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Abstract: High-density WC-Ni composite ceramics were
prepared by cold isostatic pressing—vacuum pressureless
sintering—hot isostatic pressing with tungsten carbide
(WC) powder and NiCl,-6H,0 as a binder. Results show
that with an increase in the contents of Ni in the metal
binder phase, the relative density of WC-Ni composite
ceramics is improved, and the formation of the carbon-
deficient W,C phase is reduced. There is no W,C
generated in the WC-1wt% Ni material. At high
temperatures, the Ni phase changes into the liquid
phase and enters between the WC particles, thereby
promoting the close alignment of the WC particles.
Moreover, the WC particles will be more closely aligned
under their own surface tension and capillary action,
thereby promoting the densification of WC-Ni composite
ceramics. The WC-0.5wt% Ni composite ceramics are
fully dense and show the best comprehensive perfor-
mance with a microhardness of 23.0 GPa, a fracture
toughness of 5.28 MPam'?, and a flexural strength of
1,396.58 MPa. WC-Ni composite ceramics are mainly
composed of elongated triangular prism WC particles
and Ni phase. Transgranular fracture was the main
fracture mode of WC-Ni multiphase ceramic materials
with a small amount of intergranular fracture due to the
existence of the Ni phase. Such a fracture mode can
increase the flexural strength of the composite material.
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1 Introduction

Cemented carbides are obtained by the powder metal-
lurgy preparation process, using a hard compound of
refractory metal as the matrix and adding a transition
metal (such as cobalt, nickel, and iron) as a sintering
aid. WC-based cemented carbide is the most widely used
cemented carbide [1-3]. Due to its excellent combination
of high strength, high hardness, and high wear
resistance, it is widely used in cutting tools, mining,
wear parts, drilling, metal cutting, molds, and other
fields [1-8]. In particular, it has excellent wear resistance
and is often used in some areas with high wear
resistance [9,10]. However, WC-based cemented carbides
have low toughness and sinterability [11]. This is
because the WC material has a hexagonal crystal
structure, and carbon atoms exist in the gap of the
tungsten metal lattice to form gap solid solution. The
crystal structure has a strong bonding force between the
WC particles, resulting in high hardness, low toughness,
and low sinterability. Therefore, it is difficult to sinter
densified WC materials by conventional sintering
methods (such as hot press sintering and vacuum
pressureless sintering (VPS)) [12].

To overcome the low sinterability and high brittle-
ness of the WC materials, sintering aid such as Co or Fe
is added into the WC particles to improve the density and
toughness of the WC-cemented carbide [13]. Co is the
most widely used metal binder in WC-based cemented
carbides [14]. Because metal Co has excellent wettability
to WC, it can reduce the sintering temperature of WC
ceramics and can improve the sintering density and
toughness of the material [15,16]. However, the addition
of Co could decrease the hardness, wear resistance, and
oxidation resistance of the WC-cemented carbides.
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Thermal stress, to a large extent, limits the application of
WC-Co-cemented carbides in the industrial field, which
is caused by the different thermal expansion coefficients
of Co and WC substrates [17,18]. In addition, Co has low
reserves and costs high so that it cannot be used in a
wide range [19-21]. Therefore, a growing number
of researchers are striving to find a new binder to
substitute Co. Studies have shown that metal Ni can be
used as a binder in the sintering of cemented carbides to
improve its corrosion resistance and oxidation resis-
tance [19,20].

Results have shown that WC-Ni-cemented carbide
has higher corrosion resistance and oxidation resistance
than WC-Co-cemented carbide [8,22,23]. As a binder of
WC-based cemented carbide materials, Ni can reduce the
sintering difficulty of WC-based cemented carbide
materials effectively and enables to lower the metal
binder content [24,25]. This is because during the
sintering process, Ni can form a liquid phase easily,
which provides better wettability of WC surfaces. With
the generation of the liquid-phase Ni adsorption process,
the surrounding WC particles are also easily aggregated,
thereby accelerating the densification of WC-based
cemented carbides [26]. In addition, under vacuum
sintering conditions, the liquid-phase Ni in WC-Ni
cemented carbide increases as the temperature increases.
An increase in the liquid-phase Ni accelerates the move-
ment of WC particles and, on the other hand, promotes its
homogeneous distribution around WC patrticles, expediting
the densification process. Finally, an almost completely
densified WC—Ni cemented carbide material is obtained [3].
In the actual industrial production, Ni is lower in costs
than Co and the storage amount of Ni is much larger;
hence, it is a better choice to use Ni instead of Co as the
bonding phase of the cemented carbide [27].

However, the commonly used nickel binders for
preparing WC-Ni multiphase ceramics are nickel powder
and nickel oxide powder. After the addition of nickel oxide
powder, the appearance of nickel pool is easy after the
mechanical alloying treatment [28,29]. Therefore, this article
hopes to find a source of Ni that can be dissolved in water or
alcohol solvents and then attempts to use NiCl»6H,0 as the
source of Ni. This is because NiCl,6H,0 has the advantage of
being easily soluble in water; hence, it is not easy to
agglomerate in the ball mill to avoid the nickel pool
phenomenon. Therefore, in this article, NiCl,6H,0 was used
as the sintering aid, and after ball milling with WC powder,
WC-Ni composite ceramics were prepared by cold isostatic
pressing—vacuum pressureless sintering (VPS)-hot isostatic
pressing (HIP) densification technology. The three different Ni
addition amounts (0.25, 0.5, and 1wt%) of WC-Ni composite
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ceramics were vacuum sintered at 1,530 and 1,560°C, then
subjected to HIP. Microstructure properties were character-
ized and analyzed. And the strengthening and toughening
mechanisms of experimental WC-Ni composites were
discussed.

2 Experimental procedure
2.1 Material preparation

In this experiment, ultrafine WC powder (Xiamen Jinlu
Special Alloy Co., Ltd, 0.53pum, containing a small
amount of VC and Cr;C,) and NiCl,6H,0 powder
(Chengdu Kelong Chemical Reagent Factory, Analytical
Grade) were used as raw materials. NiCl,-6H,0 was used
as the Ni source to substitute Co as a metal binder, and
the composition of the design specimens having different
Ni contents is given in Table 1.

Table 1: WC-Ni composite ceramics raw material powder content

Numbering Ingredient WC (wt%) Ni (wt%)
(NiCl,-6H,0)
WCN-1# WC-0.25wt% Ni  99.75 0.25
WCN-2# 99.75 0.25
WCN-3# WC-0.5wt% Ni 99.50 0.50
WCN-4# 99.50 0.50
WCN-5# WC-1wt% Ni 99.00 1.00
WCN-6# 99.00 1.00

The main experimental steps are shown in Figure 1. The raw
material powder was placed in a planetary ball mill (DECO-
PBM-AD-2; Changsha Deco Instrument Equipment Co., Ltd) for
2h to make the mixture uniform. The ball-milled raw material
was then dried in a freeze dryer (FD-1B-50; Beijing Bo Medical
Laboratory Instrument Co., Ltd) for 24h to obtain a dried
mixed powder. The mixed powder was pressed into a
cylindrical piece with a diameter of 30 mm, and a total of six
specimens were designated as WCN-1#, WCN-2#, WCN-3#,
WCN-44#, WCN-5#, and WCN-6#. The press-formed sheet
specimen was placed in a plastic wrap to vacuum and then
placed in a cold isostatic pressing tester (LDJ600-200-300;
Chuanxi Machinery Factory) for 10 min at the pressure of
200 MPa. The cold isostatically pressed specimen was sintered
in a vacuum hot press sintering furnace (VIP-1; Shenyang
Weitai technology) according to the process given in Table 2.
After that, the specimens were placed in an HIP furace (QIH-
15, ABB, USA) and sintered without encapsulation in an Ar gas



DE GRUYTER

NiCl, 6H,0 powder Mix distilled water

. o

WC powder

Sintered sample

Hot isostatic pressing

Figure 1: Flow chart of the experimental specimen preparation.

medium; the temperature, pressure, and time were set
according to the data given in Table 2.

2.2 Material characterization

The densities of WC-Ni composite ceramic materials were
measured by the Archimedes method, and the phase
composition of the composites was analyzed using X-ray
diffraction (XRD; Philips PM1700). The hardness tester (HV-
50 Vickers) was used to test its Vickers hardness, the load
was 10kg, and the dwell time was 15s; each specimen is
measured 5 points to average. The indentation method was
used to measure the fracture toughness of the composite,
and the flexural strength of the composite was characterized
by the three-point bending test (WDW-3100 Microcomputer
Controlled Electronic Universal Material Testing Machine).

Table 2: WC-Ni composite ceramics sintering process
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Ball grinding Freeze drying

apdnosounsay,

apdnosoussoy,

1

Vacuum Pump

Vacuum sintering Cold isostatic pressing

The microstructure, fracture morphology, and interface
bonding of the composites were observed by scanning
electron microscopy (SEM; FEI Inspect F50) and transmis-
sion electron microscopy (TEM; FEI Titan G2 60-300). The
compositions and elemental distributions of the composites
were analyzed using an energy dispersive X-ray spectro-
metry (EDS; FEI Inspect F50).

3 Experimental results

3.1 Composition and microstructure of
mixed powders

Figure 2(a) shows the XRD pattern of the WC powder
before ball milling and the XRD pattern of the mixed

Numbering Ingredient Sintering process HIP

WCN-1# WC-0.25 wt% Ni VPS 1,530°C x 1.5 h 1,600°C x 80 MPa x 1h
WCN-2# VPS 1,560°C x 1.5 h 1,600°C x 80 MPa x 1h
WCN-3# WC-0.5wt% Ni VPS 1,530°C x 1.5 h 1,600°C x 80 MPa x 1h
WCN-4# VPS 1,560°C x 1.5 h 1,600°C x 80 MPa x 1h
WCN-5# WC-1wt% Ni VPS 1,530°C x 1.5 h 1,600°C x 80 MPa x 1h
WCN-6# VPS 1,560°C x 1.5 h 1,600°C x 80 MPa x 1h
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Figure 2: (a) XRD patterns of the WC—1wt% Ni composite powders ball milled at different times, (b) SEM images of the WC power, (c) SEM
images of the WC-1wt% Ni powder, and (d) EDS images of WC-1wt% Ni powder.

powder after adding NiCl,-6H,0 and ball milling with WC
powder for 24 h. It is found that after 24 h of ball milling,
the diffraction peak of WC weakened and cracked,
indicating a decrease in the crystal size [30-32]. No
diffraction peak of Ni was detected because of its low
content. Figure 2(b) and (c) shows the SEM images of the
WC powder and the WC-1wt% Ni powder, respectively,
and the particles show a polyhedral shape. The average
particle size of the WC powder is 0.53 pm, which was
obtained by the line intercept method, and the average
particle size of WC-1wt% Ni powder is 0.39 pm. It can be
seen that the particle size of the powder after ball milling
is reduced. The ball mill makes the powder more
uniform, which laid a good foundation for postsintering
densification.

3.2 Phase composition and microstructure
of WC-Ni composite ceramics

Figure 3 shows the XRD patterns of six specimens at
different compositions after different sintering processes.
According to the XRD pattern analysis, it can be
observed that the main diffraction peaks belong to the
WC phase, whereas all specimens sintered by vacuum

contain a small amount of W,C. In Figure 3, the Ni
content in each of the two groups increased from top to
bottom sequentially. Conversely, the intensity of the
diffraction peak of the carbon-deficient phase W,C
gradually decreased and almost disappeared. The
occurrence of W,C was due to its great relationship
with the sintering temperature and holding time; the
carbon-deficient phase WC,_, is easier to generate at
high temperatures and long holding time. In addition, as
a small amount of oxide layer or oxygen was adsorbed
on the surface of the raw powders, it would react with
graphite at high temperatures and long holding time to
make the stoichiometric ratio of W to C greater than 1;
thus, W,C phase was formed during the sintering
process. In Figure 3(e) and (f), when the Ni content is
1wt%, only the WC phase diffraction peak is present in
the specimen and the carbon-deficient phase W,C
substantially disappears. In this work, since the WC-Ni
multiphase ceramics were studied with less binder
phase, the Ni content in the specimen material is at a
quite low level; hence, no Ni phase diffraction peaks
were found [28]. It can be seen from the spectrum that
the W,C content of the carbon-deficient phase decreases
with an increase in the Ni content, and the W,C
diffraction peak intensity of the carbon-deficient phase
in the specimen sintered at 1,560°C is lower than that of
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Figure 3: X-ray diffraction pattern of the WC—Ni composite ceramic
specimen: (a) WCN-1#, (b) WCN-2#, (c) WCN-3#, (d) WCN-4#,
(e) WCN-5#, and (f) WCN-6#.

the specimen with the same Ni content. It indicates that
the more carbon-deficient the phases, the lower the
density of the material [33].

According to the analysis of the raw material
powder, the carbon content in the raw material powder
satisfies the stoichiometric ratio but contains 0.29 wt% of
oxygen. The presence of W,C may be due to the
reduction of oxides on the surface of the powder during
sintering, thereby consuming C in the powder, making it
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impossible to maintain the stoichiometric ratio required
to form WC [34]. Besides, the raw material powder was
exposed to vacuum and reducing atmosphere in the
graphite mold. At a high temperature, the surface oxide
may also be reduced by C in the mold or the generated
CO to form W powder, so that the atomic ratio of W to C
is greater than 1, thereby forming W,C. In addition, when
referring to the W-C binary phase diagram [35], the
phase behavior of the (W,C + WC) state is exhibited at a
sintering temperature higher than 1,250°C. During the
sintering process, a—W has a relatively low activation
energy (Q, = 247 kJ/mol) and tends to form a W,C phase
by C diffusion reaction with 2W + C — W,C. Second, the
formation of W,C may be achieved by rapid cooling of
the WC, which is formed by temperature-driven, non-
equilibrium transitions for kinetically advantageous
products such as W,C and WC,_, [36,37]. This also
explains the presence of W,C in the specimen. The W,C
(content less than 3.5wt%) in WC ceramics has little
effect on hardness and fracture toughness, but when the
content of W,C increases to a certain extent, its hardness
and fracture toughness decrease significantly with an
increase in the W,C content [33].

Figure 4 presents the backscattered topography and
EDS elemental surface distribution of the specimenWCN-
6#. The gray matrix in Figure 4(a) corresponds to WC,
and the Ni element distribution is very uniform (Figure
4(c)—(e)), and no agglomerate of Ni is present [28].

Figure 4: WCN-64# backscatter topography and surface scanning map, (a) backscatter topography, (b) surface scanning map, (c) Element W,

(d) Element C, (e) Element Ni, and (f) EDS results.
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During high-temperature sintering, the Ni phase adhe-
sive becomes a liquid phase to make the densification
easier, and the void defects that generate after high-
temperature sintering can sufficiently grind the powder
particles during mixing, reducing aggregation and
making the specimen more compact after sintering.
Since Ni belongs to the FCC crystal system and has good
plasticity, it is easy to deform plastically during the wet
grinding process to form a sheet-like Ni powder mass.
Therefore, it is necessary to avoid the aggregation effect
of the powder during wet grinding, so that the
phenomenon of “nickel pool” can be eliminated.
Increasing the sintering temperature or prolonging the
holding time and HIP can reduce the porosity and
improve the overall performance of the cemented
carbide [3,26].

Figure 5 shows a transmission electron microscopic
analysis of the specimen WCN-44#. It can be seen from
Figure 5(a) that the WC grain morphology is mainly lath

Dislocation
column
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and triangular, which is because the WC monomorphism
tends to be in triangular prism shape, so the crystal
grains appear as triangles and slats [38]. The intrinsic
factor that determines the grain morphology is deter-
mined by the point group. It can be seen that the space
group of WC is P6m2, and the space group knows that
the point group of WC is 6m2, and the lattice constant a
in a WC unit cell is greater than ¢ [39]. Based on the
relation among the point group, the initial surface, and
the simple shape, when the initial surface is (1010), the
simple shape of the WC is a triangular prism, the shape
of the predicted WC grain is a strip shape, and the initial
surface is (0001). When the WC has a simple shape on
both sides, the predicted WC grain shape is a triangle.
The crystallographic plane reflects the anisotropy of the
crystal, which is caused by the different surface energies
of the crystal faces. The WC grains are lath-like because
the surface energies of (0110) and (1000) are different
[28,40,41]. Figure 5(b) shows the electron diffraction

Figure 5: WC grain morphology and corresponding electron diffraction pattern of WCN-4# specimen and crystal defects of specimen:
(a) WC grain morphology, (b) electron diffraction pattern of WC grain, (c) dislocation column, and (d) twins.
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pattern of the WC grain in specimen WCN-4#, inferring
that the grain only contains WC and its crystal axis
direction is [010]. Figure 5(c) and (d) shows the crystal
defects in specimen WCN-4#. A large number of crystal
defects such as dislocation arrays and twins can be
observed in the WC crystal grains. In Figure 5(c), the
parallel distribution of dislocations can be seen. The
observed twin morphology is shown in Figure 5(d). It can
be seen from the figure that the twins are almost parallel
and the interface is straight grid interface. The informa-
tion of dislocation column may be due to high
temperature and high pressure, the crystal grains are
plastically deformed, the dislocations are proliferated,
and these dislocations slide down in the force. When the
obstacles are encountered, they are plugged in front of
the obstacles. Delivery may occur when the wrong
encounter occurs. When the dislocation moves to the
grain boundary, the motion of the dislocation is blocked,
and it will be concatenated near the grain boundary,
thereby forming a dislocation column [28]. Due to the

WC-Ni multiphase ceramic materials with NiCl,-6H,0 as a binder
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existence of dislocation columns, the dislocations of WC
grains are difficult to slip at room temperature, stress
concentration is easily formed in the crystal grains, and
the stress concentration caused by each crystal grain is
different, so the crystal defects are distributed uniformly.
It may be one of the reasons why the dispersion of the
flexural strength is large.

Figure 6 shows a transmission electron microscopic
analysis of WC, Ni, WC, and CrsC, performed on the
specimen WCN-4#. It can be seen from Figure 6(a) that
the nickel phase is mainly distributed at three points in
the boundary, the volume is relatively small, and the
distribution is uniform, and no agglomeration occurs.
Figure 6(a) shows that the nickel phase diffuses in this
region, which is consistent with the characteristics of
liquid phase sintering. At high temperatures, the nickel
phase becomes liquid and rapidly permeates into the
pores between the WC particles. The nickel phase has
good wettability and will cover the WC particles well;
hence, the nickel phase can be well distributed at the

Figure 6: (a) TEM results of the topography, (b) TEM results between WC and Ni, and (c and d) TEM results between WC and CrsC,.
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grain boundaries [28,42]. Figure 6(b) shows an interface
diagram of WC and Ni. It can be seen that WC and Ni are
well combined, and the interplanar spacing of Ni phase
and WC is 0.1956 nm and 0.2535 nm, respectively. TEM
(Figure 6(c)) and EDS (Figure 6(d)) were used to observe
and analyze the distribution of grain growth inhibitors
VC and CrsC,. Figure 6(c) shows the typical microscopic
morphology and corresponding energy spectrum at the
triple grain boundary. It could be observed that the grain
boundary at this point is a flat grain boundary where V
and Cr are detected. Analysis shows that there are grain
growth inhibitors VC and CrsC,. Figure 6(d) shows a
high-resolution diagram of WC and CrsC,. The inter-
planar spacing of WC and Cr3C, is 0.2313 and 0.4845 nm,
respectively, and it is found that CrsC, is diffused, which
better limits the growth of WC grains. It is found that the
flat grain boundary is a rough interface on the atomic
scale, and the facet grain boundary is a smooth interface
on the atomic scale. When the grain boundary is
straight, the grain grows normally. However, when the
grain boundary is a facet, it will cause grain growth
abnormally [12,43]. Therefore, when the grain inhibitors
VC and Cr3C, are added, VC and CrsC, will hinder the
growth of grains under high temperature and long-term
sintering conditions; hence, fine microstructures can still
be obtained. Therefore, the density and fracture tough-
ness of WC-Ni composite ceramics can be improved
[42,44]. In addition, VC and CrsC, at the grain
boundaries can reduce the surface energy of WC
particles and reduce the driving force for the grain
growth [45].

3.3 Performance analysis of WC-Ni
composite ceramics

3.3.1 Density

When compared with the conventional method, the
preparation method in this paper uses NiCl,-6H,0 as
the nickel source. This is because NiCl,-6H,O has the
advantage of being easily soluble in water; hence, it is
not easy to agglomerate in the ball mill to avoid the
nickel pool phenomenon. The appearance of the nickel
pool will greatly reduce the density and mechanical
properties of WC-Ni composite ceramics. Therefore,
avoiding the appearance of the nickel pool is of great
significance to the density and mechanical properties of
WC-Ni composite ceramics. As shown in Figure 7, the
densities of the WC-Ni composite ceramic materials of
different compositions and different sintering processes
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Figure 7: WC-Ni composite ceramics density.

generally show a tendency to increase with an increase
in the Ni content. It can be seen that the adhesive Ni
exhibits a good promotion effect on the sintering
densification of the WC-Ni composite ceramic material.
That is because Ni can be easily melted into a liquid
phase at a high temperature and penetrates the pores
between the WC particles so that the WC particles can be
well infiltrated and the WC particles are more closely
arranged under the action of surface tension and
capillary effect at this time to increase the density of
the specimen [26]. At the same time, as the sintering
temperature increases, both the fluidity of liquid Ni and
the driving force of sintering increase, which accelerates
the densification of ceramic materials and increases the
density of ceramic materials. From the results of the
specimen densification of WC-Ni composite ceramics
with 0.25, 0.5, and 1wt% Ni metal binder phases after
VPS at 1,530 and 1,560°C and then HIP, the analysis
shows that WCN-44#, the ceramic material of WC-0.5 wt
% Ni sintered at 1,560°C, has the best densification
degree, reaching 100.13%, indicating that the material is
completely dense. The relative density is greater than
100% because of the reaction occurring during the
sintering process, which provides a phase different from
that of the original material; hence, the density
theoretically obtained by the mixing rule is not the
best reference for the relative density or is obtained from
the density value porosity data [46]. WC-0.25wt% Ni
and WC-1wt% Ni specimens have a density lower than
WC-0.5wt% Ni specimen. Comparing the densities of
ceramic specimens at different sintering temperatures of
the same composition, it can be found that the WC-Ni
composite ceramic specimens sintered at 1,560°C are
denser than that of the vacuum sintered WC-Ni ceramic
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specimens at 1,530°C. On the whole, the densities of
0.25, 0.5, and 1wt% of the composite materials of Ni
content are more than 97%, and the degree of densifica-
tion is greatly improved when compared with pure WC
ceramics. The main reason is that the VPS process makes
the material dense, then the HIP treatment can make the
material completely dense, and the density is increased
to achieve secondary densification. The density of the
specimen WCN-5# in the data was significantly reduced,
probably due to an increase in the Ni content, which led
to a longer period of liquid phase sintering, resulting in a
decrease in the density. At the same time, Lisovsky [47]
found that the flow driving force of the binder liquid
phase between the WC particles is inversely proportional
to the WC particle size. Therefore, the rearrangement of
the WC particles in the liquid phase could be accelerated
as the sintering temperature and the binder increase,
and at the same time, the growth of the WC particles
could also be promoted. Therefore, the flow driving force
of the binder liquid phase between the WC particles is
reduced, resulting in a decrease in the driving force
of the binder liquid phase filling hole and a decrease in
the density.

3.3.2 Hardness and fracture toughness

Table 3 presents the mechanical property results of
WC-Ni composite ceramic materials with different
binder contents (0.25, 0.5, and 1wt%). It can be seen
from Figure 7 that Ni has a significant influence on WC
sintering to achieve high density. When the Ni content is
0.25 wt%, the hardness, fracture toughness, and flexural
strength of specimen WCN-2# are 23.90 GPa, 4.10 MPa
mY?, and 935.87 MPa, respectively. As the Ni content
increased to 1 wt.%, the hardness, fracture toughness,
and flexural strength of specimen WCN-6# are
23.00 GPa, 4.30 MPamY?, and 1514.77 MPa, respectively.
This shows that an increase in the Ni content greatly
improves the flexural strength of WC-Ni composite

Table 3: Performance of WC-Ni composite ceramics
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ceramics [28]. At the same time, WC-Ni composite
ceramic materials have a high hardness of more than
21.0 GPa, which is significantly higher than the WC-15 wt
% Co composite (less than 17 GPa) prepared by Shih-
Hsien Chang [48] and is close to fully dense
(approximately 24 GPa) pure WC prepared by other
researchers [18,49]. When the sintering temperature is
1,560°C, the hardness of the WC—Ni composite ceramics
specimen decreases with an increase in the Ni content,
which is due to the increase in the Ni content, which
leads to a longer period of liquid phase sintering,
resulting in a decrease in the density. At the same
time, the flow driving force of the binder liquid phase
between the WC particles is inversely proportional to the
WC particle size. Therefore, with an increase in the
sintering temperature and the binder, the rearrangement
of WC particles in the liquid phase is accelerated, and
the growth of WC particles is promoted. Due to the
growth of WC particles, this hinders the flow of the
binder liquid phase and reduces the driving force for
the binder liquid phase to fill the pores, resulting in the
presence of pores between the WC particles, which can
reduce the density and hardness [47].

In this work, the fracture toughness test of the
indentation method [50] was used. The Kic calculation
formula is calculated by the indentation method:

K¢ = 0.075P'C73/2, o

where Kic is the fracture toughness (kgf m>/?), P is the
load size (kgf), and C is the diagonal length of
indentation crack (mm), as 1kgfm>? = 0.31MPam'?,
hence it can be converted to

Kic = 0.02325 P-C3/2, )

where K¢ is the fracture toughness (MPa ml/z), P is the
load size (kgf), and C is the diagonal length (mm) of
indentation crack.

Figure 8 compares the hardness and fracture
toughness of each group of the WC-Ni composites.
Observing and analyzing the fracture toughness data

Numbering Ingredient (wt%) Hardness (GPa) Fracture toughness K;c (MPa mY/?) Bend-resistant strength (MPa)
WCN-1# WC-0.25 wt% Ni 22.50(+0.22) 5.76(+0.37) 1168.29(+246.28)

WCN-2# 23.90(+0.22) 4.10(+0.21) 935.87(+272.03)

WCN-3# WC-0.5wt% Ni 21.83(+0.05) 4.14(+0.22) 1225.06(+139.24)

WCN-4# 23.00(+0.22) 5.28(+0.25) 1396.58(+50.17)

WCN-5# WC-1wt% Ni 23.73(+0.12) 4.38(+0.28) 1181.17(+105.51)

WCN-6# 23.00(+0.12) 4.30(+0.09) 1514.77(+259.6)
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and the graph, it is known that the fracture toughness of
WC-Ni composite ceramics specimens decreases first and
then increases with an increase in Ni content at a sintering
temperature of 1,530°C, but in the WC-Ni complex phase at
a sintering temperature of 1,560°C, the fracture toughness of
ceramic specimens increases first and then decreases with
an increase in the Ni content; hence, the Ni content and
sintering temperature will affect the fracture toughness at
the same time. Moreover, the W,C existing in WC ceramics
has an effect on the hardness and fracture toughness. It is
found that the hardness and fracture toughness of WC
ceramics decrease with an increase in the W,C content [33].
According to the XRD phase analysis, it can be known that
an increase in the Ni content makes the content of carbon-
deficient phase W,C gradually decrease or even disappeatr.
The decrease of carbon-deficient phase W,C is beneficial to
improve the density and performance of the material; hence,
the fracture toughness of the material gradually increases.
When the Ni content increases from 0.25 to 0.5wt%, the
fracture toughness increases [33]. When the content of Ni in
the metal binder phase is 0.25 wt% sintering at 1,560°C, the
WC-Ni composite has the highest hardness of 23.9 GPa and
fracture toughness of 4.10 MPa m"2 The fracture toughness
of the WC-Ni composite prepared by sintering at 1,530°C is
as high as 5.76 MPa m" 2 and the hardness of the material is
also high (22.5 GPa).

3.3.3 Flexural strength

Figure 9 shows the flexural strength of each group of the
WC-Ni composites. The flexural strength of the specimen
generally increases with an increase in the Ni content. Since
the uniformity and continuity of the microstructure of the
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Figure 8: Hardness and fracture toughness of each specimen of
WC-Ni composite ceramics.
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Figure 9: Flexural strength of each specimen of WC-Ni composite
ceramics.

material will affect the flexural strength of the material, the
addition of an appropriate amount of Ni makes the WC grain
size more uniform, so that the flexural strength of the WC-Ni
composite ceramics is improved while it is easy to cause
aggregation due to the excess Ni. Specimen WCN-2# has the
lowest flexural strength value of 935.87 + 272.03 MPa even
though the sintered WC—-Ni composite ceramic at 1,560°C has
a lower density. In contrast, specimen WCN-6# with the
WC-Ni composite ceramics sintered at 1,560°C has a flexural
strength of 1514.77 + 259.6 MPa, which is due to better liquid
phase sintering results [14]. As can be seen from Figure 7,
when the sintering temperature is from 1,530 to 1,560°C, the
relative density of the WC-Ni multiphase ceramics exceeds
99%. In general, the internal pores of the material are prone
to stress concentration. However, the WC-Ni composite
ceramics sintered at 1,530 and 1,560°C achieve almost
complete densification, which effectively reduces the strain
point along with the fracture mechanism and increases the
resistance bend strength value. At the same time, the
improvement of the Ni phase contributes to the densification
of the samples, and sintering at high temperatures generates
a large amount of liquid phase filling the pores [51,52], which
also greatly improves the flexural strength of the WC-Ni
composite ceramics.

4 Discussion

4.1 Densification mechanism

For WC-based cemented carbides, WC grain growth is
divided into two stages during the sintering densification
process. The first is a solid phase sintering stage in
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which small WC particles are grown by surface diffusion
to contact with each other. The second is a liquid phase
sintering stage in which small WC particles are pre-
melted due to the presence of a binder-rich liquid phase
and then precipitated on the surface of the coarse WC
particles by migration, resulting in WC particle size
growth. When the binder is added to the alloy, the
contact area between the WC particles is reduced,
thereby suppressing the interdiffusion of WC, resulting
in limited growth of the WC particles. Furthermore, W
dissolves in the binder phase during sintering, thereby
suppressing W precipitation and WC grain growth.
Consequently, the WC grains in the alloy become more
uniform and finer.

Figure 10 shows a broken point sweep diagram of
specimen WCN-6#. The binderless WC is difficult to
reach a fully dense state due to the lack of a metal binder
phase. In the present study, WC-Ni composite ceramics
were obtained by vacuum pressureless sintering (VPS)
followed by HIP sintering. Ni is added as a binder phase
because its liquid exhibits good fluidity and wettability
at high temperatures. As can be seen from Figure 10(a)
and (b), the binder phase Ni distributed at the triple
point of the grain boundary shows the characteristics of
liquid phase sintering. The Ni phase melts into a liquid
phase at a high temperature and penetrates the pores
between the WC particles. It also penetrates the WC
particles and is more closely aligned under the influence
of the surface tension and capillary action of the WC
particles, thereby promoting the densification of the
sintering process [26]. The fluidity of liquid Ni increases
with an increase in the temperature, and the driving
force also increases, which accelerates the movement
process of WC particles and thus increases the density of
materials [3]. Moreover, the closed cells remaining after
the VPS sintering can be eliminated by HIP, and a
completely dense WC—Ni composite material is obtained.

WC-Ni multiphase ceramic materials with NiCl,-6H,0 as a binder

— 553

Simultaneous addition of grain growth inhibitors main-
tains the uniformity and fineness of the grains and also
increases the density of the material.

4.2 Strengthening and toughening
mechanisms

Figure 11 shows the line-cut method to calculate that the
grain sizes of specimen WCN-5# and specimen WCN-6#
are 0.64 and 0.74 um, respectively, so that the specimens
can be seen after VPS and HIP, and the grain size of WC
did not grow significantly. During liquid phase sintering,
small WC particles are premelted due to the presence of
a binder-rich liquid phase between the WC particles and
then precipitated on the surface of the coarse WC
particles by migration, resulting in WC particle size
growth. However, when the binder particles are added to
the alloy, the contact area between the WC particles is
reduced, thereby suppressing the interdiffusion of WC,
resulting in limited growth of the WC particles. In
addition, a small amount of grain inhibitors (VC and
Cr3C,) are contained in the WC powder. It is found that
the addition of VC and CrsC, grain inhibitors can
effectively inhibit the growth of WC particles, reduce
the size of WC particles, and control the abnormal
growth of grains [53,54]. Results have shown that
when too little VC and Cr3C; are added or do not contain
inhibitors, there are cases where the grains grow
rapidly and grow abnormally. As the content of grain
inhibitors increases, the grain size gradually decreases.
The abnormal growth of the grain almost disap-
peared [12,45].

Figure 12 shows the fracture SEM results of speci-
mens WCN-1#, WCN-2#, WCN-3#, WCN-4#, WCN-5#, and
WCN-6#. A small number of small pores were observed
on the fracture surface. The fracture modes of specimens

Figure 10: WCN-6# specimen fracture scanning and EDS results, (a) specimen fracture scanning, and (b) EDS results.
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Figure 12: Fracture scanning: (a) WCN-14#, (b) WCN-2#, (c) WCN-3#, (d) WCN-4#, (e) WCN-5#, and (f) WCN-6#.

WCN-1# and WCN-2# were mainly the crystal fracture,
while the specimens WCN-3-6# were mainly transgra-
nular fracture. It was observed that the inner crystal
grains of the material were planar, and there were few

and very small wrapped inner holes. The reason is
mainly because in the vacuum high-temperature sin-
tering process, the degree of densification is mainly
improved by the continuous migration of grain



DE GRUYTER

boundaries and pores, and the contact between the
powders is not tight due to uneven grinding and mixing
between the raw material powders and diffusion driving
during sintering. When the force is insufficient, the grain
boundary migration speed is greater than the velocity of
the pore migration, and the pores are generated. If the
pores are to be eliminated, the pores are mainly diffused
to the grain boundary by vacancies. Figure 12 shows that
as the Ni content increases, the grain size of the WC-Ni
composite ceramics gradually decreases. The reason may
be the effect of VPS—HIP process technology after adding
a small amount of binder. And at high temperatures, the
powder can be fully contacted during a longtime
sintering process and will generate sufficient diffusion
driving force, thereby reducing the porosity. The reduc-
tion, and at the same time, the grain growth inhibitor
component, hinders the abnormal growth of the WC
particles, making the structure more uniform and dense,
thereby improving the flexural strength of the compo-
sites. At the same time, the composites contain mainly
the elongated triangular prism WC particles and Ni
phase. The existence of nickel makes the fracture of the
WC-Ni composite mostly of transgranular type with a
small fraction of intergranular fracture mode, which can
improve the flexural strength.

Figure 13 shows the fracture toughness indentation
of the specimen WCN-6#. The brittle fracture occurs at
the edge of the indentation and a slight deflection occurs
at the crack. When the crack is deflected, the path
increases and the crack propagation decreases. In this
way, more energy increases the toughness of the
composites. Comparing Figure 8 to analyze the effect of
Ni content on the microstructure and mechanical
properties of WC-Ni composite ceramics materials.
Determine that the fracture mechanism is controlled by
the Ni phase. When the WC-Ni composite ceramics is
under pressure, the presence of the Ni phase will cause
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some micro-cracks in the WC-Ni composite ceramics,
which in turn causes crack deflection, bridging and
branch deflection, thereby improving the WC-Ni com-
posite ceramics fracture toughness. At the same time,
fracture toughness is also related to internal defects and
grain size. It can be seen from the fracture observation of
Figure 12 that the specimen WCN-1# has very low
internal porosity and has high fracture toughness.
According to the data analysis, the fracture toughness
of the specimen WCN-1# was 5.76 MPa m"/2,

5 Conclusions

In this work, the microstructure and properties of WC-Ni

composite ceramics with WC-0.25 wt% Ni, WC-0.5 wt%

Ni, and WC-1wt% Ni were studied. The following results

were obtained:

1. The addition of NiCl,-6H,0 greatly reduces the
difficulty of sintering WC-Ni composite ceramics.
0.5wt% Ni was added to the WC matrix, and VPS at
1,560°C, followed by HIP at 1,600°C x 80 MPa x 1h to
obtain a fully dense WC-Ni composite ceramic.

2. TEM results show that the WC grains are lath or
triangular, and there are dislocations, twins, and
other dislocations in the interior. The distribution of
the Ni phase in the composite is uniform. The grain
growth inhibitors VC and Cr3;C, are mainly located at
the crystal angle (edge) and facet interface of WC,
which hinders the migration of grain boundaries,
limits the growth of WC grains, and inhibits the
abnormal growth of WC grains.

3. As the nickel content increases, the density gradually
increases. When the nickel content increases to 1% of
the mass fraction, the density decreases, because the
liquid phase sintering is too long, resulting in a

') b

Crack deflection I

Crack bridging

1pm

> E—

Figure 13: WCN-6# specimen: (a) fracture toughness indentation map and (b) partial enlarged view.
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decrease in density. Specimen WCN-4# multiphase
ceramics have a hardness of up to 23.0 GPa, a fracture
toughness of 5.28 MPam'?, and a flexural strength of
1396.58 MPa, and the WC grains remain fine and do
not grow significantly.

. The toughening mechanism of Ni to WC-Ni composite

ceramics is due to microcracks, crack deflection,
crack bridging, and crack bifurcation, which absorbs
the energy of crack propagation, thereby increasing
the surface area of crack propagation and increasing
the fracture toughness of the composite.
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