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Abstract

Sintering temperature is the key factor affecting the structure and performance of tungsten carbide (WC) ce-
ramics. Thus, the effect of sintering temperature on the microstructure and mechanical properties of WC-Ni-Co
coarse grain ceramics, obtained from the mixture containing: 60 wt.% of ultra-coarse WC, 30 wt.% of fine WC,
7wt.% of Co and 3wt.% of Ni powders, was analysed. The mechanical properties of WC ceramics did not
change much when the sintering temperature was varied between 1410 and 1430 °C and the comprehensive
performances of the ceramics were the best in this temperature range. In order to confirm that the coarse grain
WC-Ni-Co ceramics can be applicable for harsh environments, it was compared with the standard WC-Co
ceramics of the same grain size, and the reasons and mechanisms for the differences in microstructure and
properties between the two ceramics were tested and analysed. The study shows that the average grain size
of two ceramics does not differ much, and there are no decarburisation, graphite-phase and other impurity
phases inside the ceramics. In addition, the difference in the mechanical properties is also small. However, the
addition of Ni effectively improves the corrosion resistance of the WC-Co ceramics. Therefore, WC-Ni-Co can
replace WC-Co ceramics as shield cutting tool material with the same grain size.
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I. Introduction found that tungsten carbide (WC) with the addition of
some metals has a certain toughness and resistance to
tensile stress [6,7]. With the subsequent development of
the metallurgical industry, WC ceramic products have
been widely covered in metal cutting field, tunnelling,
mining tools, oil drilling and construction and other in-
dustries [1,8]. In the past two decades, with the increase
in the application of ceramics and the construction in the
more demanding environment, the cemented carbides
also put forward more and more high performance re-
quirements.

Nowadays, most of the shield tool materials use ce-
ramics with Co bonded to metal, which will lead to
a large consumption of Co resources [9]. The world’s
cobalt resource reserves are low, and Co should be used
sparingly as a strategic material. Thus, replacement of

Cemented carbide is a composite material consist-
ing of tungsten carbide, the hard phase and cobalt,
the binder phase metal [1]. It possesses high hardness,
strength, toughness, wear resistance and corrosion re-
sistance [2,3] and because of that often used for fab-
rication of metal cutting tools and wear-resistant parts
[4,5]. Pure tungsten carbide was first synthesized in
1897 by Henri Moissan from W/C mixture by high-
temperature sintering and it had high hardness [2,6].
However, its brittle and low toughness characteristics
limited the wide range of application until Karl Schréter
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Co has to be found and Ni can be used as the bond-
ing metal to a certain extent. Research shows that the
hardness and strength of Ni itself is lower than that of
Co, and the solubility of Ni in tungsten carbide (WC)
is higher than that of Co under high-temperature sin-
tering [10]. The addition of Ni is prone to coarsening
of grains, which leads to a significant reduction in the
wear resistance of the cemented carbide. Therefore, it is
of great research significance to study the inhibition of
WC grain coarsening and improve the wear resistance
of WC-Ni-Co ceramics.

Powder sintering is mainly a high temperature treat-
ment process in which the powder compacts are heated
to undergo mutual flow, melting and recrystallization re-
actions to achieve densification to improve strength and
other properties [11]. Vacuum sintering [12] and low
pressure sintering [13] are currently the most widely
used methods for producing metal ceramics. Vacuum
sintering can improve the wettability of Co binder on
WC hard particles, accelerate the volatilisation of or-
ganics and oxides and the contraction process of the
sintered body, and effectively improve the strength of
ceramics. However, the liquid phase of vacuum sintered
metal ceramics flows slowly, tiny pores still exist inside
the ceramics, which cannot ensure the complete elimi-
nation of gases, and the lower densification leads to the
reduced performance of the ceramics. The process of
vacuum sintering after extracting the air, filling a certain
amount of inert gas into the furnace and applying pres-
sure to the powder compacts is known as low-pressure
sintering [12,13]. Low-pressure sintering can promote
the mobility of the liquid phase by applying pressure,
fill the pores inside the ceramics to increase densifica-
tion, and effectively improve the mechanical properties
of ceramics.

During liquid-phase sintering, solid-phase particles
are dissolved in the liquid phase and their average grain
size grows through Ostwald ripening, a phenomenon in
which large particles grow and small particles disap-
pear. This phenomenon has been analysed theoretically
by Lifshitz, Slyozov and Wagner and is known as the
LSW theory [14,15]. The theory proposes two mecha-
nisms of grain growth, diffusion-controlled and interfa-
cial reaction-controlled in the kinetics of grain coars-
ening.

Sintering temperature is the key factor affecting the
performance of ceramics and WC grain size during the
sintering process [11,16] and is influenced by adding of

Co as the binder phase. Nickel can also be added to
improve the corrosion resistance, but in the same time
it might reduce hardness, wear resistance and strength
compared to WC-Co alloys [17,18].

II. Experimental

2.1. Sample preparation

Two WC powders with different particle sizes (one
with ultra-coarse and another with fine WC particles)
and Ni and Co powders, added as binder metals, were
purchased from Jinan Metallurgical Scientific Research
Co used for sample preparation. The mass fractions of
the powders were the following: 60 wt.% of the powder
with ultra-coarse WC particles, 30 wt.% of the powder
with fine WC particles, 7 wt.% of Co powder and 3 wt.%
of Ni powder.

The total amount of 500g of the ingredients was
poured into the ball mill jar together with 23% ethanol
used as the dispersing medium. Wet grinding was car-
ried out in the GQM-4-5 drum ball mill for 16h at a
speed of 60rpm and the obtained wet milled mixture
was dried in a vacuum drying oven. After that 2% paraf-
fin wax, dissolved in gasoline, was added into the mixed
powder, which was then again dried and sieved through
a copper mesh (40-mesh and 80-mesh). Finally, the ob-
tained ceramic powder mixture was pressed by a 30 T
uniaxial hydraulic press at 15 kN pressure. The pressed
samples were sintered in a German PVA low pressure
sintering furnace at temperatures of 1390, 1410, 1430
and 1450 °C and argon pressure of 5 MPa. The sintered
samples were labelled as A1, A2, A3 and A4, respec-
tively (Table 1).

For comparison, two more control specimens were
prepared by using only the ultra-coarse WC powder:
1) WC-Ni-Co with 7wt.% Co and 3 wt.% of Ni and ii)
WC-Co with 10 wt.% Co. These sintered samples were
labelled as D1 and D2, respectively (Table 1).

2.2. Sample characterization

The metallographic test specimens were prepared ac-
cording to the Chinese national standard (GB/T3488.1-
2014). The specimens were roughly ground by sand-
paper, polished to roughness <lum and then cor-
roded using metallographic corrosion solution (NaOH
: K4[Fe(CN)g] = 1 : 1) for 80-90s. After that the spec-
imens were cleaned with water and anhydrous ethanol
and their surfaces were dried by a hair dryer. The sur-

Table 1. Composition and sintering condition of prepared samples

Sample Ultra-coarse grain WC  Fine grain WC Co Ni Sintering temperature

[wt. %] [wt. %] [Wt.%] [wt.%] [°C]
Al 60 30 7 3 1390
A2 60 30 7 3 1410
A3 60 30 7 3 1430
A4 60 30 7 3 1450
D1 90 7 3 1430
D2 90 10 1430
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face of the cemented carbide was finally observed by the
Leica DMI3000M metallographic microscope. In addi-
tion, the polished, fractured, wear-treated and corroded
specimen surfaces were analysed by scanning electron
microscope (SEM, PHENOM PW-100-018). Elemental
composition was determined by using an energy spec-
trometer (EDS).

Hardness of the sintered sample was measured by
Rockwell Hardness Tester (WH2002T) and Multifunc-
tional Automatic Turret Digital Vickers Hardness Tester
(MHVD-50AP). Bending strength and fracture tough-
ness of the sintered specimens were measured by
electronic universal testing machine (Jinan Kanghua
PWS-100/V3.0) and Microcomputer-controlled elec-
tronic universal testing machine (Jinan Test King

WDW-100L).
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Figure 1. Experimental principle of the steel wheel method
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Figure 2. Test schematic diagram of carbide reciprocating
friction wear experiment

The steel wheel method (Fig. 1) and reciprocating
friction wear method were used to test the wear re-
sistance of the WC-Ni-Co and WC-Co ceramics. Re-
ciprocating friction experiments were carried out using
the American Rtec MFT-5000 friction and wear tester
for friction resistance experimental testing of ceram-
ics, as shown in Fig. 2. Under room temperature con-
ditions, the experiment was carried out by dry friction
in the form of contact between the reciprocating ball
and the test block. The wear parts were SiN balls with
a diameter of 3 mm, and the test piece was a ceram-
ics block prepared by a low-pressure sintering furnace.
Prior to the friction and wear experiments, the ceram-
ics was subjected to rough grinding by a grinder, fine
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grinding by a polishing machine and surface polishing
to ensure that the roughness of the ceramics test sur-
face was lower than 1 um. The applied load in the ex-
periments was SO N, the sliding frequency was 8 Hz, the
travelling length was S mm and the test time for each
specimen was 30 min. At the end of the experiments,
the friction resistance curve could be obtained directly
from the wear tester by using a Sartorius-BSA126,
which was used to test the wear test surface of the test
piece. Sartorius-BSA124S precision balance was used
to weigh the carbide specimens to calculate the mass
loss.

II1I. Results and discussion

3.1. Effect of sintering temperature

The SEM micrographs of the ceramics sintered at
different temperatures are shown in Fig. 3. The dark
area indicates the Co-Ni bonding phase between the
WC grains. Figure 4 illustrates the average grain size
and adjacency for A1-A4 ceramics. Adjacency is de-
fined as the ratio of the surface of WC grain bound-
ary to the total surface of the boundary in the alloy and
was used to indicate the degree of compactness of WC
grains [19]. No obvious pores were found in the mi-
crostructure of the specimens sintered at temperatures
between 1390-1450 °C, which indicates that the ceram-
ics have high densities. Except for a slight difference
in the average size of WC grains, the differences in
the microstructures of the specimens at different sin-
tering temperatures were very small. The average WC
grain size increased slowly when the sintering temper-
ature rose from 1410 to 1430 °C. However, when the
sintering temperature increased to 1450 °C, the average
WC grain size increased to 4.46 um, which is due to the
faster diffusion rate of W and C atoms in the bonding
phase at higher temperature. In the same time, the in-
crease in temperature accelerates the dissolution rate of
WC particles, which contributes to the slower recrystal-
lization and favours gradual increase of the WC grain
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Figure 3. SEM micrographs of sintered ceramics: a) A2,
b) A2, c¢) A3 and d) A4
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Figure 4. Average grain size vs. adjacency curve of A1-A4
ceramics

size. The recrystallization of WC grains occurs simul-
taneously with grain growth, and the recrystallization
rate is higher than the grain growth rate when the tem-
perature is lower, so the average grain size of WC is
smaller. When the temperature gradually increases, the
grain growth rate is gradually higher than the recrystal-
lization rate, and the average grain size in the ceram-
ics gradually increases, and this trend is consistent with
data presented in Fig. 4.

Figure 5 depicts the grain size distribution of the ce-
ramics sintered at different temperatures. It can be seen
that small amount of large WC grains (<10 wm) exists
in all WC-Ni-Co ceramics, but the frequency distribu-
tion of ultra-coarse crystals >10 um shows a decreasing
and then increasing trend with the increase of the sin-
tering temperature. This is because when the sintering
temperature is 1390 °C, it is difficult to completely dis-
solve WC particles at lower sintering temperatures and
there are more WC particles in the liquid phase, so it
is easier for the residual grains to grow into ultra-coarse
crystals when cooling down. When the sintering temper-
ature increases to 1410 °C, the solubility of the bonding
phase in the ceramics relative to WC phase increases,
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Figure 5. Grain size distribution of A1-A4 ceramics
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the WC phase dissolved in the bonding phase can reach
saturation and the frequency of ultra-coarse crystals in
the distribution of grains is gradually reduced. However,
the continued increase in sintering temperature leads
to a faster dissolution rate, the recrystallization of WC
grains in the liquid phase and grain growth time are pro-
longed, and thus the frequency of ultra-coarse crystals
shows a rising trend again. When the sintering tempera-
ture is in the range of 1410-1430°C, the difference be-
tween the average grain size and the adjacency in the
microstructure of the ceramics is smaller, indicating the
optimal sintering temperatures.

Densities and average grain sizes of the ceramics
sintered at different temperatures are given in Table
2. With the increase of sintering temperature, density
of the ceramics shows a tendency of increasing and
then decreasing. The sintering temperature, as the most
critical factor affecting the densification of ceramics,
mainly relies on liquid-phase flow and particle rear-
rangement in liquid-phase sintering to improve the den-
sification of the ceramics. When the sintering tempera-
ture is 1390 °C, the low sintering temperature leads to
the slow flow rate of the liquid phase and the existence
of tiny pores in the ceramics, which results in the low
densification of the ceramics. As the sintering temper-
ature continues to increase, the capillary force formed
by the liquid phase and the viscous flow of the liquid
phase itself can promote the movement of WC grains to
achieve the tightest arrangement, and the densification
of the sintered specimens gradually increases. However,
when the sintering temperature is >1450 °C, the coars-
ening of the grains hinders the gas discharge, which re-
duces the driving force of the liquid-phase binder mi-
gration to fill the pores, leading to the decrease in the
degree of densification of the ceramics, which is sim-
ilar to the change rule of the sintering properties of
tungsten-cobalt ceramics studied by Lisovsky [20] and
Hu et al. [21].

Table 2. Average grain size and density of ceramics sintered
at different temperatures

Sample Grain size  Density Relative
[wm] [g/cm3] density [%TD]
Al 3.06 14.287 98.43
A2 4.00 14.462 99.67
A3 4.05 14.488 99.86
A4 4.46 14.419 99.39
Mechanical properties

The influence of the sintering temperature on the me-
chanical properties of the obtained ceramics is shown in
Fig. 6. The hardness and flexural strength of the ceram-
ics both show a trend of increasing and then decreas-
ing with the increase of sintering temperature. After the
powder sintering process, densification and grain size
act as decisive factors affecting the hardness of the sin-
tered specimens and the densification contributes to the
increase of hardness, while the growth of WC grains re-
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Figure 6. Influence of sintering temperature on hardness,
fracture toughness and flexural strength

duces the hardness of the ceramics. When the sintering
temperature is 1390 °C, the effect of densification on the
ceramics properties is higher than that of grain growth
and other factors, and the lower densification weakens
the ability of the specimens to resist damage, resulting
in the hardness, fracture toughness and flexural strength
of the Al ceramics being at a lower level. When the
sintering temperature increases from 1410 to 1450 °C,
the relative density of the ceramics reaches 99.5%, and
there is limited space for the improvement of densifi-
cation, and the mechanical properties of the ceramics
are more correlated with grain growth [11,22]. There-
fore, the hardness of the ceramics gradually decreases
and the fracture toughness gradually increases with the
increase of WC grain size.

The change of flexural strength with sintering tem-
perature can also be observed in Fig. 6. The flexu-
ral strength of the ceramics increases and then de-
creases with the increase of sintering temperature, and
the flexural strength of the A3 ceramics is the highest
at 2192 N/mm?. When the sintering temperature was
1390°C, the lower densification seriously weakened
the flexural strength of the ceramics, and the flexural
strength of the A1 specimen was the lowest. When the
sintering temperature increased from 1390 to 1410 °C,
the densification of the ceramics increased the energy
barrier of the fracture process in the specimen, and the
flexural strength of the ceramics showed an upward
trend. When the sintering temperature continued to in-
crease, the effect of densification gradually weakened
and the WC grain size became the main factor affect-
ing the flexural strength. However, the degree of change
in WC grain size between the A2 and A3 ceramics
is small, and the difference in the flexural strength of
ceramics is not high. When the sintering temperature
rises to 1450 °C, the frequency of ultra-coarse crystals
in the A3-A4 ceramics gradually increases, which sig-
nificantly increases the number of fracture sources in
the ceramics, and therefore the flexural strength of the
ceramics tends to decrease.

SEM images of the ceramic fracture of the Al-A4
samples are shown in Fig. 7. The presence of micro-
cracks in individual WC grains was found in the frac-
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Figure 7. SEM images of fractured ceramics: a) A1, b) A2,
¢) A3 and d) A4 (A - fracture through crystal, B - fracture
along crystal, M-F - micro-cracking)

tured Al ceramics (Fig. 7), which was attributed to
the slow shrinkage during sintering of the ceramics,
resulting in relatively poor densification and therefore
a weaker skeleton strength of the ceramics, which re-
sulted in a decrease in the flexural strength. In the A2-
A3 specimens, there are more fine WC grains, which
can effectively reduce the number of fracture sources
and impede the crack extension, and the number of per-
forated fractures in the fracture morphology increases
gradually. The energy consumed in crack extension
increases gradually and thus the flexural strength in-
creases gradually. However, the further increase of sin-
tering temperature reduces the critical stress for fracture
of the ceramics, so the flexural strength of the A4 spec-
imen is lower than that of the A3 specimen.

3.2. Comparison of WC-Ni-Co and WC-Co ceramics

In order to ensure that the prepared WC-Ni-Co coarse
grain ceramics meets the requirements for the use in
harsh environments, two additional samples (WC-Ni-
Co and WC-Co, labelled as D1 and D2, respectively)
with the same WC grain size were prepared from the
ultra-coarse WC starting powder and sintered at 1430 °C
and argon pressure of 5 MPa. The performance of two
ceramics were explored by the analysing the microstruc-
ture and mechanical properties.

Structural characterization

XRD results (Fig. 8) confirm that only two phases,
hard phase WC and bonded phase (y-(Co-Ni) phase
or y-Co phase), exist in the two ceramics. Diffraction
peaks of graphite and 5 decarburisation phases, which
are unfavourable for the ceramic properties, are not de-
tected. Meanwhile, the peak intensity and peak width of
the three strong peaks ((001), (100) and (101)) of the
WC phase in the two specimens do not differ much, in-
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Figure 8. XRD patterns of WC-Ni-Co and WC-Co ceramics
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Figure 9. SEM images of: a) WC-Ni-Co and b) WC-Co
ceramics, as well as grain distribution curves of:
¢) WC-Ni-Co and d) WC-Co ceramics

dicating that the WC crystallinity of the WC-Ni-Co and
WC-Co specimens are basically the same, which is in
agreement with the microscopy images of the ceramics
in Fig. 9a,b.

SEM image analysis of the D1 and D2 specimens are
shown in Fig. 9a,b. The dark area indicates the metallic
bonding phase. It can be seen that there is not much dif-
ference in the average grain size between two ceramics,
but it seems that size distribution of the D1 ceramics is
narrower (Fig. 9¢c,d).

It is also interesting to underline that the WC-Ni-
Co ceramics prepared from the ultra-coarse WC pow-
der (specimen D1) and the mixture of ultra-coarse and
fine WC particles (sample A3) have the same average
grain size (Table 2 and Fig. 9c). However, it seems that
the frequency of WC grains <2.5um in the A3 spec-
imen is higher and the frequency of ultra-coarse crys-

tals >10 um is lower than that of the D1 specimen. This
is because the addition of the fine-grained WC facili-
tates the flow of the liquid phase and the fine WC par-
ticles can easily migrate to the middle of the coarse-
grained WC during the liquid-phase sintering stage, and
the gradual growth of the WC grains during the cooling
down leads to the decrease of the mean free range of the
ceramics and the significant increase of the degree of
adjacency. The mean free range is the average distance
passed by a grain colliding with other grains [15].

Mechanical properties

The difference in density as well as the difference in
hardness, fracture toughness and flexural strength (Ta-
ble 3) between the two ceramics is relatively small,
but some fluctuations still exist. This is because the
WC grain size and ultra-coarse grain frequency distri-
bution of the two ceramics do not differ much, but the
WC grains in the WC-Ni-Co coarse-crystalline ceram-
ics are arranged more closely, and the specimen can
show higher surface strength when pressed, so the hard-
ness of the WC-Ni-Co ceramics is on the high side.
At the same time, the fracture toughness is low due to
the high degree of adjacency in the WC-Ni-Co ceram-
ics, which results in low energy consumption during the
crack expansion. The difference in flexural strength can
be explained by the theory of grain distribution. When
ceramics contain two types of WC grains, fine grains
will exist between the coarse grains, which is favourable
for reducing the energy required for crack expansion.
The WC-Ni-Co ceramics is compressed when the crack
expansion rate is faster, and the WC-Co ceramics with
higher frequency of the ultra-coarse grains has higher
number of fracture sources, which accelerates the aggre-
gation of the micro-cracks. Thus, the difference in flex-
ural strength between the two ceramics is very small.
Quantitative analysis of the above data, the hardness,
fracture toughness and flexural strength, between the
two ceramics shows that the difference is within 1%, so
the mechanical properties of the two ceramics are basi-
cally the same.

Wear resistance analysis

Wear resistance curves of the prepared ceramics (Fig.
10) indicate that there is a difference of 0.03 mg (about
10%) between the mass loss of the WC-Ni-Co and WC-
Co specimens in the reciprocating friction wear exper-
iment. The wear-resistant coefficients of the two spec-
imens after the test of the steel wheel method are also
basically the same. Thus, two measurements show that
there is not much difference in wear-resistant properties
between the obtained ceramics. In addition, the ceram-
ics wear resistance coefficient first increases steeply and

Table 3. Comparative analysis of the mechanical properties of ceramics

No.  Components Grain size Density Durometer Fracture toughness Bending strength
' P [um]  [g/em’]  [HRA] [MPa-m'] [N/mm?]

DI  WC-Ni-Co 4.05 14.49 85.61 18.17 2190

D2 WC-Co 4.07 14.43 85.58 18.20 2210
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Figure 10. Graph of wear resistance coefficient of ceramics

then enter the stable wear stage around 300 s. It can also
be seen from the stable wear stage of the two ceramics
that the wear resistance curve of the WC-Ni-Co ceram-
ics is lower than that of the WC-Co ceramics, but the
curve fluctuation trend is larger. This is due to the phe-
nomenon of unstable wear of the ceramics caused by the
shedding of WC particles with the prolongation of wear
time.

In order to facilitate further insight in the wear mech-
anism, SEM analysis of the wear ceramic surfaces was
performed (Fig. 11). It can be seen that the number of
fine and medium-coarse WC grains in the WC-Ni-Co
ceramics is relatively large. The fine WC grains in the
ceramics can impede the abrasive wear, and the pres-
ence of medium-coarse WC particles can ensure the sta-
bility of the bonding phase. The finer WC grains are
not easy to break during wear, which contribute to the
improvement of the surface strength of the specimen.
Higher amount of the ultra-coarse crystals, which eas-
ily break during wear in the WC-Co ceramics leads to
the rise of the number of micro-abrasive grains on the
ceramic surface. It can also be seen from Fig. 11a that
the increase in the frequency of fine grains leads to more
WC grain shedding in the wear surface of the D1 ceram-
ics. However, more ultra-coarse grains in the D2 ceram-

Figure 11. SEM images of the wear ceramic surfaces of:
a) WC-Ni-Co and b) WC-Co ceramics

ics are easily broken, leading to an increase in the num-
ber of surface micro-abrasive grains (Fig. 11b). Under
the combined effect of these two, the wear resistance of
the WC-Ni-Co and WC-Co ceramics is not much differ-
ent.

The elemental analysis of the wear surface of the
ceramics (not shown here) confirmed that most of the
residual Co bonding phase in the WC-Co ceramics ex-
ists in the grain crushing region, which indicates that
the ultra-coarse grains are crushed first during the wear
and increase the degree of surface deterioration of the
ceramics. Co and Ni are mostly present around the WC
grains indicating that the wear of the bonded phase leads
to the detachment of WC grains. The shedding of grains
leads to large fluctuations in the wear resistance curve.
However, higher amount of the ultra-coarse crystals,
which easily break during wear, in the WC-Co leads to
the rise of the number of micro-abrasive grains on the
ceramic surface.

Corrosion resistance

Figure 12 shows the variation curves of corrosion rate
of DI and D2 ceramics in NaCl solution. The Tafel
curve graph (Fig. 12) and Table 4 confirm that the
self-corrosion potential is higher and the self-corrosion
current density is lower for the WC-Ni-Co. The self-
corrosion potential indicates the corrosion tendency of
ceramics and the self-corrosion current indicates the
corrosion rate of ceramics. From the kinetic point of
view, the corrosion rate and corrosion tendency of the
WC-Co ceramics are larger and the corrosion resistance
of the WC-Ni-Co ceramics is better.

By comparing the Tafel curves of the two ceramics, it
can be seen that both WC-Co and WC-Ni-Co ceramics
show different degrees of passivation during the corro-
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Figure 12. Electrochemical polarisation curves of ceramics
in NaCl solution

Table 4. Electrochemical corrosion parameters of ceramics in NaCl solution

Sample  E,orr [V]  Lon [A/Jcm?]  Mean free range [um]  Adjacency [%]
D1 -0.293 7.887x 1077 1.4021 60.2
D2 -0.453 1.62x 107 2.166 50.28
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sion process, but WC-Co ceramics has a higher break-
down current density. This is because the thermody-
namic stability of Co in the passivation zone is lower
than that of Ni. It can also be shown from the thermo-
dynamic point of view that the WC-Ni-Co ceramics has
better corrosion resistance than WC-Co ceramics.

Figure 13 shows the microscopic morphology of
the electrochemically corroded surfaces of the ceramic
specimens. It can be observed that the binder phase on
the surface layer of both ceramic specimens was cor-
roded, but the grain morphology of WC in the corro-
sion pit of the WC-Co ceramics (Fig. 13b) can be clearly
observed, while the grain morphology in the corrosion
pit of the WC-Ni-Co ceramics (Fig. 13a) is not obvi-
ous, and there still exists a part of the non-corroded
binder phase. It has been pointed out [23,24] that the
corrosion mechanism of ceramics in NaCl solution is
the diffusion corrosion from the core part of the bonded
phase to the surrounding. Thus, the lower mean free
range can reduce the contact area of WC grains with
the bonded phase, and reduce the corrosion rate of the
bonded phase per unit time. In addition, higher degree
of adjacency can cut off the connection between the sur-
face layer and the internal bonding phase, and increase
the residual amount of the internal bonding phase in the
ceramics. Our results show that the WC-Ni-Co ceramics
has a higher degree of adjacency and lower average free
range, thus the corrosion rate of the WC-Ni-Co ceram-
ics bonded phase in the neutral medium might be lower
and from the perspective of the corrosion mechanism
the WC-Ni-Co ceramics corrosion resistance could be
better.
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Figure 13. Micro-morphology and energy spectrum analysis
of ceramics after corrosion in NaCl solution: a) WC-Ni-Co
ceramics and b) WC-Co ceramics

From Fig. 13, it can be seen that there are a large
number of WC grains exposed on the surface after the
ceramics is corroded, and the surface becomes relatively
loose. From that it can be presumed that the corrosion
in NaCl solution is mainly performed on the metallic
bonding phase and corresponding reaction formulas in
NaCl solution are: Ni — Ni2* + 2 ¢~ and Co — Co**
2e.

Through the EDS analysis of the corroded surface of
the ceramics, it can be seen that the residual amount of
Co and Ni elements in the bonding phase of the WC-Ni-
Co specimen after electrochemical corrosion is 7.94%,
which is higher than the content of Co element in the
bonding phase of the WC-Co specimen. This indicates
that the corrosion rate of Ni in ceramics is much smaller
than that of Co, and the addition of some Ni in ceram-
ics can suppress the corrosion rate of the bonded phase.
In summary, WC-Ni-Co ceramics has better corrosion
resistance than WC-Co ceramics in neutral medium.

When selecting the shield cutting tool material by
the grain size, hardness and fracture toughness with the
same grain size of the WC-Ni-Co and WC-Co ceramics,
it is obvious that the mechanical properties are not much
different, but the WC-Ni-Co ceramics shows higher cor-
rosion resistance. Thus, the comprehensive performance
of the WC-Ni-Co coarse-grained ceramics is better than
that of the WC-Co ceramics with the same grain size
and the use of the WC-Ni-Co ceramics as a shield cut-
ting tool material can satisfy the conditions of use in
harsh environments.

IV. Conclusions

The effect of sintering temperature on the microstruc-
ture and mechanical properties of WC-Ni-Co coarse
grain ceramics was analysed. In addition, the reasons
and mechanisms for the differences in microstructure
and mechanical properties between WC-Co ceramics
and WC-Ni-Co ceramics with the same WC grain size
were further analysed, and the main conclusions are as
follows:

1. WC-Ni-Co rough crystalline ceramics was generated
by sintering at different temperatures between 1390
and 1450 °C. With the increase of sintering temper-
ature the frequency of ultra-coarse grains in the mi-
crostructure of the ceramics showed a trend of first
increasing and then decreasing, and the average grain
size gradually increased with the increase of sinter-
ing temperature.

2. When the sintering temperature is 1390 °C, the den-
sity of the ceramics is low, and the residual poros-
ity in the ceramics results in low hardness, fracture
toughness and flexural strength. With the increase in
temperature, the increase in densification promotes
the improvement of the mechanical properties of the
ceramics. However, when the sintering temperature
is between 1410 and 1430 °C, the relative density is
the highest and the average grain size is the main fac-
tor affecting the mechanical properties. Therefore,
when the sintering temperature rises to 1450 °C, the
frequency of ultra-coarse crystals in the microstruc-
ture increases rapidly, resulting in a gradual decrease
in hardness and flexural strength. The best proper-
ties of the ceramics were obtained when the sintering
temperature was 1410 and 1430 °C.

3. WC-Co ceramics with the same grain size as WC-
Ni-Co ceramics was prepared by using ultra-coarse
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grains under the same experimental conditions. SEM
analysis, XRD physical phase analysis and grain dis-
tribution studies show that the two ceramics do not
differ much in grain size, and there are no decarburi-
sation and graphite and other impurity phases within
the ceramics.

4. When the average grain size is the same, the differ-
ence between the densities of WC-Ni-Co and WC-
Co ceramics is very small, and the properties of the
ceramics, such as the hardness, fracture toughness
and flexural strength, are all within 1% difference.
However, the WC-Ni-Co ceramics exhibits similar
abrasion resistance but higher corrosion resistance in
comparison to the WC-Co ceramics. Therefore, WC-
Ni-Co ceramics, which adopts ultra-coarse WC par-
ticles paired with fine-grained WC to solve the phe-
nomenon of grain coarsening, can be used instead of
WC-Co ceramics as shield cutting tool material.
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