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Abstract: This study shows the application of microwave
sintering (MS) on preparing NbC—-10Ni and NbC-12Ni cer-
mets, as well as the effect of its microstructure, phase
formation, and mechanical properties. Results indicated
that NbC-Ni cermets with a fine and uniform structure
can be obtained by MS in a relatively short time. And the
sintering temperature greatly influenced the microstruc-
ture and mechanical properties of NbC—Ni cermets, whereas
the effect of dwell time is relatively small. With the increase
of the sintering temperature, the microstructure of NbC—Ni
cermets experienced sintering densification and grain
growth. The strength and toughness increased first and
then decreased, and the hardness increased with the
increase of sintering temperature. According to the com-
prehensive mechanical properties, the optimized sintering
process is 1,390°C and the dwell time is 15 min. At this
time, no new phase formed, but the diffraction peak of
the Ni phase shifted. Through analysis, it is found that
the improvement mechanisms for comprehensive mechan-
ical properties of NbC-Ni cermets mainly include grain
refinement, crack deflection and bridging, and energy
absorption of the ductile phase of Ni.
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1 Introduction

Since the 1920s, WC-Co cemented carbides have been
extensively used as cutting tools, molds, and wear-resis-
tant tools in the machinery, petrochemical, and automo-
bile industries due to their higher hardness, strength, and
toughness. However, WC-Co cemented carbides is easily
oxidized to generate CoWO, and WOs [1] during its use,
and the maximum service temperature is 800-900°C [2].
When processing high-strength and high-hardness mate-
rials, these cutting tools soften and react, then lose effi-
cacy. Meanwhile, with people’s attention to environ-
mental protection, the toxicity of bonding phase of Co
and its oxides have been paid more attention [3]. In
recent years, NbC-based cermets have become an alter-
native candidate for WC-Co cemented carbide tool mate-
rials [3], owing to its higher melting point, lower density
[4], higher temperature performance [5], as well as lower
solubility [6,7] in steel than WC.

Co, Ni, and Fe are used as bonding phases of NbC-
based cermets [8,9]. While Ni with its better wettability
gradually replaces Co as the first choice. NbC—-Ni cermets
have improved fracture toughness than that of NbC-Co
materials but have lower hardness [5]. Adding the
second-phase carbides Mo,C and VC, the wettability
of hard phase and bonding phase in the cermet has
increased, the microstructure has refined, the grain
growth has inhibited, and the hardness has increased
[10-13]. Adding TiC and WC facilitate the formation of
the “core-ring” structure of NbC-Ni cermets and increase
its hardness [11,14]. Different sintering methods also
have a significant impact on the microstructure and
properties of NbC-Ni cermets. Results [5] show that
the hardness of materials sintered by rapid pulse electric
current sintering (PECS) is higher than that of vacuum
liquid-phase sintering (LPS), nevertheless, the fracture
toughness is lower.
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The heating rate and sintering time of microwave
sintering (MS) are between LPS and PECS, which can
compensate for the problem of grain growth caused by
the excessively long sintering time of LPS and the uneven
distribution of bonding phase caused by the short sin-
tering time of PECS. Studies show that MS can obtain
TiC-based cermets [15,16] with a complete core-ring struc-
ture. Therefore, in this article, MS is used to prepare NbC—Ni
cermets and systematically study the grain growth, micro-
structure, and mechanical properties evolution.

2 Experimental process and
method

In the experiment, NbC powder (Brofos, FSSS = 1.5 pm,
purity >99.9, China, as shown in Figure la) and Ni
powder (Yingtai, FSSS = 1-3 pm, purity >99.98, China,
as shown in Figure 1b, the agglomeration occurs due to
the pressure of the vacuum compression package) were
used as initial raw materials to prepare NbC—Ni cermets
with NbC-10vol% Ni and NbC-12vol%Ni, respectively,
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marked as 10Ni and 12Ni. At first, the raw materials are
placed in a stainless-steel ball mill tank, then anhydrous
ethanol is added as the ball milling medium, then 4 wt%
paraffin wax is added as a forming agent, and then YG6
cemented carbide milling balls are selected to mill the
mixture. The ball-to-material ratio is 5:1. The ball milling
speed is 300 rpm, and the time of ball milling is 24 h.
Later, ball-milled slurry is placed in the electric heating
incubator to be heated and dried at a temperature of
80°C. The morphology of NBC—12Ni powder after ball
milling and drying is shown in Figure 1c, indicating
that the agglomeration of Ni powder after ball milling is
basically eliminated. Then the powder is formed by uni-
axial compression at 250 MPa. After that, it is heated to
400°C in the vacuum furnace to degrease for 1h, then
placed in a vacuum MS furnace (MW1306V) and heated
to 1,270-1,450°C. The heating rate is 10-15°C-min~!, and
the dwell time is 5-30 min. Eventually, the sintered sam-
ples with a size of (21 + 0.5) x (7 + 0.25) x (6 + 0.25) mm
are formed.

After being ground and polished, the sintered sam-
ples were carefully measured and observed. The density
was measured by Archimedes principle; the hardness of

Figure 1: Morphology of the raw material powders: (a) NbC, (b) Ni, and (c) NbC-12Ni after ball mill.
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the sample was measured by Vickers hardness tester, at
the time, the indentation load was 294.2 N, the dwell time
was 10 s; and its fracture toughness Kic was used to cal-
culate by the Palmqvist formula (equation (1)) [17], taking
the average of five times.

1
.P\2
Kic = 0.0889(HV P) , )]

>l
where P represents the experimental payload (N), HV is
the Vickers hardness (GPa), and )1 is the sum of crack
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length (um). While the sintered samples have been machined
to the shape of bars of about 20 mm> x 6.5 mm> x 5.25 mm’,
the bending strength of the samples was measured by the
three-point bending method on a universal testing machine.
During the test, the span was 12.5 mm and the loading speed
was 0.1mm-s . X-ray diffractometer was used to analyze the
phase of the sintered body, and the microstructure and cross-
section of samples were observed with a scanning electron
microscope (SEM, Zeiss Sigma 300) with energy disperse
spectroscopy (EDS).

Figure 2: SEM micrograph(s) of NbC-12Ni cermets with different sintering temperatures (SE + BSE mode): (a) 1,270°C, (b) 1,300°C,
(c) 1,330°C, (d) 1,390°C, (e) 1,420°C, and (f) 1,450°C, and dwell time 15 min each.
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3 Results and discussion
3.1 Microstructure

Figure 2 shows the microstructure (SE + BSE) of 12Ni
cermets when it is sintered at different sintering tempera-
tures for 15 min. The grey-white part is NbC, and the grey-
black part is the bonding phase of Ni. It can be seen that
they have large pores in the 10Ni cermets at 1,270°C, and
the sintered body is not dense enough; when the tem-
perature rises to 1,300-1,330°C, the 12Ni cermets have
no obvious pores. The bonding phase Ni and NbC parti-
cles are tiny and uniform; as the sintering temperature
rises to 1,390°C, some larger particles appear in the struc-
ture of the 12Ni cermets. When the sintering temperature
is further increased to 1,420°C, the NbC particles grow
rapidly. At this time, the interface between the NbC par-
ticles and the bonding phase is clear; when the tempera-
ture rises to 1,450°C, the NbC particles further grow, but
at this time the microstructure of 12Ni cermets is uniform
and no obvious defects are found. In particle size analysis
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parts, it shows that the maximum NbC particles are about
20 pm at 1,420°C, and about 30 pm at 1,450°C. While the
microstructure of 10Ni cermets (Figure 3) changes with
temperature and is similar to that of 12Ni, dense and tiny
NbC-Ni cermets can be obtained by sintering at 1,390°C,
and the particles grow obviously at 1,420°C, some defects
can be seen during sintering at 1,420 and 1,450°C.
According to the phase diagram of NbC-Ni [14], the
liquid-phase formation temperatures of 10Ni and 12Ni
cermets are about 1,265 and 1,280°C, respectively. NbC-%
Ni cermets with 9.75-10 wt% carbon content can obtain an
NbC + Fcc two-phase structure at room temperature. While
carbon content less than 9.75wt% will form the NbNi;
phase, while over 10 wt% will form the graphite phase
and a three-phase structure. The carbon content of 10Ni is
10.11wt%, and the carbon content of 12Ni is 9.85 wt%.
Therefore, the graphite phase of 10Ni may appear. In this
article, 1,270°C is the solid-phase sintering stage according
to the phase diagram, and larger pores appear in the NbC-Ni
cermets’ structure; sintering above 1,300°C is LPS, and
a dense sintered microstructure is obtained. The LPS
mechanism of NbC-Ni cermets is the Ostwald ripening

defect

s

Figure 3: SEM micrograph(s) of NbC-10Ni cermets with different sintering temperatures (SE + BSE mode): (a) 1,360°C, (b) 1,390°C,

(c) 1,420°C, and (d) 1,450°C, and dwell time 15 min each.
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mechanism. During high temperature sintering process,
NbC dissolves in the bonding phase Ni and precipitates.
In the cooling process, it is conducive to the sintering
density of materials. Therefore, a fine and uniform cermet
is obtained when sintered above 1,300°C. At the same
time, the solubility of NbC in Ni increases with the increase
of temperature, and the solubility of NbC in Ni is about
0.5-1.0% [11] at 1,250°C, the solubility of NbC in Ni is 7 wt%
[18] at 1,400°C. As the temperature increases, the solubility
of NbC in Ni increases, and during the heating process,
the tiny NbC particles dissolve in the liquid phase. While
during the cooling process, NbC preferentially precipitates
in the undissolved large NbC particles, which promotes
the growth of NbC. The main driving force for the dissolu-
tion of small particles and the growth of large particles is the
decrease of the surface energy of solid particles [11]. At the
same time, NbC particles may also grow due to the atomic
diffusion across the solid-solid boundary [11]. The micro-
structure in the temperature range of 1,330-1,390°C is slightly
larger than that at 1,300°C, and the structure grows signifi-
cantly at 1,420-1,450°C.

The EDS line scanning of the interfacial boundary of
NbC-12Ni at 1,390°C in Figure 4 shows the diffusion and
dissolution of elements at the interface. There is solid
solution of NbC phase in the Ni phase in the middle
region 3, while Ni is not dissolved in the NbC phase in
the two sides’ region 1, and the element distribution in
the transition region 2 is uniform and continuous. It
shows that the NbC/Ni system has good wettability, and
the interface between NbC phase and Ni phase is well
combined.

The EDS map scanning analysis of Figure 5 shows
that the binding phase Ni is evenly distributed around

Sem '
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the NbC framework, indicating that Ni has good wett-
ability for NbC. At the same time, the defect in the 10Ni
cermets is graphite, which may be related to its higher
initial carbon content.

The microstructure of cermets (SE + BSE) with dif-
ferent dwell times is shown in Figure 6. When holding for
5min, tiny pores can be seen in both 10Ni and 12Ni cer-
mets, indicating that the dwell time is insufficient; when
the dwell time is extended to 30 min, the microstructures
of 10Ni and 12Ni cermets are uniform, and the microstruc-
ture is not much different from that at 15 min of dwell
time (Figures 2d and 3b), but there is a growing trend,
especially for 12Ni cermets. However, compared with
grain growth caused by 30-1,420°C increase in sintering
temperature (Figure 3), the particle growth caused by
prolonged incubation time was not obvious.

3.2 Phase composition

The XRD diffraction spectrums of the NbC-Ni cermets
sintered at different temperatures are shown in Figure 7.
XRD diffraction spectrums showed NbC and Ni did not
react and did not form a new phase during the MS pro-
cess. Compared with the raw material, the main diffrac-
tion peak of NbC has no obvious change after MS, which
is also no different from ordinary sintering [2]. Com-
pared with the pure phase of Ni, the diffraction peaks
of Ni in the sintered body are significantly shifted to a
lower diffraction angle since NbC has a certain solubility
in Ni [10,17], and the diffraction peak of Ni nearly dis-
appears at 1,420°C.
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Figure 4: EDS line scanning of NbC—12Ni interfacial boundary at 1,390°C.
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Figure 5: EDS map scanning of NbC-10Ni cermets sintered at 1,450°C.

Figure 6: SEM micrograph(s) of NbC-Ni cermets with different dwell times (SE + BSE mode): (a) NbC-10Ni 5 min, (b) NbC-10Ni 30 min,
(c) NbC-12Ni 5 min, and (d) NbC-12Ni 30 min, and sintering temperature 1,390°C each.
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Figure 7: XRD diffraction spectra of raw materials and NbC-Ni cer-
mets at different sintering temperatures.

3.3 Mechanical properties

The mechanical properties of 10Ni and 12Ni cermets sin-
tered at different temperatures are shown in Figure 8.
With the increase of temperature, the Vickers hardness
of NbC-Ni cermets shows an upward trend, while the frac-
ture toughness and bending strength show an increase
first and then a decrease trend with the increase of sin-
tering temperature, reaching the extreme value at 1,390°C.

Compared with 10Ni, 12Ni has higher fracture tough-
ness and bending strength. The Vickers hardness, frac-
ture toughness, and flexural strength of 10Ni at 1,390°C
are 1,119 kgmm, 12.5 MPam"?, and 1,139 MPa, respectively.
While, those of 12Ni are 1,158 kgmm >, 13.12 MPam"?, and
1,231 MPa, respectively.

The relationship between the hardness and its por-
osity of powder metallurgy materials can be expressed
as [19,20] H = H, exp(-bp), where p is the porosity of
sintered body and Hy and b are constants. At the same
time, according to the Hall-Petch relationship, the rela-
tionship between the hardness of the sintered body and
the grain size of hard phase can be expressed as [19,20]
H = H, + kd“?, where d is the average grain size of
hard phase and Hy and k are constants. Sample density
at each sintering temperature is shown in Table 1. As
the sintering temperature increases, the density of the
material increases, and the porosity decreases, while its
hardness increases. However, the analysis of the structure
in Figures 2 and 3 shows that the cermets particle size grows
significantly when sintered at 1,420 and 1,450°C, but the
hardness of the NbC—Ni cermets still increases with the
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Figure 8: Mechanical properties of NbC-Ni cermets at different
sintering temperatures.

increase in temperature. This may be related to the increase
of NbC content caused by a small amount of volatilization of
Ni in NbC-Ni.

The fracture characteristics of 12Ni at different sin-
tering temperatures are shown in Figure 9. As it can be
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Table 1: Relative density of samples at different sintering
temperatures

Sintering temperatures (°C) Relative theoretical density (%)

1,330 99
1,360 99.5
1,390 100
1,420 101
1,450 102

seen in the solid-phase sintering stage (1,270°C), the
NbC-Ni cermet particles are tiny, but there still have
numerous small pores. The fracture mode of 12Ni is a
mixture of transcrystalline and intergranular fracture.
While the sintering temperature rises to 1,300°C as the
liquid phase is just formed, the small pores are still not
completely eliminated, the particle interface is clear,
mainly showing as transcrystalline fracture. The exis-
tence of small pores makes the mechanical properties
of 12Ni cermets sintered at 1,270-1,300°C lower. The sin-
tering temperature continued to rise to 1,360-1,390°C,
the small pores almost disappeared completely, and the
river-like patterns appeared in the fractures. The appear-
ance of the river-like patterns caused the cracks to fracture
and deflect along the habitual cleavage planes in the
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grains, which increased the crack propagation path [12],
thereby improving the strength and toughness. The sin-
tering temperature continued to rise to 1,420-1,450°C,
through the observation and analysis of the fracture micro-
structure of cermet, it is found that the grain grows
obviously, and obvious cracks were seen, which led to the
decrease of its mechanical properties. The 10Ni cermet also
has a similar evolution rule at different sintering temperatures,
as shown in Figure 10, but the growth of the structure occurs at
the stage of 1,360-1,390°C, which causes its mechanical prop-
erties to be lower than that of 12Ni cermets. The possible
reason for this phenomenon is that the high carbon content
in the 10Ni cermets promotes the growth of its structure.

The indentation cracks of 12Ni cermets sintered at
1,390°C for 15min are shown in Figure 11. The cracks
mainly propagate along the NbC grain-to-grain gaps, split
the NbC grains, and pass through the Ni binder phase.
The main toughening mechanisms are crack deflection
and bridging, and the absorption of crack propagation
energy by Ni as the crack propagates through the ductile
phase.

The Vickers hardness of the microwave sintered
NbC-Ni cermets is comparable to that of the traditional
sintering method (LPS) [2] and PECS [5] of the same com-
position, but the fracture toughness and bending strength

Figure 9: Fracture morphology of NbC-12Ni cermets with different sintering temperatures: (a) 1,270°C, (b) 1,300°C, (c) 1,360°C, (d) 1,390°C,

(e) 1,420°C, and (f) 1,450°C, and dwell time 15 min each.
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Figure 10: Fracture morphology of NbC-10Ni cermets with different sintering temperatures: (a) 1,270°C, (b) 1,300°C, (c) 1,360°C,

(d) 1,390°C, (e) 1,420°C, and (f) 1,450°C, and dwell time 15 min each.

have a significant improvement. The sintering process
system of LPS sintering is 1,420°C for 1h so that the
NbC-Ni cermet is fully dense, but it will obtain a coarse
structure [2,10,11]. The sintering process system of PECS is
1,280°C for 5min, sintering fast and at low temperature,
which hinders the Ostwald ripening mechanism of the
sintering process and the growth of particles and the uni-
form distribution of the bonding phase [5], reducing the
mechanical properties. The heating rate and dwell time of

MS are between the traditional sintering and spark plasma
sintering. It has the ability to shorten the heating time and
form a uniformly distributed bonding phase.

At the same time, the body heating characteristics of
microwave heating are conducive to the removal of pores
in the material matrix [21,22]. A compact structure and
uniform bonding phase distribution can be obtained at
1,390°C for 15 min, thereby obtaining higher comprehen-
sive mechanical properties.

Crack propagates through the ductile phase

Crack deflection

Crack bridging

Figure 11: Indentation crack of 1,390°C sintered NbC-12Ni cermets: (a) exemplary indentation and (b) crack propagation.
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4 Conclusion

1) 10Ni and 12Ni cermets with compact microstructure
and excellent mechanical properties are prepared by
rapid microwave heating. The sintering temperature
has a greater influence on the microstructure and
mechanical properties of 10Ni and 12Ni cermets, and
the effect of dwell time is relatively small. The micro-
structure experienced the process of sintering densifi-
cation and grain growth with the increase of sintering
temperature. With the increase of sintering tempera-
ture, the strength and toughness increased first and
then decreased, and the hardness increased with the
increase of sintering temperature.

2) According to the comprehensive mechanical proper-
ties, the optimized sintering process is sintering at
1,390°C for 15 min. At this time, the mechanical prop-
erties of 10Ni cermets are 1,119 kg-mm 2, 12.5 MPa-m"/?,
and 1,139 MPa; the mechanical properties of 12Ni cer-
mets are 1,158 kg-mm 2, 13.12 MPa-m"?, and 1,231 MPa.

3) The microwave-sintered NbC—Ni cermet did not gen-
erate a new phase, but the NbC dissolved in the Ni
phase shifted the diffraction peak of Ni.

4) The improvement mechanisms of the comprehensive
mechanical properties of NbC-Ni cermets sintered by
MS are mainly crack deflection and bridging, as well
as the absorption of energy by toughness relative
to Ni.

Acknowledgments: The authors gratefully acknowledge
the financial support by Natural Science Foundation of
Hunan Province (No. 2020]J4308), Student Excellence
Talent Initiative of Hunan University of Science and
Technology (EK2102), and Guangxi Key Laboratory
of Manufacturing System & Advanced Manufacturing
Technology (Grant No. 22-35-4-S009).

Funding information: This work was funded by A Project
Supported by Natural Science Foundation of Hunan Province
(No. 2020]JJ4308), Student Excellence Talent Initiative of
Hunan University of Science and Technology (EK2102),
and Guangxi Key Laboratory of Manufacturing System &
Advanced Manufacturing Technology (Grant No. 22-35-
4-S009).

Author contributions: Siwen Tang drafted the manuscript
and conducted the experiments, Hao Zhang and Zhifu
Yang carry out the experiments, Qian Liu and Zheng Lv
guiding experiments, Cong Ouyang and Xinyi Qiu help
to analyzed the experimental data and modified and
polished the draft.

Microstructure and mechanical properties of microwave sintered NbC-Ni cermets

— 491

Conflict of interest: The authors declare no conflicts of
interest.

Data availability statement: The data used to support the
findings of this study are included within the article.

References

[1] Zhang, S. Titanium carbonitride-based cermets: processes
and properties. Materials Science & Engineering A, Vol. 163,
1993, pp. 141-148.

[2] Huang, ). H., S. G. Huang, P. Zhou, B. Lauwers, J. Qian, and
J. Vleugels. Microstructure and mechanical properties of WC or
Mo,C modified NbC-Ni cermets. International Journal of
Refractory Metals and Hard Materials, Vol. 95, 2021, id. 105440.

[3] Woydt, M., S. Huang, J. Vleugels, H. Mohrbacher, and
E. Cannizza. Potentials of niobium carbide (NbC) as cutting tools
and for wear protection. International Journal of Refractory
Metals and Hard Materials, Vol. 72, 2018, pp. 380-387.

[4] Huang, S. G., R. L. Liu, L. Li, O. Van der Biest, and J. Vleugels.
NbC as grain growth inhibitor and carbide in WC-Co hardme-
tals. International Journal of Refractory Metals and Hard
Materials, Vol. 26, 2008, pp. 389-395.

[5] Genga, R. M., P. Rokebrand, L. A. Cornish, N. Nelwalani,

G. Brandt, N. Kelling, et al. High-temperature sliding wear,
elastic modulus and transverse rupture strength of Ni bonded
NbC and WC cermets. International Journal of Refractory
Metals and Hard Materials, Vol. 87, 2020, id. 105143.

[6] Woydt, M. and H. Mohrbacher. The use of niobium carbide
(NbC) as cutting tools and for wear resistant tribo-systems.
International Journal of Refractory Metals and Hard Materials,
Vol. 49, 2015, pp. 212-218.

[7] Genga, R. M., L. A. Cornish, M. Woydt, A. J. Van Vuuren, and
C. Polese. Microstructure, mechanical and machining proper-
ties of LPS and SPS NbC cemented carbides for face-milling of
grey cast iron. International Journal of Refractory Metals and
Hard Materials, Vol. 73, 2018, pp. 111-120.

[8] Huang, S. G., L. Li, O. Van der Biest, and ). Vleugels. Influence
of WC addition on the microstructure and mechanical proper-
ties of NbC-Co cermets. Journal of Alloys and Compounds,
Vol. 430, 2007, pp. 158-164.

[9] Warren, R. Carbide grain growth during the liquid-phase sin-

tering of the alloys NbC-Fe, NbC-Ni, and NbC-Co. Journal of the

Less Common Metals, Vol. 17, 1969, pp. 65-72.

Labonne, M., J. M. Missiaen, S. Lay, N. Garcia, O. Lavigne,

L. F. Garcia, et al. Sintering behavior and microstructural

evolution of NbC-Ni cemented carbides with Mo,C additions.

International Journal of Refractory Metals and Hard Materials,

Vol. 92, 2020, id. 105295.

[11] Huang, S. G., J. Vleugels, H. Mohrbacher, and M. Woydt. NbC

grain growth control and mechanical properties of Ni bonded

NbC cermets prepared by vacuum liquid phase sintering.

International Journal of Refractory Metals and Hard Materials,

Vol. 72, 2018, pp. 63-70.

Huang, S. G., J. Vleugels, H. Mohrbacher, and M. Woydt.

Microstructure and tribological performance of NbC-Ni cermets

(10]

(12]



492 —— Siwen Tangetal.

(13]

(14]

(16]

(17]

modified by VC and Mo,C. International Journal of Refractory
Metals and Hard Materials, Vol. 66, 2017, pp. 188-197.

Huang, S. G., K. Vanmeensel, H. Mohrbacher, M. Woydt, and
J. Vleugels. Microstructure and mechanical properties of NbC-
matrix hardmetals with secondary carbide addition and dif-
ferent metal binders. International Journal of Refractory Metals
and Hard Materials, Vol. 48, 2015, pp. 418-426.

Huang, S. G., ). Vleugels, H. Mohrbacher, and M. Woydt.
Microstructure and mechanical properties of NbC matrix cer-
mets using Ni containing metal binder. Metal Powder Report,
Vol. 71, 2016, pp. 349-355.

Tang, S., D. Liu, P. Li, Y. Chen, and X. Xiao. Formation of wear-
resistant graded surfaces on titanium carbonitride-based
cermets by microwave assisted nitriding sintering.
International Journal of Refractory Metals and Hard Materials,
Vol. 48, 2015, pp. 217-221.

Tang, S., D. Liu, P. Li, Y. Chen, and X. Xiao. Microstructure and
mechanical properties of Ti(C, N)-based functional gradient
cermets nitriding by microwave heating. High Temperature
Materials and Processes, Vol. 34, 2015, pp. 457-460.

Shetty, D. K., I. G. Wright, P. N. Mincer, and A. H. Clauer.
Indentation fracture of WC-Co cermets. Journal of Materials
Science, Vol. 20, 1985, pp. 1873-1882.

(18]

(19]

(20]

(21]

(22]

DE GRUYTER

Ettmayer, P., H. Kolaska, W. Lengauer, and K. Dreyer. Ti(C,N)
cermets - metallurgy and properties. International Journal of
Refractory Metals and Hard Materials, Vol. 13, 1995,

pp. 343-351.

Gao, Y., B. H. Luo, K. He, H. Jing, Z. Bai, W. Chen, et al.
Mechanical properties and microstructure of WC-Fe-Ni-Co
cemented carbides prepared by vacuum sintering. Vacuum,
Vol. 143, 2017, pp. 271-282.

Liu, G., R. Li, T. Yuan, M. Zhang, and F. Zeng. Spark plasma
sintering of pure TiCN: densification mechanism, grain
growth and mechanical properties. International Journal of
Refractory Metals and Hard Materials, Vol. 66, 2017,

pp. 68-75.

Tang, S., D. Liu, P. Li, L. Jiang, W. Liu, Y. Chen, et al.
Microstructure and mechanical properties of functionally gra-
dient cemented carbides fabricated by microwave heating
nitriding sintering. International Journal of Refractory Metals
and Hard Materials, Vol. 58, 2016, pp. 137-142.

Tang, S., R. Wang, P. Liu, Q. Niu, G. Yang, W. Liu, et al.
Preparation of WC-TiC-NisAl-CaF, functionally graded self-
lubricating tool material by microwave sintering and its cutting
performance. High Temperature Materials, and Processes,
Vol. 39, 2020, pp. 45-53.



	1 Introduction
	2 Experimental process and method
	3 Results and discussion
	3.1 Microstructure
	3.2 Phase composition
	3.3 Mechanical properties

	4 Conclusion
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


