Rare Metal Materials and Engineering
Volume 55, Issue 8, August 2026
Available online at www.rmme.ac.cn

(1111 .
9‘3 Science Press

Cite this article as: Li Zewen, Chen Hao, Chen Liyong, et al. Microstructure and Mechanical and Tribological
Properties of WC-Co-Ce Cemented Carbide: First-Principles Calculations and Experiments[J]. Rare Metal
Materials and Engineering, 2026, 55(08): 1876-1888. DOI: https://doi.org/10.12442/j.issn.1002-185X.20250550.

Microstructure and Mechanical and Tribological Properties
of WC-Co-Ce Cemented Carbide: First-Principles
Calculations and Experiments

Li Zewen"?, Chen Hao"’, Chen Liyong"**, Zhang Jianbo', Zhang Fan', Xie Xiaolong"’

"School of Materials Science and Engineering, Jiangxi University of Science and Technology, Ganzhou 341000, China; ?School of
Education, Nanchang Institute of Science and Technology, Nanchang 330108, China; °Engineering Research of Center of High-Efficiency
Development and Application Technology of Tungsten Resources, Ministry of Education, Jiangxi University of Science and Technology,
Ganzhou 341000, China; *Collaborative Innovation Center for Development and Utilization of Rare Metal Resources Co-sponsored by
Ministry of Education and Jiangxi Province, Jiangxi University of Science and Technology, Ganzhou 341000 China

Abstract: The WC/Co and WC/CoCe interface models were constructed, and the interfacial energy, elastic constants, and charge
distribution characteristics were calculated using first-principles calculations. WC-10Co, WC-10Co0-0.5Ce, and WC-10Co-1Ce
cemented carbides were fabricated via liquid-phase sintering. Microstructural analysis, mechanical testing, and friction and wear
testing were conducted to investigate the influence of the rare earth element Ce on the overall performance of the cemented
carbide. The calculated results indicate that doping with Ce promotes the formation of strong covalent bonds between W and Ce
atoms at the interface, which increases the interfacial bonding energy, reduces the interfacial energy, and improves structural stability.
Based on the elastic constants and electronic properties, it is predicted that the hardness, toughness, and wear resistance of the
cemented carbide are enhanced. Experimental findings demonstrate that the optimal performance is achieved when the Ce content is
0.5wt%. At this concentration, the Vickers hardness reaches 1484 HV,, the fracture toughness is 10.55 MPa-m'”
1.067x10° mm**N"-m™.

, and the wear rate is
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1 Introduction requirements for cemented carbides are becoming increasingly

demanding. Particularly ~ under  extreme  working

WC-based cemented carbide is a high-performance material

. . . environments, where operational efficiency continues to rise,
renowned for its exceptional hardness and wear resistance,

the service life of cemented carbide faces significant

which makes it widely applicable in fields such as mining, 511

challenges Consequently, the development of high-

construction, cutting tools, wear-resistant components,

aviation, and national defense! *. The excellent wettability of performance cemented carbides with improved durability and

Co on WC enables efficient densification during liquid-phase extended service life is of considerable importance.

sintering, facilitating the production of high-performance
composite materials. As a result, WC-Co cemented carbide
remains the most prevalent type of cemented carbide used in
industrial applications®”. With the continuous expansion of
application fields, the working conditions and performance

Rare earth elements, recognized as powerful additives in
metallurgy, were introduced into cemented carbide by scholars
as carly as the 1960s. Over the subsequent decades,
considerable progress has been made in this area. In recent

years, investigations into the effects of rare earth elements on
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the properties of cemented carbides have attracted growing
interest®'”. Li et al"" prepared a novel rare-earth-modified
cemented carbide with high hardness, high toughness, wear
resistance, and corrosion resistance by incorporating CeO, via
a two-step process, involving ball milling and spark plasma
sintering. The results show that within the research scope, as
the ball milling time increases, the grain size decreases. When
the first step of ball milling reaches more than 48 h, the
hardness of the obtained cemented carbide increases by 9.1%,
and the fracture toughness increases by 25%. Yang et al'™”
introduced rare earth oxides into WC-8Co cemented carbide
via hot-press sintering and evaluated the performance based
on density, hardness, and transverse rupture strength. They
found that with the addition of 0.5wt% Y,0,/ZrO,, the WC
grain size reaches its minimum, accompanied by a 2.9%
increase in hardness and a 46.6% improvement in flexural
strength compared to those of undoped WC-8Co. Although
numerous experimental studies have confirmed that rare earth

doping can of cemented

carbides™ ", understanding the underlying mechanisms,

improve the performance
particularly from a microstructural perspective, presents
challenges that are difficult to address through experimental
methods alone. Therefore, the first-principles calculations
have emerged as a powerful tool for elucidating the doping
mechanisms of rare-earth elements"” . The interface model
is the most commonly used computational model in first-
principles calculations for exploring the influence of atomic
doping on the performance of polycrystalline materials.
Currently, first-principles calculations have been successfully
applied to various interface systems with different properties,
including metal-to-metal and metal-to-ceramic interfaces™ .
Hao et al® constructed an interface model to examine the
elastic constants, electronic properties, and thermodynamic
behavior of Y-doped cemented carbide. Their results reveal
the strengthened covalent bonding and increased interfacial
bond energy in the Y-doped WC-Co system, along with
increased shear and Young ’s moduli, suggesting concurrent
enhancements in both hardness and toughness. Fan et al®"
used an interface model to calculate interfacial energy, work
of adhesion, density of states (DOS), and charge density for
La-doped cemented carbide. Results show a reduction in
interfacial energy, an increase in adhesion work, and the
enhanced covalent bonding across the interface, indicating
greater interfacial stability. The rise in shear and Young’s
moduli further suggests the increase in interfacial bonding
strength, overall toughness, impact resistance, and plasticity.

In recent years, advances in first-principles calculations
have provided atomic-level insights into doping mechanisms.
By constructing the WC/Co interface models and analyzing
the interface energy, elastic constants, electronic properties,
and diffusion kinetics, the effects of doped elements and
material properties can be predicted, thereby guiding the

12539 Previous research has

design of experimental studies
primarily relied on experimental observations to assess the
influence of rare earth elements on the properties of cemented

carbides, supplemented by theoretical predictions of material

performance. However, there have been relatively few studies
about that theoretical calculations actively guided
experimental work, or the accuracy of computational
predictions was systematically validated through experimental
results. This study focused on rare-earth Ce-doped WC-Co
cemented carbide. Through the combination of first-principles
calculations and experimental research, this study aimed to
reveal the influence of the element Ce on the interface
properties,
tribological properties of WC-Co, and to develop a new type
of cemented carbide with high hardness, high toughness, and
strong wear resistance.

structure, eclectronic and mechanical and

2 Interface Model and Calculation Method

All density functional theory calculations in this study were
conducted using the Vienna AB-initio Simulation Package,
adopting the generalized gradient approximation of Perdew-
Burke-Ernzerhof  (GGA-PBE) energy
convergence threshold was 1x10° eV, and the force
convergence criterion was —0.01 eV. The cutoff energy of the
plane wave was 520 eV. The K-point grid was set to 7x7x1. In

function. The

previous studies, Co, as a binder, exhibited excellent wettable
properties on the surface of WC particles during the liquid-
phase sintering process, and the molten Co filled the gaps
between WC particles through capillary action®™. According
to previous studies, the WC,,,, is the lowest-energy and most
stable surface in the WC structure and is usually used as the
base surface for interface calculations®. Through
calculation, the Co,,, surface has the lowest energy and the
best lattice match with the WC,, surface in the crystal
structure. Experimental studies using an atomic probe
tomograph® * have shown that almost all detected WC/WC
grain boundaries contain separated thin Co layers.
Accordingly, a three-layer Co model was selected to represent
this thin layer. Studies have shown that in the microstructure
of rare earth cemented carbides, there are no rare earth
elements in the WC phase, but there are rare earth elements in
the grain boundaries and the adhesive Co phase'”. Therefore,
the structure model of rare-earth cemented carbide can be
regarded as one in which rare-earth elements replace part of
the Co atoms in the model. The crystal structures of WC and
Co are shown in Fig. 1. In this study, the energies of four
distinct doping sites at the interface were computed to identify
the most stable Ce doping configuration, corresponding to the
lowest energy structure, as illustrated in Fig.2. Based on these

Fig.l Schematic diagrams of crystal structures of WC (a) and Co (b)
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Fig.2 Schematic diagrams of interface models of WC/Co (a) and
WC/CoCe (b)

results, the WC/Co and WC/CoCe interface models in Fig.2
were established.

3 Experiment

Ball milling was conducted using Co powder (provided by
Hebei Hangbai Metal Materials Co., Ltd, purity>99.9%, 3.0—
5.0 um, 10wt% ), rare earth powder (provided by Aladdin
Company, purity>99.99%, 1.0-3.0 um, 0.5wt% or 1wt% of
element Ce), WC powder (provided by Hebei Hangbai Metal
Materials Co., Ltd, purity>99.99%, 1.0—3.0 um, surplus), and
liquid paraffin of 2.0% as raw materials. The scanning

electron microscope (SEM) images of the three powders are
shown in Fig.3. Ball milling was performed using jars made
of hard alloy and hard alloy balls with diameters of 6, 8, and
10 mm, which can prevent the introduction of other impurities
during the ball milling process and avoid the contamination of
raw materials. Anhydrous ethanol was used as the ball milling
solvent. The ratio of balls to materials was set at 8: 1, the ball
milling speed was 220 r/min, and the ball milling time was
uniformly set at 12 h. Finally, the mixed powder was placed in
a vacuum drying oven with the drying temperature at 80 °C
for 5 h. The dried powder was sieved through the 180 um
sieve to obtain WC-Co-Ce composite powder™*>?.

The composite powder of 15 g was poured into a hard alloy
mold with a diameter of 20 mm. After holding at 300 MPa by
a hydraulic press (Model TH106-30T) for 20 s, the composite
was placed in an atmosphere sintering furnace (Model GSL-
1600X) for sintering. The schematic diagram of sintering
process is shown in Fig. 4. After obtaining the cemented
carbide, the sintered cemented carbides were characterized by
SEM (MLA-650) coupled with an energy-dispersive X-ray
spectroscope (EDS). X-ray diffractometer (XRD) was also
used. Vickers hardness (load of 30 kg), fracture toughness
(indentation method with load of 30 kg), and friction and wear
performance (reciprocating friction and wear test for 1 h) were
measured.

The microstructure, friction and wear morphology, and
elemental distribution of the samples were identified by
SEM and EDS. The density of the sample was determined
using an AU-600ME alloy densitometer. The hardness and
fracture toughness of the samples were tested using the

Fig.3 SEM images of raw powders: (a) WC; (b) Co; (c) Ce
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Fig.4 Schematic diagram of sintering process

FUTURE TECH fully automatic micro-Vickers hardness
measurement system. The wear test was conducted on the
HRS-2 M reciprocating sliding wear testing machine (load of
80 N; rotational speed of 300 r/min). The three-dimensional
morphology of the wear marks was characterized by the
NanoMap 500 LS three-dimensional surface topography
instrument, while the two-dimensional morphology was
characterized by the MT-500 wear testing machine.

4 Results and Discussion

4.1 Interface performance

In crystallography, when two crystals or their combination
exist, there is a boundary, which is the interface. The stability
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of the interface is a necessary condition for the formation of
new structures. Surface energy can be used to measure the
stability of the interface”™. The formula for surface energy
(E,,) 1s as follows:

N, slab

Eslab - ( mek )Ebulk
E surf 24 (1)

where E, represents the energy of the optimized unit cell

surface; E, , represents the total energy of the optimized unit
cell; N, represents the number of atoms on the crystal plane;
N, represents the total number of atoms in the unit cell; 4
represents the interface area.

Adhesion work is a quantitative description of the
minimum work required by the external force when two
connected substances separate from the interface. It directly
reflects the strength of the interface bonding between the two
substances. The greater the adhesion work, the stronger the
interfacial bonding (W,) *”. It can be calculated by the

following formula:

+ _
Wa — Ea E:S}‘) Eah (2)

where £, is the total energy of the interface formed by
surfaces A and B; E| is the total energy of the A side; E| is the
total energy of the B side; S represents the interface area.

If surface A combines with surface B to form an interface,
the interface atoms will rearrange, causing a change in the
system energy. This stored additional energy is the interface
energy (y) ®®, which can be calculated by the following
formula:

y=0,to, = Wy (3)
where o, and o, are the surface energies of surface A and
surface B, respectively.

The calculated values of interface energy of WC/Co and
WC/CoCe cemented carbides are shown in Table 1. A low
interfacial energy E,

interface

indicates that the atoms of the two
phases interact strongly at the interface, and that greater energy is
required during separation, making them difficult to separate.
A high interfacial energy, on the other hand, reflects weak
atomic bonding at the interface, making the separation easier.
It can be known from Table 1 that the WC/CoCe interface
energy is lower, and the interface bonding is more stable.

4.2 Elastic constant

Elastic constants provide a quantitative description of the

mechanical behavior of materials based on the atomic scale.
By applying a small strain to the material and calculating its
stress response, the elastic constant C; can be used to analyze
the stiffness, anisotropic characteristics, mechanical stability,
and resistance to deformation of the material, thereby laying a
solid theoretical foundation for predicting the macroscopic
mechanical properties of the material, including hardness,
strength, and fracture toughness™ *”.

The interface structures of WC/Co and WC/CoCe both
belong to the monoclinic crystal system. The mechanical
stability standard that meets the monoclinic crystal system is

as follows*:
C,>0,i=1-6 “)
Cll + CZZ + C33 + 2(Cl2 + Cl3 + CZ}) > 0 (5)

Cy;Css— C325 >0, CpCs ~ CfG >0,Cp+Cy;y —2C5 >0 (6)
[C(C55Css— C325 )+ 2C5CCs — C223C55 N C225C33 1>0 (7N
12[C5C5 (C33C, = C3Cp3) + €503 (C,C 3 — € Chy)
TCysCis5(C,Cp — C,C 5 -1 C125 (CpCss szs ) (8
+C225(C11C33 - C123 )+ C325 (C,,Cy— C122 )]+ CssA3>0

A= Cu(CpCy — CiChy) + Cy(Ch,Ch — CyiCyy) )

+Cy(C,Cy — CIZZ)

Both the WC/Co and WC/CoCe structures meet the above
conditions, indicating that the two structures are stable. The
mechanical properties of cemented carbide, such as toughness,
stability, and hardness, are closely related to the elastic
constant. Therefore, the elastic constants of the two materials
were calculated, as shown in Table 2.

For the monoclinic crystal system, the product moduli (B,
and B,) and shear moduli (G, and G,) of the Voigt and Reuss
polycrystals are as follows:

G=15[C A C,HCH3(CtCitCo)~(C,HC s+ C)] - (10)
G =15{4[C, (Cut Cpt C)+C(CtCy)
+C,, G, Cy(CtCy)~C (G, 1 C) (11)
1 1 1
—C(C,+C)V/A3(— + —n!
LCH GG+ o)
By=19[C,, + Cp + C;3 + 2(C, + Ci3 + Cyy) ] (12)

By = A[C, (Cp + Cyy = 2Cy) + Cpy(Cyy — 2C5)
72C33C12 + C|2(2C23 -Cp)+ C13(2C|2 N C13) (13)
TCx(2C,; — Cy)] :

The mechanical properties were further calculated. The

volume modulus By, shear modulus G,, Young’s modulus E,

Table 1 Calculated values of interface energy of WC/Co and WC/CoCe cemented carbides

-2

Parameter tertace €V Ey/eV E, /€Y A/>107 nm? W, /J-m> y/J-m
WC/Co —407.432 —324.713 —78.238 22.164 3.238 3.807
WC/CoCe —408.792 —-324.713 —79.309 22.185 3.445 3.176
Note: Ey,. represents the energy of WC surface, and E,, . refers to the energy of the other phase interface.
Table 2 Calculated elastic constants of WC/Co and WC/CoCe cemented carbides
Elastic contant C, C, C, C, Cys Cs c, Cc, Ci C, Cis Cy6
WC/Co 335.8 4423 415.5 171.9 39.0 53.3 93.1 385 0.0 48.2 0.0 0.0
WC/CoCe 395.6 453.1 4139 170.6 39.2 62.2 85.8 73.6 0.0 48.1 0.0 0.0
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and Poisson’s ratio o were calculated using the Voigt-Reuss-
Hill (VRH) approximation method. The formulas are as
follows:

1
GHZE(GV+GR) (14)
1
BHZE(BVJ'_BR) (15)
_ 9B,Gy
E 3B, + Gy (16)
3B, — 2Gy a7

77 2(By+ Gy)

Based on the VRH approximation, the results of the
volumetric modulus B,, shear modulus G, the ratio of
volumetric modulus to shear modulus B,/G,, Young ’ s
modulus £, and Poisson’s ratio ¢ are shown in Table 3. It can
be known from Table 3 that both the shear modulus and the
volumetric modulus of WC/CoCe are slightly greater than
those of WC/Co. The volumetric modulus reflects the
resistance to volume change. The compressibility of
WC/CoCe is higher than that of WC/Co. The shear modulus is
related to hardness. The higher the shear modulus of a
material, the higher the hardness, indicating that the hardness
of WC/CoCe is higher. Young s modulus indicates the
stiffness and hardness of materials. The greater the Young’s
modulus of a material, the greater the hardness and stiffness. It
can be known that WC/CoCe has greater stiffness and higher
hardness.

The ratio of bulk modulus to shear modulus (B,/G,),
proposed by Pugh, can be used to evaluate the toughness and
brittleness of materials. The higher the B,/G,, ratio, the greater
the toughness of the material, while a lower B,/G, value
indicates brittleness. The critical value standard for generally
evaluating toughness and brittleness is approximately 1.75.
When B, /G,<1.75, the material is brittle; conversely, it is
ductile™.

As shown in Table 3, WC/Co exhibits slightly brittle
properties, WC/CoCe cemented
toughness. In addition, Poisson’s ratio ¢ can also reflect the

while carbide shows
brittleness and toughness of materials, and its value range is
usually from —1 to 0.5. The larger the Poisson’s ratio, the
better the toughness of the material. If it is higher than 0.26,

the material has better ductility. The Poisson ’ s ratio of

Table 3 Parameter values of elastic property of WC/Co and WC/

CoCe cemented carbides

Parameter  G,/GPa B /GPa B, /G, E/GPa o
WC/Co 100.159 171.288  1.710  251.463  0.255
WC/CoCe 104.825 184.190  1.757 264492  0.273

WC/CoCe cemented
ductility.
4.3 Electronic characteristics

DOS and partial density of states (PDOS) are important
tools for analyzing electronic structures. They reflect the
distribution of electron energy in the Brillouin zone along

carbide is larger, and it has better

high-symmetry directions (i. e., their dependence on the k
vector) and qualitatively depict the electronic characteristics
To compare the bonding strength and
performance of the WC/Co and WC/CoCe interfaces, the
total density of states (TDOS) and PDOS in the equilibrium
geometric configuration (within the GGA-PBE framework)
were calculated and analyzed. These results are helpful for

of materials.

understanding the combined characteristics of the interface.

As shown in Fig. 5, TDOS of WC/Co and WC/CoCe
exhibits similar shapes. This suggests similar bulk moduli for
the two interfaces. The electronic states in the energy range
from —10 eV to —5 eV are primarily contributed by the C-s and
W-d orbitals. The energy of WC/Co within the range from
—5 eV to 5 eV is mainly contributed by the W-d, C-p, and
Co-d orbitals, and that of WC/CoCe is mainly contributed by
the W-d, C-p, Co-d, and Ce-d orbitals. For WC/Co, the energy
range of 5—10 eV, is mainly contributed by the W-d orbital,
while for WC/CoCle, it is mainly contributed by the W-d and
Ce-d orbitals.

Furthermore, WC/Co and WC/CoCe have no band gap at
the Fermi level, and the DOS value at the Fermi level is
significantly greater than 0, indicating that both WC/Co and
WC/CoCe exhibit metallic properties”"*. The DOS value of
WC/CoCe at the Fermi level is less than that of WC/Co, and
the DOS value of WC/Co at the Fermi level is 30.15. The
DOS value of WC/CoCe is 24.03. WC/Co exhibits a broad
and relatively flat peak near the Fermi level, which is
indicative of high electronic conductivity™”’, while WC/CoCe
exhibits a sharper localized peak. This is because the 4f

1.6 0.6
Co-s a :g:‘ b
§T B Co-p 0.3} -
: o8t [JL+ I S P ,,\my/”\ﬁ_lm
5 gg ! I — (l)i My =8
E 0.0 — . :/«’\/\m_..‘_.w{ 05l & Mngz
[5) — s .
509 ! o [T -2 W i
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Fig.5 DOS of WC/Co (a) and WC/CoCe (b) cemented carbides
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electron orbital of Ce enhances the electron correlation, and
the local state scattering conducts electrons, reducing the
metallic properties of the cemented carbide™. It is also
observed that Ce-P and W-d have obvious resonance
phenomena. It indicates that Ce and W atoms hybridize to
form additional covalent bonds. Compared with the W-Co
bond of WC/Co, Ce-W hybridization enhances the covalent
bond composition. The stronger Ce-W covalent bonding
contributes to the higher hardness predicted for WC/CoCe,
which is consistent with the experimentally observed
improvement in wear resistance upon Ce addition.

Fig.6 shows the electron localization function (ELF) results
of WC/Co and WC/CoCe. Fig.6a is ELF of WC/Co. The WC
region shows a high degree of localization, which is a typical
feature of carbides——the strong covalent bond characteristic
of the W-C bond. The interface region shows a moderate

Intensity/a.u.

localization, indicating that there is a metal-covalent mixed
bond in the W-Co bond. The upper part of the Co region
shows typical characteristics of metal-bond delocalization.
Fig. 6b shows ELF of WC/CoCe. Firstly, it is observed that
there is a highly localized phenomenon around the Ce atoms.
This is due to the strong localization effect of the 4f electrons
of Ce. Ce attracts surrounding electrons, resulting in an
increase in interface charge density. It can be further observed
that the electronic localization at the interface is enhanced and
the electron cloud is broken, while the electron cloud at the
WC/Co interface is continuous. This indicates that at the
WC/CoCe interface, covalent bonds are mainly dominant,
followed by metallic bonds, while at the WC/Co interface,
metallic bonds are dominant, followed by covalent bonds.
Therefore, the addition of Ce is beneficial to improving the
interfacial bonding strength and hardness of cemented carbide.
4.4 Microstructure

Fig.7 shows the microstructures and XRD patterns of three
types of WC-based cemented carbides with different Ce
contents. Fig. 7a shows the microstructure of WC-10Co
cemented carbide. The grain size of WC is the largest, and Co
acts as a binder to wrap around WC. The grains present
polygonal and triangular morphologies. After adding 0.5wt%
Ce, the grain size of WC decreases, and the grains present a
relatively uniform plate-like morphology. At the Ce content of
Iwt% , the grain distribution remains relatively uniform;
however, some exhibit
phenomena. These phenomena indicate that the addition of
element Ce can effectively inhibit the growth of grains and
promote the uniform distribution of the microstructure. Fig.7d
shows XRD patterns of WC-based cemented carbides with
different Ce contents. It is observed that the peaks of all

plate-like  grains coarsening

L 2 N e a ]
*
*
1wt% . -L M I 75 S I
20 30 40 50 60 70 80 90
20/(°)

Fig.7 Microstructures (a—c) and XRD patterns (d) of WC-10Co cemented carbides with different Ce contents: (a) Owt%; (b) 0.5wt%; (c) 1wt%
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cemented carbides are approximately the same, with three
sharp WC phase peaks and several weak ones. The Co phase
has a weak peak near 44°. Furthermore, there are weak peaks
near 59° in XRD pattern with the addition of the element Ce,
corresponding to the peaks of the CeO, phase. Their peak
heights are not obvious because the added amount is really too
small.

Fig. 8 presents SEM images and corresponding EDS
element mappings of WC-10Co cemented carbides with
different Ce contents. Upon the addition of 0.5wt% Ce, the
element Co exhibits a more uniform distribution throughout
the cemented carbide matrix, while the element Ce is also
homogeneously dispersed and partially precipitated to form a
Ce-rich phase. Upon the addition of 1wt% Ce, the Co phase
remains uniformly distributed, and Ce begins to show a slight
tendency toward local aggregation. With the further increase

in Ce content, a pronounced agglomeration of Ce is observed.

This suggests that excessive Ce addition does not contribute to
further grain refinement.
4.5 Mechanical properties

Fig. 9 shows the density and relative density of
WC-10Co cemented carbides with different Ce contents. It
can be seen that both the density and relative density of the
cemented carbide increase after Ce doping. Among them, the
relative density of the cemented carbide doped with 0.5wt%
Ce is the highest, reaching 98.45%. The relative density of
WC-10Co cemented carbide is only 96.69%. This is primarily
because the addition of the element Ce can effectively inhibit
the abnormal growth of WC grains and prevent the formation
of closed macropores that are difficult to eliminate. However,
at the Ce content of 1wt%, Ce begins to agglomerate. When
these aggregates increase, they become defects and thereby
hinder densification.

Fig. 10 shows the hardness indentation and crack

2 um

Fig. 8 SEM images and corresponding EDS element mappings of WC-10Co cemented carbides with different Ce contents: (a) Owt% ;

(b) 0.5wt%; (c) 1wt%
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Fig.9 Density and relative density of WC-10Co cemented carbides

with different Ce contents

morphologies, as well as the Vickers hardness and fracture
toughness results of cemented carbides with different Ce
contents. Fracture toughness (K,) is calculated based on
Vickers hardness and the total crack length™'. The calculation
formula is as follows:

f

K= 0’15J/% (18)
where HV,, is the Vickers hardness obtained under a load of
294 N, and ZL is the total length of the crack.

The Vickers hardness of the WC-10Co cemented carbide is
1376 HV,,, and the fracture toughness is 8.71 MPa-m'”. After
adding the element Ce, both the Vickers hardness and
toughness of the cemented carbide are improved. When the
addition amount is 0.5wt%, the Vickers hardness is 1484 HV,
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Fig.10 Crack morphologies (a—c) and Vickers hardness and fracture toughness

contents: (a) OWt%; (b) 0.5wt%; (c) 1wt%

and the fracture toughness reaches 10.55 MPa-m'”?. Based on
first-principles calculations, it is known that the incorporation
of element Ce enhances the interfacial bonding strength of
WC/Co. The 4f electrons of Ce have high localization and
activity, forming strong covalent-ionic mixed bonds with
surrounding atoms, which makes the interfacial bonding
strength of the cemented carbide higher. Stronger interfacial
bonding means that during the indentation process, it is more
difficult for external forces to dissipate energy through
interfacial sliding or debonding. The ability of the material to
resist plastic deformation (i.e., hardness) is enhanced. Cracks
are also more difficult to propagate along the weakened
interface. Stronger interfacial bonding can effectively prevent
cracks from preferentially spreading along the interface in the
fracture the WC/Co
(intergranular fracture is brittle). It forces the crack to fracture

intergranular mode at interface
more intergranular or transfer the load more effectively from
the fractured WC grains to the adjacent Co phase and the
unfractured WC grains, requiring more energy to propagate

the crack, thereby enhancing the fracture toughness. A
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results (d) of WC-10Co cemented carbides with different Ce

stronger interface also means that the Co phase can bridge
cracks more effectively, undergo plastic deformation, and
absorb energy.

4.6 Friction and wear performance

The evolution of the coefficient of friction (COF) with time
during reciprocating sliding tests is shown in Fig. 11a. The
variation patterns of all COF curves are approximately the
same. During the first 5 min of the reciprocating friction
process, due to the running-in period, the COF value
gradually increases. With the friction proceeding, all COF
curves tend to stabilize, indicating that the friction process
enters the stable period**. The COF of the cemented carbide
with 0.5wt% Ce is the lowest, followed by that with 1wt% Ce.
The COF of pure WC-10Co cemented carbide is the highest.
The average COF values, calculated from the steady-state
period (after the initial 5 min), are presented in Fig.11b. The
cemented carbide with 0.5wt% Ce exhibits the lowest average
COF of 0.397. The average COF of cemented carbide without
the element Ce is 0.490. This improvement can be attributed
to the enhanced interfacial bonding strength and increased
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Fig.11 COF curves (a) and average COF (b) of WC-10Co cemented carbides with different Ce contents
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bond energy induced by Ce addition, leading to improved
hardness and toughness. These properties reduce the tendency
for abrasive debris formation and improve wear resistance
under applied stress. However, when the content of element
Ce reaches 1 wt%, element Ce begins to aggregate, forming
brittle phases and inclusions, and the wear resistance
decreases instead.

Fig.12 shows the 2D and 3D profiles of the wear scars after
the reciprocating friction test. After measurement, the relevant
parameters of the sample wear scars are presented in Table 4,
and Fig. 13 shows the wear rates of the three cemented
carbides obtained through calculation. The wear rate of
WC-10Co cemented carbide is approximately
1.213x10° mm’-N'-m'. After adding 0.5wt% Ce, the wear
rate decreases to 1.067x10”° mm’-N"'-m™'. When the doping
amount of Ce is 1wt%, the wear rate of the cemented carbide
increases to 1.150x10° mm’-N"'-m". The cemented carbide
doped with 0.5wt% Ce exhibits the lowest wear volume,
whose width, depth, cross sectional area, and wear volume of
the wear scars all reach the minimum values, which are
1.351 mm, 37.386 um, 0.0308 mm’ and 0.1536 mm’,
respectively. At this time, the wear resistance of the cemented
carbide is the best. However, when the Ce content reaches

1wt%, the wear resistance is not as good as at 0.5wt%, but it
is better than that of pure WC-10Co cemented carbide. The
cause of this phenomenon is consistent with the results of the
The appropriate addition of Ce
strengthens the interface bonding, increases the bonding

previous calculation.
energy, and increases both the Young’s modulus and Poisson’s
ratio of the cemented carbide, which further improves the
hardness of the cemented carbide. The ratio of the volume
modulus to the shear modulus of the Ce-doped cemented
carbide exceeds the critical value of 1.75. The Ce-doped
cemented carbide shows improved toughness. Meanwhile, the
addition of Ce produces a fine-grained strengthening effect,
which can inhibit abnormal grain growth and improve the
wear resistance of the cemented carbide. With the increase in
Ce content, the wear resistance of the cemented carbide
decreases instead, indicating that the appropriate addition
amount of Ce is very important for improving the wear
resistance of the cemented carbide.

Fig. 14 shows the morphologies of the wear scars of
WC-10Co cemented carbides with different Ce contents after
the reciprocating friction and wear test. Under identical stress
and duration conditions, the cemented carbide without Ce
exhibits severe wear, characterized by extensive scratching.

0 0 b,

-10 10k
g -20
= 20}
=
8030
Q
jas) 30 F

-40

50 L L L L i 40t L L L L ' 1 1 i 1 N

00 05 10 1.5 20 25 3.0 00 05 10 15 20 25 30 00 05 1.0 15 20 25 30

Width/mm Width/mm Width/mm

Fig.12 3D (a,—c,) and 2D (a,—c,) profiles of the wear scars of WC-10Co cemented carbides with different Ce contents after the reciprocating

friction test: (a,—a,) OwWt%, (b,~b,) 0.5Wt%, and (¢ —c,) 1wt%

Table 4 Wear-related parameters of WC-10Co cemented carbides

with different Ce contents

Ce content/  Depth/ Width/ Cross sectional Volume
wt% um mm area/x10°mm’*  loss/mm’

0 44.001 1.371 3.50 0.1747

0.5 37.386 1.351 3.08 0.1536

1 39.027 1.379 3.32 0.1656

In certain regions, severe fragmentation of WC particles leads
to material removal, resulting in the formation of cracks and
pits, along with comparatively wide wear scars. After adding
the Ce, the wear scar morphology becomes significantly
smoother, and almost no cracks or pits appear. In contrast, the
morphology is the best when Ce content is 0.5wt%, while the
wear scars of the cemented carbide with Ce content of 1wt%
begin to show a small number of pits, but the wear scar
morphology is better than that of the cemented carbide
without Ce. Based on the first-principles calculations, the



Li Zewen et al. / Rare Metal Materials and Engineering, 2026, 55(8):1876-1888 1885

Fig.13 Wear rates of WC-10Co cemented carbides with different Ce

contents

O4————WC flakes off

WC flakes off 100

interfacial bonding energy and interatomic bond strength of
the WC/Co cemented carbide are inferior to those of the
WC/CoCe cemented carbide, making its surface more
susceptible to being worn away under the same friction
conditions. Furthermore, key mechanical parameters of the
parameters of WC/Co cemented carbide, including the bulk
modulus to shear modulus ratio, Young ’> s modulus, and
Poisson’ s ratio, are all lower than those of the WC/CoCe
cemented carbide. Therefore, its hardness, toughness, and
plasticity are all inferior to those of the WC/CoCe cemented
carbide, resulting in a lower relative density of the cemented
carbide and the formation of pores. The increase in pores
leads to the easy shedding of surface particles during friction,
intensifying abrasive wear.

Fig. 15 shows SEM images and corresponding EDS

__500qum_

C5

“WE flakes off -

100 pm

Fig.14 SEM images of the wear scars of WC-10Co cemented carbides with different Ce contents after the reciprocating friction and wear test:

(a,—a,) OWt%, (b,-b,) 0.5Wt%, and (c,—¢,) 1wt%

elemental mappings of the wear scars in WC-10Co cemented
carbides with different Ce contents. The elements W, C, Co,
and Ce are uniformly distributed across the scanned area. In
contrast, element O is predominantly concentrated within the
wear scars of all the cemented carbides. The wear of the
cemented carbides without Ce is the greatest, and the
aggregation and distribution of element O at the wear scars are
more obvious. The wear of the cemented carbide with 0.5wt%
Ce is the least severe, and the content of element O at the wear
scars is the least. The wear of the cemented carbides with
Iwt% Ce is second-least severe. The element O begins to
show several concentrated distribution phenomena at the
abrasion scars. This oxygen enrichment can be attributed to
high-temperature oxidation at the friction interface during
testing. The WC-10Co cemented carbides without Ce possess
a relatively low density, which results in poor intergranular
cohesion and a tendency for grain pull-out, thereby
accelerating wear. Furthermore, its comparatively lower

hardness leads to deeper abrasion grooves and localized
spalling, further exacerbating material loss. During the friction
process, the scratches become deeper, and some parts flake
off, which aggravates the wear of the cemented carbide. After
adding an appropriate of element Ce, the
comprehensive performance of the cemented carbide is

amount

uniformly improved, particularly in hardness and relative
density. During the friction process, the grain cohesion is
strong, so grains are not easily deformed and cracked.
Therefore, compared with other samples, the cemented
carbide with 0.5wt% Ce exhibits the lowest oxidation degree
and superior wear resistance.

The addition of trace amounts of the rare-earth element Ce
to WC-Co cemented carbides has been widely proven to be an
effective method for significantly enhancing their overall
performance. The wunderlying strengthening mechanism
primarily stems from the synergistic effect of two core
functions: grain refinement and interface purification. Firstly,
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Fig.15 SEM images and corresponding EDS element mappings of the wear scars of WC-10Co cemented carbides with different Ce contents:

(a) OWt%, (b) 0.5wt%, and (c) 1Wt%

the element Ce directly strengthens the material matrix
through grain refinement. As a surface active element, Ce
preferentially segregates at the WC/Co phase boundaries
during liquid-phase sintering. This segregation behavior
effectively reduces the interfacial energy, thereby suppressing
the Ostwald ripening process of WC grains via the dissolution-
precipitation mechanism and fundamentally preventing
abnormal grain coarsening. Simultaneously, trace amounts of
Ce may form fine and uniformly dispersed rare earth
compounds (such as Ce,O,, CeO,, or complex carbides).
These second-phase particles can effectively pin the grain
boundaries, further inhibit grain-boundary migration, and
ultimately result in a fine, uniform WC grain structure.
Secondly, Ce significantly improves the toughness of material
by refining the interfaces. Due to its extremely high chemical
activity, Ce can react with impurity elements such as O and S
introduced during raw material processing or sintering,
forming stable, high-melting-point compounds®™ (e. g., Ce,O,
and CeS). This effectively removes these harmful impurities
from the vulnerable grain and phase boundaries. The purified
interfaces exhibit stronger bonding, significantly enhancing
the hardness and fracture toughness of the material, as crack
propagation requires more energy to break these robust
interfaces®™.

When the Ce content is 0.5wt%, the optimal comprehensive
performance is achieved through the synergistic effects of
interface strengthening, grain refinement, and densification.
Active Ce segregates at the WC/Co interfaces, purifies
impurities, and forms strong covalent bonds, significantly
enhancing interfacial bonding. Simultaneously, Ce or its oxide
particles can pin grain boundaries and inhibit the growth of
WC grains, which facilitates grain-refinement strengthening.
Furthermore, a higher relative density (98.45%) is obtained
during sintering, leading to concurrent improvements in
hardness (1484 HV,,), toughness (10.55 MPa-m'?), and wear
resistance (wear rate of 1.067x10° mm’N"'-m™).

However, when the Ce content increases to 1wt%, Ce tends
to agglomerate, forming coarse, brittle phases (such as Ce,0,).
These phases not only hinder densification but also act as
defects and crack initiation sites. As a result, the positive
effects of grain refinement strengthening and interface
strengthening are counteracted. Although its mechanical and
wear properties remain superior to those of the Ce-free
cemented carbide, they are slightly degraded relative to the
optimal state with 0.5wt% Ce added.

In summary, the addition of 0.5wt% Ce, through the
effects of grain

collectively ~ promotes a

synergistic refinement and interface
purification,
improvement in the mechanical properties and wear resistance

of WC-Co cemented carbides.

comprehensive

5 Conclusions

1) Based on the calculated interfacial energy, elastic
constants, and electronic properties of the cemented carbides
before and after Ce addition, both structures exhibit
mechanical stability. However, the WC-10Co cemented
carbides with Ce addition demonstrate enhanced interfacial
bonding, resulting in improved hardness and toughness, which
effectively enhances the wear resistance of the material.

2) The bonding strength at the WC/Co and WC/CoCe
interfaces is primarily contributed by atomic d-electron
orbitals. According to the differences in DOS and local charge
density, the proportion of covalent bonding increases after Ce
addition, whereas metallic bonding dominates in the absence
of Ce. Since covalent bonds possess higher bond energy than
metallic bonds, structural stability is significantly improved
with Ce incorporation.

3) The WC-10Co cemented carbide containing 0.5wt% Ce
exhibits the most favorable microstructure, along with the
highest hardness (1484 HV,) and fracture toughness
(10.55 MPa-m'?), and a wear rate of 1.067x10”° mm’-N"'-m™".
It demonstrates superior wear resistance under identical
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testing conditions, which is consistent with the results
obtained from first-principles calculations.
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