3.4 ± 0.2
192.7+ 7 1007.7 ± 287 5.1 ± 0.2 5.1 ± 0.2 3.2 ± 0.1

(1 wt% C)
6.17wt% C

173.6 ± 4 1407.6 ± 187 8.1 ± 0.2 7.0 ± 0.4 4.3 ± 0.3
178.0 ± 5 1307.7 ± 214 7.3 ± 0.2 6.5 ± 0.3 4.1 ± 0.2
180.6 ± 3 1387.1 ± 314 7.6 ± 0.2 6.9 ± 0.1 4.2 ± 0.2

(2 wt% C)
6.91wt% C

169.0 ± 4 2047.6 ± 385 12.0 ± 0.4 9.5 ± 1.0 6.0 ± 0.2
153.9 ± 5 2243.7 ± 585 14.5 ± 0.2 9.6 ± 1.2 5.9 ± 0.2
170.0 ± 3 2368.5 ± 701 13.9 ± 0.8 10.5 ± 0.5 6.5 ± 0.3
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the microstructural surface analyses and 3D topographic images pre-
viously shown. The volumetric wear rates of Cr-based WC hardmetals
with 5.57, 6.17, and 6.91 wt% C contents vary between 3.2 and
3.4×10−9, 4.1–4.3× 10−9, and 5.9–6.5× 10−9 mm3/N·m, respec-
tively. Therefore, these results remark that the Cr-based WC hardmetal
with 5.57 wt% carbon content has the highest wear resistance, which is
well consistent with the existence of a uniform nanosized WC grain
distribution, with the smallest WC size (around 100 nm), and with the
avoidance of graphite.

Many investigations have reported that the wear resistance perfor-
mance of hardmetals depends on hardness [6,9,28]. Fig. 8 shows the
relationship among volume loss, wear rate, and hardness for Cr-based
WC hardmetals. Both volume loss and wear rate clearly decrease with
the increase of the hardness. Thus, in this work the Cr-based WC
hardmetal with the highest hardness (5.57 wt% C content) leads to the
highest wear resistance.

Fig. 9 shows the wear rate comparison between Cr-based WC
hardmetals and some commercial Co-based WC hardmetals. The cor-
responding wear rates of Co-based WC hardmetals are transformed into
the same unit (10−9 mm3/N·m) [5]. Cr-based WC hardmetals exhibit

better wear resistance performance than Co-based WC hardmetals, even
considering that these Co-based WC hardmetals have a higher content
of WC (90 wt%) than the Cr-based WC hardmetals (83.2 wt%). As
mentioned before, the wear resistance depends on the content, grain
size and distribution of WC, increasing dramatically as WC grain size is
reduced. Cr-based WC hardmetals have a uniform distribution of na-
nosized WC grains, leading to a superior wear resistance performance.
Among these Cr-based WC hardmetals, Fig. 9 shows that the Cr-based
WC hardmetal with and extra carbon content of 0.5 wt% exhibits the
lowest wear rate a higher, due to the smallest WC grain size together
with the avoidance of (Cr,Fe)7C3 or graphite.

The previous findings point out that the wear performance of Cr-
based WC hardmetals is primary controlled by abrasive wear. Both
wear volume loss and wear rate increase with the decrease of hardness.
The existence of Al2O3 in the surface of the wear tracks confirms that
the adhesion of wear debris layers takes place on the Cr-based WC
hardmetals, which is beneficial to improve the wear resistance. Micro-
cracks and some surface soft phase removals are detected in the Cr-
based WC hardmetal with a 6.91 wt% C. The uniform distribution of
nanosized WC grain size in Cr-based WC hardmetals is the key-reason
for achieving an excellent wear behaviour, even compared to WC-Co
hardmetals with a higher content of WC hard phase.

3.3. Dry ball-on-plate wear test under more aggressive conditions

3.3.1. Friction coefficient and wear surface analyses
Dry ball-on-plate tests are also performed under more aggressive

experimental conditions. A WC-6wt%Co ball (diameter of 10mm) is
rubbed in oscillating movement against Cr-based WC hardmetals. In
order to study the friction condition of imposed normal contact force on
Cr-based WC hardmetals, the evolution of the friction coefficient (μ)
against time in Cr-based WC hardmetals is evaluated in Fig. 10. A si-
milar trend in the friction coefficient is observed during the sliding
process in all the samples evaluated. The friction coefficient increases
quickly in the initial stage due to the increase of the ball-on-disc contact
area, and then becomes stable, since the friction force reaches a con-
stant value in the smooth wear track after polishing away the original
surface roughness [6]. The friction coefficient in this wear test is lower
than in previous one, since the difference in hardness between WC-Co
material and the tested samples is smaller than that between Al2O3

material and those tested samples. The friction coefficient of Cr-based
WC hardmetals increases again slightly with the increase of the C

Fig. 8. Volume loss and wear rate against hardness after dry sliding tests with a
load of 18 N, frequency of 5 Hz, stroke length of 5 mm, and time of 30min in Cr-
based WC hardmetals with 5.57, 6.17 and 6.91 wt% C contents.

Fig. 9. Wear rate comparison between Cr-based WC hardmetals and Co-based
WC hardmetals [5].

Fig. 10. Friction coefficient (μ) against time in Cr-based WC hardmetals with
different extra C contents tested using a WC-Co ball with a load of 50 N, fre-
quency of 2.5 Hz, and stroke length of 10mm for 60min.
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Fig. 11. BSE and SE images of the wear track generated in Cr-based WC hardmetals with different C contents after wear tests with a load of 50 N, frequency of 2.5 Hz,
stroke length of 10mm, and time of 60min. General view images of wear track on the left and higher magnification of the central part in the wear track (white square
area) on the right.

Fig. 12. EDX analyses on wear tracks corresponding to Cr-based WC hardmetals with extra 0.5, 1, and 2wt% C contents, respectively.
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content, as a consequence of the existence of larger WC grains and the
presence of (Cr,Fe)7C3 or graphite, which is in good agreement with the
previous results obtained under less aggressive conditions.

A smooth and bright wear track is found by visual observation in the
surface of each Cr-based WC hardmetal after wear sliding tests. In order
to further study the wear surface of Cr-based WC hardmetals, Fig. 11

shows general images of the worn surface and images with a higher
magnification of the central part in the wear track. From the general
view of the wear track, it can be concluded that the width values (the
distance between two white dashed lines) are around 225 μm in all Cr-
based hardmetals due to the similar hardness of counter material and
tested samples. The abrasive wear mechanism is also dominant in all

Fig. 13. 3D topographic images showing the wear tracks of Cr-based WC hardmetals with different extra C contents after dry sliding tests with a load of 50 N,
frequency of 2.5 Hz, stroke length of 10mm, time of 60min: (a) 5.57 wt% C, (b) 6.17 wt% C, and (c) 6.91 wt% C.
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Cr-based WC hardmetals, as indicated by the parallel grooves observed
in the wear tracks. Adhesion of debris wear layers takes place in all
samples, as suggested by the existence of thin WC-Co layers. The Cr-
based WC hardmetal with 6.17 wt% C content has suffered the removal
of material, whereas it was not detected during the tests with alumina
ball at lower load and time. This phenomenon can be attributed to more
severe wear conditions, which may cause the removal of the (Cr,Fe)7C3

phase. Growth of cracks and surface phase removal are detected in the
Cr-based WC hardmetal with 6.91 wt% C content due to the existence of
soft graphite phase.

EDX spectra corresponding to areas in Fig. 11 are obtained in the
surface of Cr-based WC hardmetals to identify the composition of the
debris layers and the composition near the cracks. Fig. 12 shows that
EDX spectrum 1, taken on the worn surface of the Cr-based WC hard-
metal with a 5.57 wt% C content, is enriched in Co and W, which de-
monstrates the existence of a WC-Co debris layer. This WC-Co layer is
beneficial to improve the wear resistance, which agrees well the results
in the simulation of abrasion to WC-Co hardmetals reported by Pignie
et al [29]. The EDX spectra 2 and 3 are taken near the cracks and they
confirm the existence of (Cr,Fe)7C3 and graphite in the Cr-based WC

hardmetals with 6.17 and 6.91 wt% C contents, respectively, which
may explain the phase removal and the crack growth.

3.3.2. Volume loss and wear rate
Fig. 13 presents the 3D topographic images of the worn surface for

Cr-based WC hardmetals tested against a WC-Co ball after dry sliding
wear tests using a load of 50 N, a frequency of 2.5 Hz, a stroke length of
10mm, and a time of 60min. It clearly shows that the depth of the wear
track increases with the increase of the C content, whereas the width
keeps a similar value. Hence, the volume loss of Cr-based WC hard-
metals increases with the increase of the C content. In order to calculate
the values of volume loss and wear rate, three intersection lines are
taken across the wear tracks.

Fig. 14 shows the wear track profiles and the corresponding optical
images obtained in Cr-based WC hardmetals with different C contents
after dry sliding tests. Table 3 summarises all the wear data measured.
The wear rates of Cr-based WC hardmetals with 5.57, 6.17 and 6.91 wt
% C contents vary between 1.3 and 1.4× 10−9, 2.5–2.6×10−9, and
3.9–4.1× 10−9 mm3/N·m, respectively.

Finally, Fig. 15 shows the wear rates of Cr-based WC hardmetals

Fig. 14. Representative wear track profiles and corresponding optical images of Cr-based WC hardmetals with different extra C contents after dry sliding tests with a
load of 50 N, frequency of 2.5 Hz, stroke length of 10mm, and time of 60min: (a) 5.57 wt% C, (b) 6.17 wt% C, and (c) 6.91 wt% C.

Table 3
Wear data obtained for Cr-based WC hardmetals with extra 0.5, 1, and 2wt% C contents tested with a load of 50 N, frequency of 2.5 Hz, and stroke length of 10mm
against a WC-6Co ball.

Cr-based WC hardmetals with different C contents Width
W (μm)

Loss area
Aw (μm2)

Depth
D (μm)

Volume loss
∆V (10−6 mm3)

Wear rate
Wv (10−9 mm3/N·m)

(0.5 wt% C)
5.57wt% C

224.4 ± 4 702.1 ± 26 2.3 ± 0.1 7.1 ± 0.2 1.4 ± 0.1
212.2 ± 5 687.2 ± 32 2.4 ± 0.3 6.9 ± 0.4 1.3 ± 0.2
192.7+7 697.0 ± 27 2.5 ± 0.2 7.0 ± 0.2 1.4 ± 0.1

(1 wt% C)
6.17wt% C

224.1 ± 4 1245.7 ± 57 3.1 ± 0.2 12.5 ± 0.4 2.5 ± 0.3
234.5 ± 5 1307.7 ± 42 3.2 ± 0.2 13.1 ± 0.3 2.6 ± 0.2
220.7 ± 3 1287.4 ± 34 3.3 ± 0.2 12.9 ± 0.4 2.6 ± 0.2

(2 wt% C)
6.91wt% C

222.5. ± 4 1929.2 ± 85 4.3 ± 0.4 19.3 ± 0.5 3.9 ± 0.3
233.9 ± 5 2049.3 ± 55 4.5 ± 0.2 20.5 ± 0.8 4.1 ± 0.4
225.0 ± 3 2074.3 ± 71 4.4 ± 0.3 20.7 ± 0.7 4.1 ± 0.3

X. Deng, et al. International Journal of Refractory Metals & Hard Materials 86 (2020) 105092

10



obtained from both wear tests, and the wear rates of some Co-based WC
hardmetals found in the literature [5,30,31] under the similar dry
sliding conditions. All these Co-based WC hardmetals were obtained by
SPS technique with extra addition of refractory carbides (Cr3C2, VC, or
cBN). As expected, the wear rate generally decreases with the increase
of hardness for all hardmetals. The volume loss of Cr-based WC hard-
metals increases with the increase of the C content due to the reduction
of the hardness. Anyway, the Cr-based hardmetal with 5.57 wt% carbon
content under both loading conditions exhibits a lower wear rate than
Co-based WC hardmetals tested under similar dry ball-on-plate wear
conditions. Thus, the use of Cr-based binders in the hardmetal industry,
alternatively to Co-based binders, is promising in applications in which
high wear resistance is needed.

4. Conclusions

The wear tests demonstrate that the wear mechanism in Cr-based
WC hardmetals is primarily determined by abrasive wear. Adhesion of
debris wear layers, soft phase removals, and cracks are confirmed due
to the existence of a thin counter material layer, the detection of re-
moved soft phases, and identification of cracks in the microstructure.
The adhesion of debris wear layers is beneficial for improving the wear
resistance due to the protection of the samples from the sliding mate-
rials. The wear rate of Cr-based WC hardmetals increases with the in-
crease of the C content due to the reduction of the hardness as a con-
sequence of the growth of the WC grains from 100 nm to 750 nm and to
the existence of phases softer than WC, such as (Cr,Fe)7C3 or graphite.
Finally, nanostructured Cr-based WC hardmetals have achieved su-
perior performance than commercial Co-based WC hardmetals even
with extra addition of refractory carbides, in terms of wear resistance.
Furthermore, this Cr-based WC hardmetal will have a lower price and
less toxicity than Co-based WC hardmetals. Therefore, Cr-based WC
hardmetals seem to possess a bright future in the cutting tool industry,
in applications in which high wear resistance is required.
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