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Abstract: A fine-grained WC-15wt%Al0.5CoCrFeNi cemented carbide was prepared through a vac-
uum and gas pressure sintering. For achieving high surface integrity, diamond wheel grinding serves
as the primary molding process for the machining of WC cemented carbide. To reveal the influence of
grinding on the surface integrity of fine-grained WC-HEA cemented carbide, studies were conducted
on grinding force, surface microstructure, surface roughness, residual stress, microhardness, and
bending strength. The morphological analysis of the ground surface indicated a transition in the
material removal mechanism of WC-HEA cemented carbide from ductile removal to brittle removal,
with brittle removal becoming predominant as the depth of grinding increases. With the increasing
depth of grinding, the grinding force increases, and the grinding force increases while the surface
roughness decreases. Correspondingly, there is an improvement in both hardness and bending
strength. Additionally, grinding induces high residual compressive stress on the surface, with a
maximum compressive stress of 1795 MPa. The bending strength of the material is found to be
dependent on the residual stress.

Keywords: WC-HEA cemented carbide; grinding; surface integrity

1. Introduction

WC-based cemented carbides are known for their exceptional performance and find
wide applications in cutting tools, molds, and wear-resistant components [1]. Co is the most
commonly used binder phase in WC-based cemented carbides. However, WC-Co alloys
have poor corrosion resistance, inferior high-temperature performance, and are harmful to
human health [2,3]. In contrast, high-entropy alloys (HEAs) possess high hardness, excel-
lent corrosion resistance, and good resistance relative to high-temperature oxidation [4–7].
By replacing Co as the binder phase in WC-HEA alloys, the performance has also been
improved significantly. Chen et al. prepared WC-HEA alloys using mechanical alloying;
the hardness of the bodies made of such alloy at high temperatures measured at 900 ◦C
was 200 HV higher than that of the bodies made of WC-Co alloys [8]. Similarly, WC-Co
and WC-HEA alloys were fabricated through hot-pressure sintering, and the test results
confirm that the WC-HEA alloy exhibited superior mechanical properties and corrosion
resistance [9].

WC-HEA alloys are extremely difficult materials to machine, and they are character-
ized by “high hardness and high brittleness”. There are some problems in the mechanical
machining process, such as susceptibility to damage, low processing efficiency, and poor
surface integrity. To address these challenges and meet the requirements for geometric
precision of workpiece surfaces, diamond wheel grinding has emerged as the primary
machining method [10,11].
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The surface of the diamond wheel is covered with irregularly shaped abrasive grains,
which can be regarded as multiple blades collectively cutting the material surface, constitut-
ing a complex machining process. The removal mechanisms of hard and brittle materials,
represented by metal ceramics, generally involve two modes: brittle removal and ductile
removal [12,13]. Klocke et al. [14] conducted a single grain cutting test on the WC-Co
alloy, where scratches indicated a transition from ductile to brittle removal mechanisms,
predominantly characterized by brittle removal mechanisms. Wirtz et al. [15] conducted a
microscopic analysis of scratches, elucidating the removal mechanisms of WC-Co alloy ma-
terials: As the abrasive grains begin to penetrate the surface of the material, cracks appear
within the WC grains; under the influence of thermal and mechanical coupling, these cracks
propagate, leading to surface fracture; with increasing grinding depth, noticeable bulging is
observed on both sides of the scratch; subsequently, sporadic flaking occurs on the material
surface, followed by continuous and extensive fracturing, marking a transition from ductile
to brittle removal mechanisms. Muller et al. [16] employed a combined methodology that
integrates single abrasive grain scratching experiments with material removal models and
elucidated the dependence of material removal behavior on the cutting depth of abrasive
grains and the transition from predominantly ductile to brittle behavior characterized by
cracking and fracturing in WC-Co alloys’ ground surfaces. Additionally, the machining
scale is an important condition for the ductile machining of brittle materials [17].

Grinding is a process where numerous abrasive grains act simultaneously. Clearly, the
single grain cutting test has certain limitations in revealing the material removal process.
Grinding significantly alters the integrity of the surface and subsurface, particularly in
terms of deformation, phase transformation, damage, residual stress, and bending strength
in the surface and subsurface. Hegeman [11] discovered a deformed layer of about 1.5 µm
on the surface of the alloy after grinding, composed of the binder phase Co and partially
fractured WC grains. The stress in this layer is mainly residual compressive stress, and the
plastic deformation of WC grains occurs beneath the transformation layer. Research by
Yang et al. [18] showed that the binder phase Co in the alloy, after grinding, transformed
from fcc to hcp, and the depth of the phase transformation coincided with the distribution
of residual stress, indicating that the residual stress is the result of the combined effects of
phase transformation, plastic deformation, and grain refinement. Yang et al. [19] found
subsurface damage of about 400 nm below the ground surface, mainly characterized by
fractured WC grains, exhibiting intergranular or transgranular fracture. Furthermore,
high residual compressive stress exists on the ground surface, with stress decreasing as
the depth from the ground surface increases. Simultaneously, the mechanical properties
(hardness and bending strength) of the ground surface are correspondingly improved. Yin
et al. [20] conducted grinding experiments on alloys with different WC grain sizes and
found that residual stress induced by grinding increases with decreasing WC grain size,
and no grinding-induced cracks were observed on the surface. Zhang et al. [21] ground
WC-Co and WC without a binder phase and found that the surface roughness of WC-Co
was lower than that of WC without a binder phase. This is partly because Co is extruded,
reducing the binder phase, causing WC to detach, and leaving pits; on the other hand,
the removal rates of Co and WC differ, resulting in different heights between WC and the
binder phase.

As mentioned above, the changes in the material removal mechanisms and surface
integrity of traditional WC-Co alloys during machining are well studied. However, there
is scarce research on the machinability aspect of WC-HEA alloys, where HEA acts as
the binder phase. This investigation aims to reveal the material removal mechanisms
during the grinding of WC-HEA alloys, illustrating the effect of the grinding process on the
machined surface integrity. This study analyzes and investigates the surface and subsurface
morphology, elemental composition, surface roughness, residual stress, bending strength,
and hardness of WC-HEA cemented carbide after grinding.
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2. Materials and Experimental Procedures
2.1. Experimental Material

High-purity (99.5%) Al0.5CoCrFeNi powder, with an average particle size of less than
25 µm, was prepared using vacuum atomization technology. The HEA powder (15 wt.%)
was blended with WC powder (85 wt.%) in a ball milling jar containing balls and a jar
made of cemented carbide material, using a ball–powder ratio of 10:1. Mechanical alloying
was conducted in a ball mill at a rotation speed of 80 r/min for 64 h. After wet milling, the
slurry obtained was filtered through a 350-mesh sieve and dried for 90 min in a vacuum
drying oven at 110 ◦C to obtain WC-HEA powder.

The cooled WC-HEA powder was mixed with a paraffin and gasoline mixture in a
liquid state, and then sieved through a 100-mesh sieve after drying for 20 min. Subsequently,
under a pressure of 200 MPa, the WC-HEA powder was pressed into billets with dimensions
of 20 mm × 8 mm × 6 mm with a PM hydraulic press. Finally, the WC-HEA samples were
prepared using a composite sintering method. Following vacuum sintering and cooling to
room temperature, pressure sintering reinforcement was applied, as shown in Figure 1.
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Figure 1. Sintering curve of WC-HEA cemented carbide.

The backscattered electron (BSE) imaging technique of the scanning electron micro-
scope (FEI QUANTA FEG250 (Quanta, Waltham, MA, USA)) was utilized to observe the
microstructure of the specimen after sintering. Figure 2a shows the microstructure of the
WC-HEA, where the grey regions represent WC grains, and the black regions represent
the HEA binder phase. The WC average grain size of the WC-HEA alloy was measured as
0.97 µm by ImageJ software ((Fii ls Just) lmage 214.0/154f, Java 1.8.0 322 [64-bit]), indicating
that it is a fine-grained alloy, as shown in Figure 2b.

The physical and mechanical properties of WC-HEA alloy were evaluated [22], includ-
ing relative density, hardness (HV), fracture toughness (KIC), and bending strength (TRS),
and they are presented in Table 1. To assess the material’s flexural strength, strength tests
were conducted using the universal testing machine AGS-X5KN (Shimadzu, Kyoto, Japan).
The Vickers hardness of the samples was measured using a microhardness tester (HVS-50
(Huayin, Laizhou, SD, China)). The depth-of-focus microscope (VHX-5000 (Keyence, Osaka,
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Japan)) was utilized to measure the diagonal length of the indentation and crack length.
The fracture toughness was calculated using the following formula [23]:

KIC = 0.15

√√√√√ HV30
4
∑

i = 1
Li

(1)

where KIC represents the fracture toughness (MPa·m1/2), HV30 denotes the Vickers hardness
(MPa), and Li stands for the crack length of the indentation (mm). Five samples were
measured, and the average value was obtained.
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Table 1. The physical and mechanical property parameters of the material.

Material Relative
Density (%) Hardness (HV) KIC (MPa·m1/2) TRS(MPa)

WC-HEA 92.3 1537.8 8.7 890

2.2. Grinding Procedure

The grinding experiment was carried out using the surface grinding machine
M7163 × 12-GM. The abrasive wheel utilized a resin binder, with diamond grains sized at
240 mesh. Operating with a diameter of 400 mm, the grinding wheel rotated at a speed of
1440 r/min. Figure 3 shows the grinding system, consisting of a diamond grinding wheel,
workpiece, fixture, and dynamometer, and it was arranged on the worktable of the grinder.
Given the significant impact force exerted by the diamond abrasive grains during grinding,
the original signal required low-frequency filtering [24]. The average value of the smoothed
signal during the steady-state phase was calculated as the grinding force.

The grinding of the samples was carried out under dry grinding conditions, with
the grinding parameters listed in Table 2. After completing each set of the grinding test,
the grinding wheel cooled down, and the wear condition was observed. If severe wear
occurred, the wheel was subjected to dressing.
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Table 2. Grinding parameters.

Grinding Wheel Speed νs.
(m/s)

Workpiece Feed Speed νw
(m/min) Grinding Depth ap (µm)

30.14 6 10, 30, 50, 70, 90, 110

2.3. Ground Surface Integrity Test

The characteristics of surface integrity were examined and compared at different grind-
ing depths. A white light interferometer (Contour Elite K, Madison, WI, USA) was used
to determine the surface roughness parameters Ra and Rz. Meanwhile, the morphology
of the ground surfaces and subsurface was observed using scanning electron microscopy
(SEM) and ultra-depth field electron microscopy (VHX-5000). The elemental content and
composition were also obtained by EDS energy spectrometry.

The surface residual stresses under different grinding depths were determined using
a D8 ADVANCE X-ray diffractometer (XRD) (Bruker, Billerica, MA, USA) with Co-Kα
radiation. Due to the relatively low content of the HEA binder phase, the stress testing was
performed on the (101) diffraction plane of WC, corresponding to a diffraction angle of
2θ = 56.78◦. Stress testing was conducted using the sin2ψmethod [25], with the tilt angle ψ
set in the range of 0 to 45◦ in 6 groups, corresponding to 0◦, 9◦, 18◦, 27◦, 36◦, and 45◦, as
shown in Table 3.

Table 3. Residual stress testing parameters.

Grinding Depth (µm) Angle ψ (º)

10 0, 9, 18, 27, 36, 45
30 0, 9, 18, 27, 36, 45
50 0, 9, 18, 27, 36, 45
70 0, 9, 18, 27, 36, 45
90 0, 9, 18, 27, 36, 45

110 0, 9, 18, 27, 36, 45

To assess the impact of grinding on the flexural strength and surface hardness, three-
point bending tests and microhardness tests were conducted, respectively. Before the
three-point bending test, the original ground samples were cut into thin slices with a
thickness of 2 mm, which were taken as the bending test sample. Figure 4 illustrates the
schematic diagram of the test. The slices were chamfered and then placed on the universal
testing machine (AGS-X5KN) with a support span of 15 mm. The load was applied to the
center of the slice specimen at a rate of 5 mm/min until fracture occurred. The maximum
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load value was recorded during the test, and the bending strength [26] of the slice specimen
was calculated using Equation (2):

σb =
3PL
2bh2 (2)

where σb is the bending strength (MPa); P is the critical load at which the slice specimen
fractures; L is the support span; b is the width of the slice specimen; and h is the thickness
of the sliced specimen.
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Microhardness values at the cross-section under different processing parameters were
obtained employing a Vickers hardness tester (HXD-1000TMC (Taiming, Shanghai, China)).
Measurements were taken every 15 µm, with a load of 1.96 N applied for 15 s to ensure
constant pressure. The degree of work hardening of the ground surface is calculated using
Equation (3):

N =
HV
HV0

× 100% (3)

where N is the degree of hardening of the machined surface; HV is the microhardness of
the machined surface; and HV0 is the microhardness of the unmachined surface of the
WC-HEA alloy.

3. Results and Discussion
3.1. Grinding Force

The grinding experiments recorded three components of the grinding forces, including
the axial grinding force (Fa), the tangential grinding force (Ft), and the normal grinding
force (Fn). The directions of the grinding forces are illustrated in Figure 3. Since the axial
grinding force does not vary significantly with the increase in grinding depth, it is not
considered in the analysis of grinding forces. The grinding force quantitatively reflects the
extent of interaction between the grinding wheel and the workpiece during the material
removal process of WC-HEA alloys [27,28]. Factors such as grinding wheel wear, material
removal rate, and surface integrity (surface morphology, surface roughness, residual stress,
etc.) are significantly influenced by the grinding force. As the real-time monitoring data
in the grinding process, the tangential force and normal force under different grinding
depths increase with the increase in ap, with the normal force being much greater than the
tangential force, as shown in Figure 5.
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3.2. Surface Morphology and Material Removal Mechanism

Figure 6 illustrates the variations in surface morphology resulting from grinding
at different depths. In Figure 6a, narrow and deep scratches are visible, accompanied
by bulges on either side and a noticeably smooth region at the bottom of the scratches.
Figure 6b displays a stack of flaked layers, while in Figure 6c, extensive breakouts are
observed, although not completely detached from the surface. As the grinding depth
increases further, Figure 6d depicts a relatively flat ground surface, with the scratches
transitioning from deep to shallow and becoming less dense.

The surface morphology of WC-HEA exhibits significant differences compared to the
traditional WC-Co. In single grain cutting test of the traditional WC-Co, the extension of
cracks in WC leads to material fracture, delamination, and eventually fracture, followed
by a transition to a plastic removal mechanism [15]. When the ap = 10 µm, under this
grinding depth, plastic deformation characterized by plowing predominates, with slip lines
present at the bottom of the groove indicating extensive plastic flow. However, due to the
dynamic impact of the diamond grinding wheel, partial fragmentation occurs at the raised
positions. When the ap > 10 µm, microcracks are generated on the ground surface, and
the expansion of these microcracks leads to brittle removal characterized by delamination
and fragmentation. Microcracks only result in the brittle removal of the material without
extending into macroscopic cracks, thereby preventing damage to the ground surface.
When the ap = 110 µm, WC experiences a transgranular or intergranular fracture, leading
to the formation of finer grains and thus avoiding the occurrence of macroscopic cracks
and large fractures. In Figure 7, the arrows indicate WC grain damage caused by grinding,
primarily consisting of microcracks and fractures.
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The EDS analysis of the ground surface further confirmed the material removal mech-
anism. Figure 8 depicts the fracture surface of the WC-HEA cemented carbide, where
Figure 8a shows the morphology of the fracture, and Figure 8b displays the elemental
composition and content at the fracture site. Table 4 provides a quantitative comparison
between the elemental composition at the fracture site and the ground surface, revealing
a decrease in the content of the HEA binder phase composed of Al, Co, Cr, Fe, and Ni
elements. This is in contrast to the ground surface of the WC-Co alloy, where the presence
of Co, with its good ductility, results in a coating of fractured WC on the surface, especially
at the protrusions, leading to high Co contents [10,11]. Under the impact of diamond
abrasive grains, both the WC grains serving as the framework and the HEA binder phase
in the WC-HEA alloy undergo removal.
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Table 4. The elemental composition and content.

Element Fracture
(wt.%)

ap = 10 µm
(wt.%)

ap = 30 µm
(wt.%)

ap = 50 µm
(wt.%)

ap = 110 µm
(wt.%)

C K 8.51 7.30 6.99 8.45 7.04
O K 3.31 2.41 2.56 2.36 2.14
Fe L 1.19 0.81 0.70 0.72 0.77
Co L 1.78 1.31 1.32 1.33 1.49
Ni L 1.71 1.35 1.47 1.46 1.55
Al K 3.21 1.39 2.08 1.69 1.55
W M 72.59 78.71 78.56 78.62 80.27
Cr K 7.7 6.72 6.32 5.37 5.19
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Grinding alters surface morphology. However, whether there are changes in the
morphology below the ground surface requires further investigation. The cross-section
obtained by wire cutting was observed after polishing using a digital microscope with
an extended depth of field (VHX-5000), revealing the deformed layer below the ground
surface, as depicted in Figure 9a. Following polishing, the section was subjected to corrosion
treatment using a mixed solution containing 20% K3[Fe (CN)6] and 20% KOH, resulting in
the metallographic structure shown in Figure 9b. A comparison between the subsurface
below the ground surface and the substrate revealed grain refinement in the subsurface of
the WC-HEA. This grain refinement was attributed to severe plastic deformation induced
by the coupling effect of diamond grain compression and grinding heat.
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3.3. Surface Roughness

Surface roughness serves as a visual reflection of surface morphology, with the three-
dimensional morphology of the ground surface depicted in Figure 10. Due to the material
removal achieved by the cutting action of abrasive grains, microscopic scratches are dis-
tributed across the ground surface. As observed in Figure 10, there exists a height difference
between the bottom of the WC-HEA hard alloy grooves and the protrusions caused by
plowing, with a smaller grinding depth corresponding to a larger height difference and,
consequently, a higher surface roughness. With the increase in cutting depth, the distance
between the grooves increases, leading to a smoother fluctuation in the height of surface
peaks and valleys, while the surface pits and grinding damage gradually decrease, resulting
in a reduction in surface roughness.

The surface roughness measurement results are depicted in Figure 11. With an increase
in grinding depth from 10 µm to 110 µm, the surface roughness Ra decreases from 0.66 µm
to 0.48 µm, and the surface roughness Rz decreases from 6.52 µm to 4.58 µm. And as the
ap increases, there is a corresponding increase in the contact length between the wheel
and the workpiece, allowing a greater number of abrasive grains to participate in the
cutting process. This results in an increase in material removal rate and a subsequent
reduction in surface roughness. Furthermore, the heightened grinding depth amplifies
the compressive force exerted by the grinding wheel on the workpiece material surface,
leading to an escalation in the grinding force.
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3.4. Surface Residual Stress

Figure 12 shows X-ray diffraction spectra of the ground surface with ap = 10 µm at
different angles. Compared to the XRD pattern at 0◦, a shift in the diffraction peaks is
observed with varying ψ-angles. According to Bragg’s law, the peak shift is related to
residual stress. The rightward shift in the diffraction peaks, associated with an increase in
the diffraction angle, results in a decrease in the interplanar spacing d and an increase in
the micro-strain of WC grains [29].
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direction, and (b) presents a magnified view of the local region.

The samples prepared by powder metallurgy processes exhibit residual stresses after
sintering [29], which are altered during the grinding process, changing their original stress
state. Due to the relatively small sintering residual stresses and under large grinding depths,
the sintering residual stresses can be effectively eliminated. Similarly to the findings of
Hegeman [11] and Yang [19], Figure 13 illustrates that the residual stresses generated during
the grinding process are compressive in nature. With increasing ap, the residual compressive
stresses intensify, reaching a maximum residual compressive stress of 1795 MPa.
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Plastic deformation on the machined surface and grinding heat are the primary causes
of residual stresses. Generally, thermal loads are more likely to lead to residual tensile
stresses, while plastic deformation and mechanical loads are the main contributors to
residual tensile stresses [30,31]. Residual grinding stresses result from uneven plastic
deformation under the coupling of grinding force and grinding heat, and these stresses
are released through cracks and plastic deformation within WC grains. The compressive
field is formed radially due to the squeezing action of the diamond abrasive particles at
the tip of the grinding wheel. Microcracks are initially generated, and as the ap increases,
these microcracks extend to form macroscopic cracks, resulting in the production of large
fragments and brittle fractures. With the increase in grinding depth, tangential tension is
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generated in the plastic deformation zone around the contact point of the diamond tip,
and plastic shear becomes significant, especially at large grinding depths. In the grinding
process, both mechanical and thermal loads are present. The plastic deformation caused
by the combined effects of the grinding wheel’s squeezing action and the cutting action of
diamond abrasive particles weakens the tensile stresses induced by thermal loads.

3.5. Three-Point Bending Test

In practical applications, cemented carbides are subjected to bending loads [32]. There-
fore, the bending strength of the machined surface was determined through three-point
bending tests [19,33]. This strength was calculated using Equation (2), and Figure 14 il-
lustrates the bending strength of the ground surface at different grinding depths. Clearly,
the bending strength of the ground surface has been improved to varying degrees when
compared to the original material strength of 890 MPa. Moreover, under the machining
parameter of a grinding depth of 110 µm, the bending strength is the highest, reaching
1039 MPa and representing an increase of approximately 16.7% compared to the unma-
chined surface.
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Figure 14. Bending strength of the ground surface at different grinding depths.

Comparing the variation trends of residual stress values on the ground surface, an
interesting finding emerged: The increase in residual compressive stress on the ground
surface appears to affect the bending strength of the ground surface. Similar conclusions
have been drawn from the grinding process of WC-Co cemented carbide [20]. According to
SEM observations of the fracture surface, the main cause of fracture is attributed to internal
defects in the material, such as the clustering of WC grains and porosity [34]. Residual
compressive stress plays a role in suppressing the occurrence of fractures caused by internal
defects in the material, leading to an increase in the strength of the ground surface.

3.6. Microhardness

Figure 15a indicates that the microhardness of the ground surface increases with the
increase in ap, and the depth of the processed hardened layer is approximately 180 µm.
The microhardness of the ground surface is higher than that of the substrate, and the
microhardness shows an overall decreasing trend along the grinding depth direction,
gradually approaching the hardness of the matrix. However, the microhardness sharply
decreases at a distance of 15 µm from the ground surface, which is primarily attributed
to grinding heat [35]. As the grinding process employs dry grinding without the use of
cooling fluid, a small portion of heat is carried away with the grinding debris, while a
significant amount of heat remains trapped on the ground surface. This heat causes thermal
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softening in the thin layer of the WC-HEA alloy, offsetting some of the hardening effects.
As the influence of grinding heat weakens along the grinding depth, the microhardness
gradually decreases to approach the hardness of the matrix at a distance of 30 µm from the
ground surface.
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cutting depth direction; (b) degree of work hardening.

The degree of surface hardening of the ground surface was calculated using
Equation (3), and Figure 15b illustrates a hardening degree ranging from 105.2% to 113.1%.
With increasing ap, the microhardness of the ground surface increased, indicating a more
pronounced degree of work hardening. The proportion of thermal softening layer caused
by grinding heat within the work-hardened layer was minimal, thus having an insignificant
impact on the work-hardened layer. Microhardness values were restored at a depth of
30 µm below the ground surface. During the grinding process, the ground surface experi-
enced the compression and impact of abrasive grains, primarily due to mechanical loading,
resulting in plastic deformation. With the continuous increase in plastic deformation, lattice
distortion occurred, leading to grain refinement.

4. Conclusions

In the current research, the material removal mechanisms and surface integrity during
the grinding process of fine-grained WC-15wt%Al0.5CoCrFeNi cemented carbide were
investigated and discussed. The following conclusions were obtained:

(1) During the grinding process, both the HEA binder phase and the WC are simultane-
ously removed, undergoing a transition from ductile removal to brittle removal, with
brittle removal being predominant.

(2) A subsurface deformed layer is found, characterized primarily by refined WC grains.
(3) Surface roughness serves as a direct reflection of surface morphology. It decreases

with an increase in grinding depth. A larger depth of grind is an effective machining
parameter for achieving high surface quality, as it increases the contact arc length,
resulting in a higher number of abrasive grains participating in the cutting process
and consequently increasing the material removal rate.

(4) Grinding introduces high compressive stresses onto the surface, with a maximum
compressive stress of 1795 MPa. The enhancement of bending strength relies on
residual compressive stresses.

(5) Grinding induces surface work hardening, with a hardening layer depth of approxi-
mately 180 µm. The degree of work hardening on the ground surface increases with
larger depths of cut, reaching a maximum of 113.1%.
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