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Mechanically induced solid-state mixing, using high-energy ball milling technique, was employed for
preparing WC/7 wt.% (10Cr/4Cr) solid-solution powders. The solid-solution powders obtained after 50 h of
milling were mechanically mixed for 50 h together with small weight fractions (0-7 wt.%) of (ZrO2 + 1.5
wt.% Y2O3) powders. The powders were then consolidated in vacuum under a uniaxial pressure of 30 MPa
at 1250 �C, using spark plasma sintering. The consolidated bulk samples were nearly full dense and
maintained their nanocrystalline structure after this consolidation step. The results showed that the con-
solidated samples over the entire range of ZrO2 concentrations (0–7 wt.%) had low values for Young�s
modulus (297–318 GPa) due to their nanocrystalline structures. Moreover, the WC/7 wt.% (10Cr/4Cr)/
7(ZrO2-1.5 mol.% Y2O3) showed excellent wear resistance, indexed by its low-value friction coefficient
(�0.29).
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1. Introduction

Mechanical alloying (MA) (Ref 1) and mechanical milling
(MM) (Ref 2) techniques, using high-energy ball milling
method, have been widely employed in fabricating different
metastable phases, including nanostructured materials (Ref 3).
The fabrication of nanocomposite materials via high-energy
ball milling dates back to 1998 when El-Eskandarany (Ref 4)
used this method to prepare homogeneous SiCp/Al nanocom-
posite powders with high volume fractions (25%) of SiC
nanoreinforcement particles. Cemented carbides (Ref 5, 6) such
as tungsten carbide-cobalt composites are characterized by
extraordinary hardness and wear resistance resulting from the
high carbide content (Ref 7). This class of materials has been
widely used as cutting tools and wear-resistant components due
to the singular combination of their properties, including high
hardness, moderate toughness and excellent wear resistance.
WC has a high melting point of approximately 2900 �C, which
impedes bulk preparation of dense pure WC using conventional
sintering techniques (Ref 8). Addition of metal Co binder to
WC improves the sintering and increases the strength and
toughness; however, the hardness and wear resistance of the
cemented carbides are significantly reduced. Moreover, the
composites containing such metallic binders are inferior to WC
in terms of corrosion and elevated temperature applications

(Ref 9, 10). All of these factors limit the applications of the
WC-metal binder composites.

In 2000, El-Eskandarany replaced the traditional metal Co
binder with a nonmetal-binder nanocrystalline MgO material
(Ref 11) to fabricate fully dense bulk nanocomposites that
exhibited excellent mechanical properties. Since then,
nanocrystalline Al2O3 (Ref 12) and ZrO2 (Ref 13) have been
used as nonmetal binders to extend the life of WC materials and
to improve their mechanical and physical properties.

The present work aims to study the effect of adding small
concentrations (0-7 wt.%) of ZrO2-1.5 wt.% Y2O3 nanocrys-
talline powders on improving the fracture toughness and wear
resistance of mechanically mixed 93WC/7(10Co/4Cr)
nanocomposite powders. The selection of ZrO2 was based on
the fact that it has a high thermal stability and excellent
mechanical properties, such as high bending strength and
excellent fracture toughness (Ref 14).

2. Experimental Procedure

2.1 Preparation of the WC Nanocrystalline Powders

A 15-g sample of commercial WC powder (99.9%, 200 lm)
was balanced and charged into a WC vial (45 ml in volume)
and sealed together with 5 WC balls (10 mm in diameter) in a
glove box (UNILAB Pro Glove Box Workstation, mBRAUN,
Germany) under an helium gas atmosphere. The milling
process was carried out for 20 h at room temperature using a
high-energy mixer ball mill (SPEX 8000-D Mixer/Mill, USA).
However, the ball milling process was interrupted after selected
milling time (0, 3, 15 h) to take samples for investigations, and
the microstructure and grain size change with changing the
milling time. The long-term milling procedure (20 h) was
repeated 25 times in order to obtain approximately 350 g of
ultrafine nanocrystalline WC powder for the preparation of
WC-based nanocomposite materials.
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2.2 Preparations of the Nanocomposite 93WC/7(10Co/4Cr)
Powders

The as-ball-milled WC nanocrystalline powders obtained
after 20 h of ball milling were mixed with elemental Co
(99.99%, 10 lm) and Cr (99.99%, 150 lm) in the glove box
under helium gas atmosphere to give the starting nominal
composition (wt.%) of 93WC/7(10Co/4Cr). The mixed pow-
ders were then charged into WC vial (250 ml in volume)
together with 25 WC balls (10 mm in diameter) to give a ball-
to-powder weight ratio as 20:1. The ball milling procedure was
carried out at room temperature for 50 h, using a Fritsch P5
high-energy ball mill (Germany) at a rotation speed of 250 rpm.
In order to investigate the effect of milling time on the
elemental distribution and particle size of the composite
powders, the process was stopped after 6, 12.5, 25 h of the
milling time and the vials were opened in the glove box to take
represented samples.

2.3 Preparations of the Nanocomposite 100-x(93WC/
7(10Co/4Cr))/x(ZrO2-1.5 mol% Y2O3) Powders

The as-prepared 93WC/7(10Co/4Cr) composite powders
obtained after 50 h of ball milling were simply mixed in the

glove box with different wt.% (x) of (ZrO2-1.5 mol.% Y2O3)
powders to yield the desired nominal composition of x (0, 1, 2,
3, 4, 5, 7, and 7 wt.%) and then charged into the WC vial and
sealed together with 25 WC balls. The vials were then
mountained on the high-energy ball mill where the milling
process conducted with a rotation speed of 250 rpm for 50 h.
Selected samples were taken after milling for 0, 6, 12.5, and
25 h for characterizations.

2.4 Powder Consolidation

To take the advantage of the unique properties of the
synthesized nanocomposite powders, the consolidation proce-
dure using spark plasma sintering (SPS) was a necessary step to
conduct a reliable investigation of the bulk properties of the
fabricated materials. To consolidate the nanocomposite pow-
ders into the perfect cylindrical shapes with 20 mm in diameter
and 20 mm in height, the powders were first dried in a vacuum
oven at 150 �C for 24 h. The activated powders were then
gently ground using agate mortar and pestle inside a glove box
filled with helium atmosphere. The powders with different
ZrO2-2 mol.% Y2O3 concentrations (x) were individually
consolidated into bulk samples using the graphite mold SPS
system (SPS-825, Fuji Electronic Industrial Co., Ltd, Japan).

Fig. 1 XRD patterns of as-received hcp-WC powders after mechanical milling time for (a) 0, (b) 3, and (c) 15 h. The XRD pattern of the pow-
ders milled for 20 h and then consolidated at 1250 �C, using SPS technique, is presented in (d). The XRD patterns of as-mechanically milled
WC powders and then ball milled with 7 wt.% of (10Co/4Cr) powders for 0, 6, 12.5, and 25 h are shown in (e-h), respectively. The XRD pat-
tern of 93-WC/7 wt.% (10Co/4Cr) powders obtained after 50 h and then consolidated at 1250 �C, using SPS technique, is presented in (i)
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The consolidation procedure was performed under vacuum at
1250 �C with an applied uniaxial pressure of 30 MPa. To avoid
any undesired grain growth, the sintering process was applied
for only 3 min, and no binding materials were added. Further
experimental details for the SPS process are discussed else-
where (Ref 9, 10).

2.5 Sample Characterization

Total structural investigations of the nanocomposite pow-
ders with different ZrO2-1.5 mol.% Y2O3 concentrations were
performed via powder x-ray diffraction (XRD) using Rigaku-
Smart Lab 9 kWequipment. A high-speed 1D x-ray detector D/
teX Ultra 1D mode (D/teX) with a Ni filter was used. All of the
samples were analyzed at a rate of 2 degree/min in continuous
2h/h scan mode using CuKa radiation (k = 0.15418 nm) at
45 kVand 200 mA. The diffraction patterns were obtained over
the 2h range of 20�-80�, with a step size of 0.02 degree 2h and a
time of 1 s/step.

A 200-kV field-emission high-resolution transmission elec-
tron microscopy (FE-HRTEM), JEOL-2100F, Japan, was used
to investigate the local structure of as-synthesized nanocom-
posite powders. The energy-dispersive x-ray spectroscopy
(EDS), using FE-HRTEM scanning transmission electron
microscopy (STEM) system, was carried out to determine the
local composition of the ball-milled powders. The morphology
of the synthesized nanocomposite powders and their corre-

sponding bulk materials were examined by field-emission
scanning electron microscopy (FE-SEM) in conjunction with
energy-dispersive x-ray spectroscopy (EDS) using a JEOL
JSM-7800F microscope (Japan). The topological and surface
properties of the fabricated bulk nanocomposites samples were
investigated by contact-mode atomic force microscopy (AFM)
using an Agilent 5600LS AFM system (USA).

The hardness of all of the consolidated samples was
determined using the Vickers hardness test with a load of
30 kg. In these experiments, the microhardness values were the
averages of at least 60 readings obtained for each sample. The
fracture toughness of the consolidated samples was determined
using the VHT indenter crack-length measurements approach.
Nanoindentation was employed to determine the nanomechan-
ical properties of the as-consolidated nanocomposite samples
using a Bruker Nanoindenter (Germany) with a diamond
Berkovich tip. This technique investigates the values of
nanohardness and Young�s modulus (modulus of elasticity) of
the bulk samples produced in the present work. To accomplish
this task, more than 100 indents for each sample were generated
using a single-indent continuous multi-cycle ramp approach
with an applied force of 400 mN. The density of all
bulk samples (as-consolidated samples) was measured by
AUTOMATIC TRUE DENSITY ANALYZER (The SEISHIN
Enterprise Co., LTD, Japan). The rule-of-mixtures (ASTM
Standard D792-00) (Ref 15) approach was used to estimate the
theoretical density of the consolidated sample. The relative
density was calculated by dividing the measured density of
each sample over the corresponding theoretical values.

The tribological behavior of bulk WC/7 wt.% (10Cr/4Cr)/
7(ZrO2-1.5 mol.% Y2O3) nanocomposite sample was charac-
terized by a pin-on-disk tribometer (Microtest, S.A, Madrid-
Spain) against WC-8Co ball(10 mm in diameter).The sliding
speed of the specimen relative to the ball was 150 rpm, and the
sliding distance was 700 m, using an applied force of 150 N.
The coefficient of friction of the sliding couple was continu-
ously recorded during the test.

3. Results and Discussion

The XRD pattern of as-received WC powders is shown in
Fig. 1(a). The starting material powders consisted of polycrys-
talline large crystallites, characterized by sharp Bragg peaks
corresponding to hcp-WC phase (PDF# 00-025-1047), as
elucidated in Fig. 1(a). When the powders subjected to
continuous ball milling for 3 h, significant broadening can be
notified in the major ((001), (100), (101)) and minor ((110),
(002), (111), (200), (102)) Bragg peaks denoting mechanically
induced microstructure refinement, as shown in Fig. 1(b).
Increasing the ball milling time (15 h) assisted the continuity of
the grain refining, as indicated by outstand broadening in the
Bragg peaks displayed in Fig. 1(c). We should emphasize that
during this stage of milling, WC powders experienced repeated
collision, fracture, and cold welding. Such severe plastic
deformation induced by high-energy ball milling lead also to
accumulation of internal stresses that changes the lattice
parameter and formation of cell structure (Ref 16).

The FE-SEM taken at a magnification of 100,000 and FE-
HRTEM micrographs of the end-product of WC powders
obtained after 20 h of the mechanical milling (MM) time are
shown in Fig. 2(a), (b), respectively. At this final stage of ball

Fig. 2 (a) FE-SEM micrograph, and (b) HRTEM image of as-me-
chanically ball-milled hcp-WC for 20 h
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milling, the powders had smooth featured surfaces and became
ultrafine with an average apparent diameter of 185 nm, as
shown in Fig. 2(a). Moreover, the as-ball-milled nanopowders
tended to aggregate due to the Van der Waal force to form
larger particles with an average diameter of 413 nm in
diameter, as presented in Fig. 2(a). These nanopowder particles
consisted of ultrafine grains ranging between 3 and 8 nm in
diameter, as shown in Fig. 2(b). The indexed grains in Fig. 2(b)
had different orientations related to interplanar spacing (d) of
0.520, 0.193, 0.278, and 0.148 nm that well matched with
(100), (101), (001) and (110), respectively (PDF# 00-025-1047).

When the nanocrystalline WC powder particles obtained
after 20 h of MM time were consolidated at 1250 �C using SPS
technique, the materials maintained their nanocrystalline char-
acterizations, suggested by the broadening seen in the hcp-WC
Bragg peaks presented in Fig. 1(d). This indicates the forma-
tion of bulk nanocrystalline WC material.

These fine WC-nanopowder particles obtained after 20 h of
MM time were mixed with 7 wt.% of (10Co/4Cr) powders and
then ball milled for different MM time. The XRD pattern of the
starting WC/7 wt.%(10Co/4Cr) powders (before ball milling,
0 h) is shown in Fig. 1(e). The powders consisted of nanocrys-
talline hcp-WC (reinforcement materials) coexisted with large
crystalline phases of elemental hcp-Co (PDF# 01-071-4652)
and bcc-Cr (PDF# 01-073-2771), as indicated in Fig. 1(e).
After MM time ranged between 6 and 25 h, the elemental
metallic powders of Co and Cr were subjected to aggressive
grain refining caused by the milling media (WC balls) together
with the nanomilling media (WC-nanopowders), as indicated
by the significant broadening seen in their Bragg peaks shown
in Fig. 1(f). During the intermediate (12.5-25 h) stage of MM
time, the Bragg diffractions related to the elemental powders of
Co and Cr can be hardly seen (Fig. 1g, h), suggesting the
formation of solid-solution WC-Co-Cr nanocrystalline phase.

During the ball milling process, the precursor WC, Co, and
Cr powders undergone to different mechanical deformation
generated by the milling media such as cold welding,
fracturing, rewelding and lattice imperfections. Such severe
defects led to enhance the diffusion of Co and Cr atoms into the
WC matrix and the formation of metastable solid-solution
phase. The formation of WC-Co-Cr solid solution is indicated
by the significant continuous shifts observed in the Bragg peaks

Table 1 Effect of MM time on the lattice parameters a
and c of WC milled with 7 wt.% of (10Co/4Cr) powders

MM time, h

Lattice parameter of WC, nm

a c

0 0.2906** 0.2878**
3 0.2905 0.2879
6 0.2909 0.2882
9 0.2914 0.2887
12.5 0.2919 0.2892
18 0.2924 0.2898
25 0.2929 0.2903
50 0.2931 0.2904

*Calculated from the major Bragg peak of hcp-WC (100)
**PDF Card No. : 00-025-1047

Fig. 3 (a) STEM-BFI of as-ball-milled WC nanocrystalline powders obtained after 20 h of the milling time and then mechanically mixed with
7 wt.% (10Co/4Cr) powders for 50 h, using a high-energy ball mill. The corresponding x-ray elemental mapping of W-Ka1, C-Ka1, Co-Ka1, and
Cr-Ka1 is displayed in (b-e), respectively
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of WC to the low-angle side upon increasing milling time from
0 h (Fig. 1e) to 25 h (Fig. 1h). In order to ensure the solubility
of Co and Cr metals into the WC lattice and the formation of
solid-solution WC-Co-Cr phase, the lattice parameters a and c
of Bragg peak WC(100) were calculated by using Eq 1 as
different ball milling time (Table 1).

1=d2 ¼ h2 þ k2
� �

=a2 þ l2=c2 ðEq 1Þ

where h, k and l are miller indices, d is the atomic lattice
spacing, and a and c are lattice parameters of hcp-WC. In the
early stage of MM time (0-3 h), the both of a and c values
were very closed to the reported values for WC (PDF Card
No.: 00-025-1047), as shown in Table 1. A significant in-
crease in these values was observed during the intermediate
stage of MM (3-18 h) suggesting a continuous increase in the
number of Co and Cr atoms diffused into the WC lattice. To-
ward the final stage of MM (18-50 h), both of a and c tended
to saturated at �0.2929 and 0.2903 nm, respectively, imply-
ing the completion of the MM process and the formation of
solid-solution WC-Co-Cr phase, as elucidated in Table 1.

In order to understand the homogeneity and the elemental
distribution of the reinforcement WC nanograins into the matrix
of Co/Cr powders, the nanocomposite powders obtained after
50 h of MM time were examined by STEM-EDS elemental
mapping (Fig. 3). Fine WC cells with grain sizes ranging
between 18 and 27 nm in diameter (Fig. 3a) were uniformly
embedded (Fig. 3b, c) into the fine metallic matrix (light gray
region in Fig. 3a) of Co (Fig. 3d) and Cr (Fig. 3e) to form
homogeneous WC/7 wt.% (10Co/4Cr) nanocomposite pow-
ders, as shown in Fig. 3. This homogeneous
metastable nanocomposite powders maintained its nanoscaled
size and nanocrystallinity without any remarkable grain growth
even after consolidation at 1250 �C, using SPS technique
(Fig. 1i).

The FE-SEM micrograph of nanocomposite WC/7
wt.%(10Co/4Cr) powders obtained after 50 h of MM time is
shown in Fig. 4(a). After this stage of ball milling, the powders

Fig. 4 (a) FE-SEM of nanocomposite 93-WC/7 (10Co/4Cr) powders obtained after 50 of ball milling time. The cross-sectional view of the
consolidated powders achieved at 1250 �C, using SPS technique, is presented in (b) together with the corresponding x-ray elemental mapping of
(c) W-Ka1, (d) C-Ka1, (e) Co-Ka1, and (f) Cr-Ka1

Fig. 5 XRD patterns of as-mechanically milled 93-WC/7 (10Co/
4Cr) powders obtained after 50 h of ball milling time and then
mechanically mixed with 7 wt.% (ZrO2) powders for (a) 0, (b) 6, (c)
12.5, (d) 25, and (e) 50 h. The XRD pattern of nanocomposite
93(93-WC/7 wt.%(10Co/4Cr))/7 wt.% ZrO2 powders obtained after
50 h and then consolidated at 1250 �C, using SPS technique, is pre-
sented in (f)
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had spherical-like morphology with particle size in the range
between 0.35 and 1.2 lm in diameter, as displayed in Fig. 4(a).
This sample showed slight grain growth upon consolidation at
1250 �C by SPS, as indicated in Fig. 4(b). The nanocomposite
materials obtained upon SPS technique had excellent homoge-
neous distribution of the sharp angular fine grain (less than
5 lm in diameter) related to the WC (Fig. 4b-d) into the
metallic matrix of Co (Fig. 4(e) and Cr (Fig. 4(f). Neither pores
nor reinforcement-free zones were existed in the as-consoli-
dated powders, suggesting the formation of a uniform bulk
WC/6 wt.%(10Co/4Cr) nanocomposite material (Fig. 4).

The as-mechanically milled 93-WC/7 wt.% (10Co/4Cr)
nanocomposite powders obtained after 50 h of ball milling time
were then mechanically mixed with 7 wt.% (ZrO2/1.5 wt.%
Y2O3) for different MM time. At the starting stage (0 h) the
powders consisted of solid-solution hcp-WC-Co-Cr coexisted
with large crystalline grains of ZrO2 (PDF# 01-083-0810), as
shown in Fig. 5(a). Those Bragg reflections related to ZrO2

tended to have clear broadening with decrease in their
intensities upon increasing the MM time between 6 h (Fig. 5b)
and 12.5 h (Fig. 5c). This suggests the diffusion of ZrO2 phase
into the hcp-WC-Co-Cr matrix. The Bragg peaks related to
ZrO2 phase were hardly detected when the MM time increased
in the range between 25 h (Fig. 5d) and 50 h (Fig. 5e),
suggesting the formation of metastable hcp-93(93-WC/7
wt.%(10Co/4Cr))/7 wt.% ZrO2 powders.

The HRTEM image of 93(93-WC/7 wt.% (10Co/4Cr))/
7wt.% ZrO2 powders obtained after 50 h of MM time is shown

in Fig. 6(a). The sample consisted of numerous fine grains (5-
10 nm in diameter) of WC, Co, Cr, and ZrO2 with different
orientation, as indexed in Fig. 6(a). The morphological char-
acterization of this sample examined by STEM-bright field
image, BFI (Fig. 6b) and corresponding x-ray EDS mapping
(Fig. 6c-h) indicated that the ultrafine WC grains (�8-20 nm in
diameter, Fig. 6b–d) having lens-like morphology (Fig. 6b)
were uniformly distributed into the light gray matrix of Co
(Fig. 6e)/Cr (Fig. 6f)/ZrO2 (Fig. 6g, h) to form a partially solid-
solution phase. This formed metastable solid-solution phase
tended to be dissociated into hcp-WC-Co-Cr coexisted with
ZrO2 upon SPS consolidation procedure at 1250 �C, as indexed
by the appearance of the Bragg peaks related to ZrO2 phase
shown in Fig. 5(f).

The FE-SEM micrograph of the cross-sectional view for
93(93-WC/7 wt.%(10Co/4Cr))/7 wt.% ZrO2 powders obtained
after 50 h of MM time and then consolidated into bulk material
at 1250 �C, using SPS, is shown in Fig. 7(a). In general, the
composite material had fine structure containing micro-grained
WC embedded into the Co/Cr matrix reinforced by ZrO2

(Fig. 7a). The high-magnification FE-SEM micrograph of the
indexed region in Fig. 7(a) is shown in Fig. 7(b). The
consolidated sample was dense with no remarkable pores or
cavities. In addition, the WC grains (light gray grains) did not
suffer from drastic growth upon consolidation, indicated by
their fine grain sizes characterizations (ranging between 260
and 887 nm in diameter), as presented in Fig. 7(b). It can be
notified that the black matrix zone (Fig. 7b) consisting of Co

Fig. 6 (a) HRTEM and (b) STEM-BF images of nanocomposite 93(93-WC/7 wt.% (10Co/4Cr))/7 wt.% ZrO2 powders obtained after 50 h of
the ball milling time. The corresponding x-ray elemental mapping is elucidated for (c) W-La1, (d) C-Ka1, (e) Co-Ka1, (f) Cr, (g) Zr-Ka1 and (h)
O-Ka1
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(Fig. 7e) and Cr (Fig. 7f) was reinforced by ZrO2 fine
nanopowder particles (Fig. 7g, h). The existence of such a
hard ZrO2 particles into the metallic matrix may act as grain
growth inhibitors for WC grains (Fig. 7c, d) to maintain their
nanocrystalline characterizations.

The theoretical bulk densities for the nanocomposite 100-
x(93-WC/7(10Co/4Cr))/x ZrO2 were calculated at different

ZrO2 concentrations (x) using the rule of mixtures (Ref 15) and
are plotted in Fig. 8 along with the measured and relative
densities. All of the consolidated samples had relative densities
higher than 99.95%, implying a full densification process that
minimized the pore fractions in the consolidated samples. It can
also be inferred from the figure that increasing the volume
fraction of ZrO2 leads to a monotonical decrease in the bulk

Fig. 7 (a) FE-SEM micrograph of the cross-sectional view of as-ball-milled nanocomposite 93(93-WC/7 wt.%(10Co/4Cr))/7 wt.% ZrO2 pow-
ders (50 h) and then consolidated at 1250 �C, using SPS technique. The high magnification (940,000) for the zone indexed by a circular symbol
shown in (b) is presented in (b). The x-ray elemental mapping corresponding to (a) is shown in the figure for (c) W-La1, (d) C-Ka1, (e) Co-Ka1,
(f) Cr-Ka1, (g) Zr-Ka1, and (h) O-Ka1
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density of the nanocomposites. This is a natural consequence of
replacing the high-density WC, metallic Co and Cr fractions
with ZrO2 phase.

The optical micrographs from the Vickers hardness inden-
tation for the consolidated samples with different ZrO2

concentrations (x) are shown in Fig. 9. The cracks around the
Vickers indents present in all of the micrographs shown in
Fig. 9 were developed after the indentation procedure. The
average length of these cracks for each sample was used to
estimate the fracture toughness (KC1) using the model proposed
by Anstis et al. (Ref 17-19). The crack lengths decreased upon

increasing the ZrO2 and suggested a monotonical increase in
KC1 with increasing x, as shown in Fig. 9.

The FE-SEM micrograph of the bulk 93(93-WC/7 wt.%
(10Co/4Cr))/7 wt.% ZrO2 sample after the Vickers hardness test
is shown in Fig. 10(a). The average length of the cracks
demonstrated in the figure extended up to 74.8 lm from the
indent, which indicates a KC1 value of 15.48 MPa m1/2. The
multi-indents presented in Fig. 10(b) have nearly the same
dimensions, indicating the homogeneity in composition and
nanomechanical properties of the bulk 100-x(93-WC/7
wt.%(10Co/4Cr))/x ZrO2 nanocomposite materials. The AFM

Fig. 8 Calculated theoretical (broken line), measured (closed symbols) and relative densities (open symbols) of the bulk 93(93-WC/7
wt.%(10Co/4Cr)) mixed with different ZrO2 contents, x

Fig. 9 Optical micrographs of the Vickers indents (HV30) for the bulk 100-x (93-WC/7 wt.% (10Co/4Cr)) nanocomposites with ZrO2, 9 con-
centrations of (a) 0, (b) 1, (c) 2 and (d) 4 wt.%
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micrograph of a single nanoindent taken at a higher magnifi-
cation shows radial cracks around the nanoindent with ductile
fracture, as presented in Fig. 10(c). The absence of sink-in
behavior from the fractured surface can be seen. Sinking-in is
expected in materials that exhibit a low value of E/Y (where E
is the Young�s modulus, and Y is the yield strength) (Ref 20).

Figure 11 shows the optical micrographs of the cross-
sectional view of the consolidated samples of 93WC/7(10Co/
4Cr) (a) and 93(93-WC/7 (10Co/4Cr))/7 ZrO2 (c). The
relationships between nanohardness, nano-Young�s modulus
and the indentation depth of the examined samples are
presented in (b) and (d) for 93WC/7(10Co/4Cr) and 93(93-

Fig. 10 (a) FE-SEM micrograph of a single Vickers indent (HV30) and (b) AFM image of selected nanoindents developed on the surface of
the bulk 93(93-WC/7 wt.%(10Co/4Cr))/7 wt.% ZrO2 nanocomposite. Micro- and nanoradial cracks around the indents are perceived in (a) and
(c), respectively

Fig. 11 Optical micrographs of the planar cross-sectional view of the as-consolidated (a) 93WC/7(10Co/4Cr) and (c) 93(93-WC/7 (10Co/4Cr))/
7 ZrO2 samples, showing Berkovich indents in various examined zones. The corresponding nanoindentations and nano-Young�s modulus are
shown in (b) and (d), respectively
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WC/7 (10Co/4Cr))/7 ZrO2 samples, respectively. The triangle
indents located at the grain boundaries and inside the grains
refer to the Berkovich indents developed upon examining the
sample by nanoindentation. This approach was employed to
study the degree of uniformity in the mechanical properties
(hardness and Young�s modulus) at the sub-microscale level. To
tackle this task, more than 100 indents were developed for each
composition, using the single-indent continuous multi-cycle
ramp approach. The results showed that neither nanohardness
nor Young�s modulus varied dramatically from grain to grain
(Fig. 11b, d), implying the absence of a serious compositional
gradient at the microscale. The average values of nanohardness
and Young�s modulus obtained from at least 100 tests were
found to be 19.67 and 275 GPa for the 93WC/7(10Co/4Cr)
sample and 19.26 and 269 GPa for the 93(93-WC/7 (10Co/
4Cr))/7 ZrO2 sample, respectively.

Figure 12 shows the dependence of nanoindentations and
nanofracture toughness on the ZrO2 content plotted for bulk
nanocomposite 100-x(93-WC/7(10Co/4Cr)) /x ZrO2) materials.
The results show that increasing the ZrO2 content leads to a
slight decrease in the nanohardness, which decreased from
19.67 GPa (for # 93WC/7(10Co/4Cr)) to 19.26 GPa (for #

93(93-WC/7 (10Co/4Cr))/7 ZrO2. One can say that increasing
the ZrO2 content (x) may greatly improve the fracture
toughness, as indicated by the monotonical increase in KC1

with the increase in the ZrO2 contents. A maximum of
15.48 MPa m1/2 was achieved for 93(93-WC/7 (10Co/4Cr))/7
ZrO2 bulk nanocomposite. This value is far higher than the one
calculated for 93WC/7(10Co/4Cr), 8.83 MPa m1/2. We should
emphasize that the addition of ZrO2 nanograins increases the
fracture toughness due to the transformation toughening (Ref
20, 21). It is believed that the polymorphic tetragonal-
monoclinic phase transformation that occurs in ZrO2 leads to
a finite volume change (4-5%) and a large shear strain (14-
15%) (Ref 22). The improvement taking place in the fracture
toughness of the powder-mixture composites is believed to be
caused mainly by the stress-induced transformation of the ZrO2

phase as suggested by Miyazaki et al (Ref 23).
The coefficient of friction (COF), which is the ratio between

friction force and the imposed normal force, was measured for
bulk WC/7 wt.% (10Cr/4Cr)/7(ZrO2-1.5 mol.%Y2O3)
nanocomposite sample, using pin-on-dick approach. The evo-
lution of COF for 700 m of sliding distance is shown in
Fig. 13. During the early stage of sliding distance (25 m), COF
was 0.37. Increasing the sliding distance to 300 m led to
decrease the COF to 0.29. During the last stage of the test (300-
700 m), the COF saturated at 0.29-0.33, as shown in Fig. 13.

4. Conclusion

Nanocrystalline WC powders obtained after 20 h of ball
milling were mechanically ball-milled with 7 wt.% of elemen-
tal (10Co/4Cr) powders, using a planetary-type ball mill with
WC-milling tools. A metastable hcp-93WC/7(10Co/4Cr) solid-
solution was obtained after 50 h of milling. Small weight
fractions of (ZrO2 + 1.5 wt.% Y2O3) powders on the hardness,
fracture toughness and nanomechanical properties (nanohard-
ness and Young�s modulus) of WC/Co/Cr, the solid-solution-
93WC/7(10Co/4Cr) powders were then mechanically mixed for
50 h with different compositions, x of (ZrO2 + Y2O3) ranging
between 0 and 7 wt.%, using the planetary-type ball mill. The
as-ball-milled 93WC/7(10Co/4Cr) and 100-x(93WC/7(10Co/
4Cr))/xZrO2 nanocomposite powders were then consolidated in
vacuum under a uniaxial pressure of 30 MPa at 1250 �C, using
SPS technique. The fully dense nanocomposite bulk samples
obtained via the SPS process maintained their nanocrystalline
structure even after this consolidation step. The nanohardness
and indentation fracture toughness (Kc1) of the bulk consol-
idated materials decreased were investigated as a function of
(ZrO2 + 1.5 wt.% Y2O3) additives. The results of the nanoin-
dentation test indicated that the consolidated samples over the
entire range of ZrO2 concentrations (0-7 wt.%) had low values
for Young�s modulus (297-318 GPa) due to their nanocrys-
talline structures. Moreover, the WC/7 wt.% (10Cr/4Cr)/
7(ZrO2-1.5 mol.%Y2O3) showed excellent wear resistance,
indexed by its low-value friction coefficient (�0.29).
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