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ABSTRACT
In this study, toughening of WC-Co composite prepared by amorphous-crystallization method was
investigated. Co-rich nanoparticles, a Co(W,C) solid solution, were incorporated into the WC matrix
through the process integrating crystallization of amorphous Co2W4C powder and its in-situ reac-
tion with carbon. The microstructural evolution of the ceramic-metal composite during fabrication
was studied in detail. Owing to the interactions between Co-rich nanoparticles coherent with the
WC matrix and the dislocations and stacking faults inside WC grains, the composite exhibited high
hardness and strength combined with exceptional fracture toughness. The mechanisms for the
synergistic improvement of mechanical properties of the composite were disclosed.

IMPACT STATEMENT
This study presents the novel preparation of WC-Co composite, characterized by the incorporation
of Co-rich nanoparticles into the WC matrix via an amorphous-crystallization technique, yielding
exceptional fracture toughness.
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1. Introduction

Compared with metals and alloys, ceramic and ceramic-
metal (cermet) composite materials exhibit considerably
less plasticity [1,2], a characteristic that facilitates crack
nucleation and propagation within ceramic grains. This
intrinsic limitation poses a significant hurdle in enhanc-
ing the strength and fracture toughness of ceramic-
based materials. Nevertheless, substantial improvements
in reinforcing the ceramic phase can be accomplished
utilizing various techniques, including the refinement
of grain size, the incorporation of solid solution atoms,
and the control of grain boundary segregation [3–6]. In
metals and alloys, precipitation strengthening, or second-
phase strengthening, is an effective method of rein-
forcement. This method typically involves the utiliza-
tion of non-deformable nanoparticles (e.g. Al2O3, ZrO2,
SiC, TiC [7,8]), which significantly hinder dislocation

CONTACT Haibin Wang whb@bjut.edu.cn; Xuemei Liu liuxuemei@bjut.edu.cn; Xiaoyan Song xysong@bjut.edu.cn College of Materials
Science and Engineering, Key Laboratory of Advanced Functional Materials, Ministry of Education of China, Beijing University of Technology, Beijing 100124,
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movement. Additionally, deformable nanoparticles that
have a coherent relationship with the matrix can also
effectively strengthen the metal matrix [9]. However,
due to the considerable challenge of incorporating het-
erogeneous particles into the interior of ceramic grains
[10–12], few studies have focused on the second-phase
strengthening and toughening of ceramic phases.

As a representative ceramic-metal composite mate-
rial, the WC-Co cemented carbides can be strengthened
by enhancing both the Co binder phase and the WC
matrix using the second-phase particles. The incorpora-
tion of heterogeneous particles into Co inevitably sac-
rificed its plasticity while increasing the strength of the
bulk materials [13]. For the enhancement of WC phase,
the carbides such as TaC, ZrC, TiC, VC, NbC, Cr3C2,
have been employed. The results showed that the addi-
tion of TaC to WC-Co composites readily led to the
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formation of a hard and brittle (W,Ta)C phase [14,15].
The inadequate wetting between the (W,Ta)C and Co
phases facilitates grain boundary sliding or penetration
by the Co phase at elevated temperatures, which reduces
the mechanical properties of the composites under high-
temperature conditions [15]. In the WC-Ni composites
with ZrC addition, the (Zr,W)C phase easily precipitates
within coarse WC grains [16]. An investigation into the
addition of 0.8wt.%ZrC toWC-Co composite has shown
that the precipitated phase in WC measures over 200
nm in size. Particularly, when the size of this precipi-
tated phase decreases to below 150 nm, coherent inter-
faces are possibly formed between the precipitated phase
and the WC matrix. Nevertheless, most of the interfaces
between the precipitated phase andWCexhibit either no-
coherence or semi-coherence [17]. Besides, the addition
of TaC, TiC, VC, NbC and Cr3C2 may result in formation
of ‘complexion’ at the phase boundaries of WC and Co
in the sintering process of cemented carbides [18]. Using
the conventional powder metallurgy routes [19,20], it is
difficult to introduce particles into the WC grains with
the aim to strengthen and toughen simultaneously the
ceramic phase.

The amorphous-crystallization method is a feasible
way to prepare nanocrystalline metallic materials with
uniformmicrostructure [21,22]. Inspired by thismethod,
a novel route consisting of powder amorphization, crys-
tallization and subsequent in situ reaction processes to
prepare dense WC-Co composite materials, was pro-
posed [23,24]. Using this method, the WC-Co bulk
material characterized by formation of many Co-rich
nanoparticles inside WC grains was fabricated in this
work. The formation mechanisms of the nanoparticles
and the effects on the mechanical properties of the WC-
Co composite were studied in detail. The results pre-
sented in this work will provide new insights into obtain-
ing ceramics and ceramic-metal composites with high
comprehensive mechanical properties.

2. Experimental

2.1. Materials preparation

First, the commercially available W powder (parti-
cle size <1µm, purity > 99.5%), Co powder (particle
size < 1µm, purity > 99.8%), and carbon black pow-
der (particle size <0.5µm, purity >99.8%) were mixed
in stoichiometric proportions to synthesize the Co2W4C
powder. The rawmaterials were purchased fromLuoyang
GoldenEgretGeotools Co., Ltd. Themixed powderswere
heat-treated at 1300 °C for 2 h in a vacuum furnace,
where the vacuum level was maintained at 10 Pa. Sub-
sequently, the synthesized Co2W4C powder underwent

dry high-energy ball milling to achieve an amorphous
state. The ball-to-powder ratio was set at 20:1 with a rota-
tional speed of 580 rpm, and the milling time lasted for
80 h. To avoid the introduction of impurities, the WC-
Co cemented carbide jars and balls were used in all the
ball milling processes. Following this, the Co2W4C pow-
der was blended with carbon black powder to ensure a
uniform amorphous mixture. Based on the stoichiomet-
ric requirements of the in-situ reaction betweenCo2W4C
and carbon, 4.0 wt.% of carbon black was incorporated
into the amorphous powder. This mixture served as the
precursor for the final WC-Co composite, which was
designed to have a cobalt content of 13.62 wt.% and a pre-
cise phase composition. The mixing process was carried
out using wet ball milling with a ball-to-powder ratio of
3:1 and a milling duration of 20 h. Finally, the prepared
Co-W-C amorphous powder mixture was subjected to
heat-treatment and sintering at 1390 °C using the sinter-
HIP furnace (PVACOD433R), followed by cooling in the
furnace to ambient temperature.

2.2. Characterizations

The phase constitution of both the powder and bulk
samples was analyzed by X-ray diffraction (XRD, Rigaku
Ultimate IV) using Cu Kα irradiation (λ = 0.15406 nm),
a scanning step of 0.02° and a scanning speed of 2°/min.
The microstructures of the samples were examined by
transmission electron microscopy (TEM, FEI Tecnai G2
F20) and high-resolution TEM (HRTEM). For the pow-
der samples, TEM test films were prepared by embed-
ding the powder particles in a resinous organic solvent,
followed by ultra-thin sectioning. For the bulk sam-
ples, the TEM test films were prepared by focused ion
beam (FIB, FEI Helios G4 PFIB CXe) technology. To
analyze the composition of the samples, energy disper-
sive spectroscopy (EDS) mappings were conducted using
the high-angle annular dark-field (HAADF) imaging in
an aberration-corrected scanning transmission electron
microscope (STEM) operated at 300 kV.

The hardness and fracture toughness of the sintered
samples were measured using a Vickers hardness tester
under a load of 30 kg in accordance with the ISO-3878
standard. The fracture toughness (KIc) was determined
by measuring the crack length then calculating with the
equation KIc = 0.0028(HP/L)1/2 [23], where H is the
indentation hardness (N/mm2), P is the indentation load
(N) and L is the total crack length (mm). Additionally, the
sintered samples were machined into cylinder samples
with dimensions of φ3× 4 mm. These cylinder samples
were then subjected to compression testing at a strain rate
of 0.5 s−1 at room temperature to assess their mechanical
performance.
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3. Results and discussion

The phase constitutions of the synthesized powders and
sintered WC-Co composite bulk with 13.62 wt.% Co
are shown in Figure 1(a). After milling for 20 h, the
powder mixture, consisting of Co2W4C and 4.2 wt.%
carbon black, transformed into an amorphous state,
as indicated by the significantly broadened diffraction
peaks. Upon sintering the amorphous powder at 1390
°C by sinter-HIP, the resulting bulk material consisted
of WC and Co, confirming the completion of both
crystallization and carbonization processes. The pre-
pared composite bulk material obtained a pure phase
constitution. It is worthy to note that it is possible
to prepare WC-Co composites with different Co con-
tents using the amorphous-crystallization method. On
the one hand, other ternary carbides, such as Co6W6C
and Co3W9C4 with different Co contents, can be uti-
lized to adjust the proportion of Co in the target mate-
rial. On the other hand, a small amount of additional
Co powder can be added to meet the compositional
requirements.

Figure 1(b) shows the HRTEM image of the powder
mixture and its selected area electron diffraction (SAED)
pattern. It is evident that there is no long-range ordered
atomic cluster within the amorphous matrix. The SAED
pattern exhibits a characteristic diffraction halo, further

confirming the typical amorphous structure. The SEM
microstructure of the sintered WC-Co composite bulk
is shown in Figure 1(c). The elemental mapping for Co,
W, and C (Figure 1(d-f)) demonstrates that the WC
and Co phases are uniformly distributed throughout the
composite. As estimated, the composite has a mean WC
grain size of approximately 0.71 µm and a relative den-
sity of nearly 100%, which enables the achievement of
exceptional mechanical properties.

The HAADF-STEM images of the prepared WC-Co
composite bulk are shown in Figure 2(a) and (b). Within
the WC grains, a considerable number of fine and uni-
formly distributed nanoparticles with an average size of
approximately 10 nm can be observed. The EDSmapping
and line scanning analyses shown in Figure 2(b) and (c)
reveal that the nanoparticles are predominantly enriched
in Co, suggesting the presence of Co-rich nanophase
within WC grains.

The equilibrium shape ofWCcrystals is typically char-
acterized by the presence of two basal planes, denoted
as {0001}, and three prismatic planes, referred to as
{101̄0} [25]. The characteristics of nanoparticles situated
on these distinct surfaces ofWCcrystals will be detailedly
studied to reveal their morphology, formation mecha-
nisms and effects on the mechanical properties of the
WC-Co composite.

Figure 1. Phase andmicrostructural analyses of theWC-Co composite prepared via the sintering of amorphous powder using the sinter-
HIP technique: (a) XRD patterns of the synthesized Co2W4C powder, amorphous powder mixture and sintered WC-Co bulk; (b) HRTEM
image and corresponding SAEDpattern of the amorphouspowdermixture; (c) SEM imageof the sinteredWC-Cobulk; (d-f ) EDS elemental
mapping for Co, W and C in (c).
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Figure 2. Characterizations of Co-rich nanoparticles withinWC grains: (a) HAADF-STEM image and particle size distribution of nanopar-
ticles withinWC grains; (b) Enlarged image of nanoparticles and corresponding EDS elementalmapping for Co,W and C; (c) line scanning
analysis across the nanoparticle; (d,e) Interfacial relationships between the nanoparticles and WC crystals with an axis of WC(0001) and
WC(12̄10), respectively; (f ) Geometric phase analysis (GPA) of the interfaces between nanoparticles and WC

The nanoparticles on the WC(0001) plane exhibits
an equilateral hexagon morphology, as depicted in
Figure 2(d). This hexagonal shape aligns with the six
{101̄0} crystal planes of WC. The interface between the
nanoparticles and the WC matrix is characterized by
a straight boundary, suggesting a high degree of lat-
tice matching and epitaxial growth. In contrast, the
nanoparticles on the WC(12̄10) plane has a quadrate
shape, as shown in Figure 2(e). The quadrate nanopar-
ticles are in contact with the {101̄0} and {0001} crystal
planes of WC, highlighting the versatility of nanopar-
ticle shapes in response to different crystallographic
orientations. The difference in the length of the nanopar-
ticles alongWC[0001] andWC[101̄0] directions suggests
that their dimensions are influenced by the crystal-
lographic directions and the associated growth rate.
The nanoparticles on the WC(0001) and WC(12̄10)
crystal planes show a coherent interfacial relation-
ship with the WC matrix. Moreover, the geometric
phase analysis (GPA) of the interfaces between the
nanoparticles and WC, as presented in Figure 2(f),
reveals that there is no stress concentration at the
boundary.

To elucidate the formation mechanism of Co-rich
nanoparticles in the WC matrix, the amorphous Co-W-
C powder was subjected to a heat-treatment at 800 °C

for 2 h, in alignment with the thermodynamic conditions
governing WC growth as indicated by literature [23,24].
The resulting powder at this temperature primarily con-
sists of WC and Co3W3C, as depicted in Figure 3(a).
The HAADF-STEM image of the powder reveals an
extremely fine mean grain size of approximately 10 nm,
as shown in Figure 3(b) and (c), suggesting that these
nanocrystals originate from the crystallization of the
amorphous Co-W-C matrix. The SAED pattern of the
powder shows obvious polycrystalline diffraction rings
(Figure 3(d)), corresponding to the crystal planes of
WC(0001), WC(101̄1) and Co3W3C(331), respectively.
The HRTEM image (Figure 3(e)) shows the interfacial
structures betweenCo3W3CandWC,withinwhich there
are no nanoparticles detected. The measured misfit of
the interplanar spacing between theWC(011̄0) plane and
the Co3W3C(004) plane is 0.005, while that between
the WC(0001) plane and the Co3W3C(331) plane is
0.02, suggesting the formation of coherent interfaces.
The newly formed WC phase has an orientation rela-
tionship with the Co3W3C matrix as WC(0001)//fcc-
Co3W3C(331), WC[12̄10]//fcc-Co3W3C[110] and WC
(011̄0)//fcc-Co3W3C(004), WC[0001]//fcc-Co3W3C
[110]. These coherence interfaces, characterized by a low
energy state, facilitated the nucleation and growth of the
WC phase.
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Figure 3. Characterizations of the amorphous powder mixture after heat-treatment at 800 °C for 2 h; (a) Phase constitution; (b) HAADF-
STEM image; (c) Grain size distribution;(d) SAED pattern of the observed area in (b); (e) Coherent interface relationship between Co3W3C
and WC.

The formation mechanism of the Co-rich nanopar-
ticles with a dispersed distribution in WC grains is
illustrated in Figure 4. During the crystallization pro-
cess, the nanocrystals of Co3W3C and WC precipitate
from the amorphous Co-W-C matrix while the free car-
bon is randomly distributed among these nanograins
(Figure 4a). As the temperature rises, the Co3W3C
phase reacts with carbon according to the equation:
Co3W3C+ 2C = 3WC+ 3Co, resulting in the growth
of the previously crystallized WC grains and the for-
mation of Co. Owing to the presence of the coherent
interfaces between the crystallized Co3W3C and WC
phases (Figure 4(b)), there is a low energy barrier for the
atomic reconstruction ofWC{101̄0} plane from the cubic
Co3W3C{331}plane. As a result, the growth ofWCgrains
is very fast and the simultaneously formed Co is caught
inside the WC grains. Due to the extremely low solubil-
ity of Co inWC lattice, the newly formed Co transits into
Co-rich nanoparticles within WC grains. With the con-
tinuous growth of WC grains, the Co-rich nanoparticles
initially formed at the edge migrate towards the center
of WC grains (Figure 4c). Nonetheless, the sizes of the

Co-rich particles are restricted to nanoscale due to the
strong constraint from the ceramic WC matrix.

The mechanical properties of the fabricated WC-Co
composite bulk with a cobalt content of 13.62 wt.%,
together with those of the counterparts reported in
the literature, are shown in Figure 5(a) and (b). It is
evident that the present WC-Co composite exhibits a
superior balance of hardness and fracture toughness in
comparison to its counterparts [26–33]. Particularly, the
fracture toughness obtained in this work is as high as
18.9± 1.4MPa·m1/2 while maintaining a hardness of
1618± 80 kgf/mm2, which is rarely reported for WC-
Co composites. The compressive strength of the prepared
WC-Co composite is 3518 MPa, as determined from the
stress–strain curve shown in Figure 5(b).

The TEM microstructures of the WC-Co alloy in
the deformation region after the compressive fracture
strength test are shown in Figure 5(c) and (d). In this
region, a typical WC grain and its internal features are
observed. There is a high density of dislocations and
stacking faults within the WC grain. The stacking faults
resulting from dislocation slip traversed the entire WC
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Figure 4. Formationmechanism of Co-rich nanoparticles withinWC grains: (a) schematic diagram showing the formation process of the
Co-rich nanoparticles; (b,c) evolution of coherent interfaces between the Co-rich particles and WCmatrix.

grain. When these stacking faults encountered the dis-
persed Co-rich nanoparticles, two scenarios emerged.
In one case, the internal Co-rich nanoparticles resulted
in the cross-slip of partial dislocations on the crystal
plane of WC(101̄0) (indicated by the green arrow). In
another case, the stacking faults terminated within the
Co-rich phase (marked by the red arrow), while others
directly cut through the nanoparticles, which dominated
the slip process. Notably, around the Co-rich nanopar-
ticles, no significant accumulation or entanglement of
dislocations is observed. Figure 5(d) shows the HRTEM
microstructure of the framed area in Figure 5(c). It was
found that the width of the stacking fault decreased
significantly after crossing the nanoparticles. This sug-
gested that the lattice distortion caused by the stacking
fault was mitigated due to the presence of the Co-rich
nanophase.

Though the fracture mode of the composite prepared
by the present method is primarily intergranular frac-
ture, transgranular fracture of WC grains also accounts
for a relatively high proportion. The presence of Co-
rich particles effectively hinders the motion of disloca-
tions and stacking faults withinWCgrains.Moreover, the
coherent interfaces between the Co-rich nanoparticles
and WC matrix contributed to the stress coordination,
thereby minimizing stress concentration and postponing

the emergence of microcracks. This, in turn, results in
the inhibition of crack propagation within WC grains,
and ultimately the strengthening and toughening of the
composite.

4. Conclusions

In this study, a novel approach of incorporating Co-rich
nanoparticles into ceramic WC matrix by crystallization
of amorphous Co2W4C powder and subsequent in situ
reaction with carbon was proposed. The mechanisms for
the formation of Co-rich nanoparticles withinWCgrains
and their contribution to toughening the WC-Co com-
posite were disclosed. The following conclusions can be
drawn.

(1) Under optimized processing conditions, the synthe-
sized Co2W4C powder can turn into amorphous
state. During its subsequent crystallization and in
situ reaction with carbon, the Co3W3C nanocrys-
tals nucleate and gradually evolve into WC phase,
concurrently resulting in the formation of Co-rich
nanoparticles inside WC grains.

(2) The Co-rich nanoparticles formed by in situ reac-
tion between Co3W3C and carbon predominantly
have coherent interfaces with the WC matrix. This



MATER. RES. LETT. 927

Figure 5. Themechanical properties and featured sub-grainmicrostructure of the preparedWC-Co composite: (a) hardness and fracture
toughness of the presentWC-Co sample in comparison to those of the counterparts with various Co contents (8-15 wt.%) and similar WC
grain size reported in the literature; (b) compressive stress-strain curve of the present sample; (c) interactions between stacking faults
and dislocations, and the Co-rich nanoparticles in a typical WC grain in the deformation region after compressive fracture strength test;
(d) enlargement of the framed area in c showing the shearing behavior of stack faults.

specific interfacial relationship is retained in the final
consolidated WC-Co composite bulk material.

(3) The fabricated WC-Co composite has a high hard-
ness of 1618± 80 kgf/mm2 and an exceptional frac-
ture toughness of 18.9± 1.4MPa·m1/2, which are
superior to the mechanical properties of the coun-
terparts reported in the literature.

(4) The presence of the high-fraction Co-rich nanopar-
ticles with coherent relationship with WC matrix is
the key to toughening the WC-Co composite. These
nanoparticles effectively hinder the motion of dis-
locations and stacking faults in the WC grains, yet
not cause stress concentration, resulting in delayed
micro-crack formation hence enhanced resistance
against WC fracture.
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