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Fine single-phase (Ti, W, Mo, Nb, Ta)(C, N) solid solution powders were synthesized through the car-
bothermal reduction method. (Ti, W, Mo, Nb, Ta)(C, N)-Co-Ni cermets were fabricated via vacuum sin-
tering. Micrographs of powders and microstructures of the cermets were observed using transmission
electron microscopy and scanning electron microscopy in combination with energy-dispersive spectroscopy.
Phase compositions were investigated using x-ray diffraction. The C and N contents were measured using
elemental analysis (CHNS/O). The optimized conditions for the synthesis process of single-phase (Ti, W,
Mo, Nb, Ta)(C, N) solid solution powders with high nitrogen content were 1500 °C for 2 h under a 2 kPa
nitrogen atmosphere. Under such conditions, the particle size of the synthesized powder was less than
140 nm, and its carbon and nitrogen contents were 9.174 and 7.040 wt.%, respectively. The synthesized fine
(Ti, W, Mo, Nb, Ta)(C, N) solid solution powders had a significant positive impact on the strengthening and
hardening of Ti(C, N)-based cermets. The values of hardness and transverse rupture strength of the (Ti, W,
Mo, Nb, Ta)(C, N)-Co-Ni cermets sintered at 1450 °C for 1 h in vacuum (SSC3) increase by 14.7 and 20.2%
compared to those of traditional Ti(C, N)-WC-Mo,C-NbC-TaC-Co-Ni cermet (TC), respectively. However,
the Kjc value of SSC3 decreases by 14.1% compared to that of TC. The mechanism of strengthening and
hardening and the cause of the low fracture toughness of the SSC were revealed by comparing the dif-

ferences in the microstructures of SSC and TC.

Keywords electron microscopy, powder metallurgy, sintering,

X-ray

1. Introduction

Ti(C, N)-based cermets are advanced cutting tool materials
that have been developed from TiC-based cermets. Because of
their high red-hardness, excellent chemical resistance, and good
resistance to temperature oxidation, Ti(C, N)-based cermets are
widely used in automobile manufacturing, aerospace industries,
and other fields (Ref 1-4). For complex cutting environments,
the low flexural strength restricts the application of Ti(C, N)-
based cermets. Traditional Ti(C, N)-based cermets are usually
fabricated from mixtures of Ti(C, N), Co, Ni, and other carbides
powders by steps, such as ball-milling, compaction, and
sintering. Additions of carbides (i.e., WC, Mo,C, TaC, NbC,
etc.) improve the mechanical properties of Ti(C, N)-based
cermets (Ref 5-7). However, after added carbides, it is difficult
to control the solid solution during sintering process. As a
result, this process increases the strain at the interfaces between
the core and rim, and this can impair the mechanical properties
of the materials (Ref 8, 9). It was recently reported that using
the solid solution powders of (Ti, Ta, W)(C, N) improved the
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mechanical properties of the cermets (Ref 3, 10, 11). Jin et al.
used TiO,, WO3, MoOs3, V,0s, NiO, and carbon black powders
as raw materials and synthesized (Ti, W, Mo, V)(C, N)-Ni
cermet powders via a conventional carbothermal reduction—
nitridation reaction (Ref 11, 12). TiO,, WO;3;, MoOs, NiO,
Co0304, and carbon black powders had been used as starting
materials, and ultrafine (Ti, W, Mo)(C, N)-(Ni, Co) cermet
powders were produced at a lower temperature via a spark
plasma-assisted carbothermal reduction—nitridation reaction
(Ref 13). Meanwhile, previous work showed that using fine
raw powders could increase the hardness and decrease the
toughness of Ti(C, N)-based cermets (Ref 14). However, rare
publications have a deep insight on the comprehensive effect of
the solid solution of W, Mo, Nb, and Ta elements and fine
powders on the property and microstructure of Ti(C, N)-based
cermets. Therefore, in this article, fine (Ti, W, Mo, Nb, Ta)(C,
N) solid solution powders are synthesized via the carbothermal
reduction method, and the effects on the microstructures and
properties of Ti(C, N)-based cermets are investigated.

2. Experimental Procedures

2.1 Materials

TiO, powders (0.2-0.5 pm), WO; powders (0.2 pm), MoO3
powders (2-5 pum), Nb,Os powders (1 pm), Ta,Os powders
(0.5 pm), carbon black powders (0.1 um), Ti(Cy7, No3)
powders (<1.0 pum), WC powders (<1.0 um), Mo,C powders
(<1.0 pm), TaC powders (<1.0 um), NbC powders (<1.0 um),
Co powders (0.8 um), and Ni powders (0.8 pm) were used as
raw materials. All of the raw materials were 99.9% in purity
and were purchased from Beijing Hongyu Co., Ltd., China.
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2.2 Synthesis of Solid Solution Powders

Using the chemical composition (in weight) of 50% TiO,-
25% C-12% WO;3-5% Mo0;-4% Nby0s5-4% Ta,Os, the
powders were first mixed in a planetary ball mill for 4 h using
ZrO; balls at a speed of 200 r/min. The mixtures were then
dried. Finally, the mixtures were heated in a tubular furnace at
different conditions (temperatures in the range of 1300-1600 °C
for 1-3 h under a N, atmosphere) to synthesize (Ti, W, Mo, Nb,
Ta)(C, N) solid solution powders with a C/N ratio of 7:3 using
the carbothermal reduction method. Then, the powders were
cooled naturally to room temperature in a furnace that was
cooled under a N, atmosphere. In all of the experimental runs, a
pressure of 1-2 kPa in a N, atmosphere (99.9% purity) was
maintained.

2.3 Preparation of (Ti, W, Mo, Nb, Ta)(C, N)-Co-Ni Cermets

According to the chemical composition (in weight) of 85%
(Ti, W, Mo, Nb, Ta)(C, N)-7.5% Co-7.5% Ni, powders of (Ti,
W, Mo, Nb, Ta)(C, N) were synthesized at 1500 °C for 2 h
under a N, pressure of 2 kPa, and powders of Co and Ni were
milled and mixed in a planetary ball mill for 24 h using WC
balls at a speed of 135 r/min. Then, the mixed powders were
sieved using a mesh of size 0.125 mm and dried in a vacuum
drying oven at 90 °C for 2 h. The dry mixtures were pressed in
a rectangular beam-shaped die at a uniaxial pressure of
250 MPa. Finally, the (Ti, W, Mo, Nb, Ta)(C, N)-Co-Ni
cermets (named SSC) were sintered in a ZSJ-20X20X20
vacuum oven at 1350-1550 °C for 10 min-8 h in vacuum. After
sintering, the samples were cooled in vacuum to room
temperature in the furnace. For comparison, the traditional Ti
(C, N)-WC-Mo,C-NbC-TaC-Co-Ni cermet (named TC) was
prepared using the same sintering process and target compo-
sition (in weight) with 65% Ti(Cy 7, No3), 17% WC, 6% Mo,C,
6% TaC, 6% NbC, 7.5% Co, and 7.5% Ni raw powders.

2.4 Characterization

The sintering samples were polished with SiC papers and 3-
pum diamond pastes. The density of the specimen was measured
according to Archimedes’ law. Hardness (HV3() values of the
sintering samples were measured on a Vickers hardness tester
using 298 N for 10 s according to the GB/T 7997-2014
standard. Indentation fracture toughness (Kjc) was calculated
using the Vickers hardness following Eq 1 (Ref 15):

HV3q
7 (Eq 1)

=1t

Kic =0.15

where HV;, is the Vickers hardness (N/mm?) and /; is the
length of the crack tip from the hardness indentation (mm).
Transverse rupture strength (TRS) was tested according to the
ISO 3327:2009 standards. The test pieces had dimensions of
5.5 mmx 6.5 mmx20.0 mm, and the test span was a length
of 12.0 mm. All of the data are reported as the average value
of five measured values. The morphology and particle sizes
of the synthesized powders and microstructures of the cermets
were observed using a scanning electron microscope (FE-
SEM, Zeiss sigma 500, Germany) equipped with an energy-
dispersive spectroscope (EDS, Oxford Instrument X-maxN,
UK). A transmission electron microscope (TEM) was oper-
ated at 200 kV (FEI Talos F200 TEM/STEM, USA). The
phase composition was investigated using an x-ray diffrac-
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tometer (XRD, PANalytical X'Pert PRO, Netherland). The C
and N contents were measured using an element analyzer
(Vario ELIII, CHNS/O, Germany).

3. Results and Discussion

3.1 Synthesis of the (Ti, W, Mo, Nb, Ta)(C, N) Solid Solution
Powders

Figure 1(a) shows the XRD patterns of the mixed powders.
It can be seen that the mixed powder still retained the same
phase composition as the raw material (TiO,, WO3, MoOs,
Nb,Os, and Ta,Os). Because the carbon black was amorphous,
it was not found, as seen in Fig. 1(a). The powders synthesized
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Fig. 1 XRD patterns of the mixed powders (a) and synthesized (b)
powders at different conditions (temperature, time, and nitrogen
pressure in order). (a) 1300 °C, 3 h, 2 kPa; (b) 1400 °C, 3 h, 2 kPa;
(c) 1500 °C, 3 h, 2 kPa; (d) 1600 °C, 3 h, 2 kPa; (¢) 1500 °C, 1 h,
2 kPa; (f) 1500 °C, 2 h, 2 kPa; (g) 1500 °C, 3 h, 1 kPa; (h) 1500 °C,
3 h, 1.5 kPa
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via carbothermal reduction at different temperatures, durations
of time, and pressures in a N, atmosphere are shown in Fig. 1
(b). Comparing a with b, ¢, and d in Fig. 1(b), it can be seen that
the (Ti, Me)(C, N) phase (where Me is W, Mo, Nb, and Ta)
formed, but there are also some peaks that correspond to WC,
Mo,C, TaC, and NbC at 1300 °C. With an increase in
temperature, the peaks for WC and Mo,C disappeared, and a
few peaks for TaC and NbC were still present at 1400 °C for
3 h. When the temperature was increased above 1500 °C for 3 h
[c and d in Fig. 1(b)], all of the peaks for the TaC and NbC
phases disappeared, whereas only a single (Ti, Me)(C, N) phase
was identified. Similar results were also found for fabricated
samples shown in f, g, and h of Fig. 1(b). However, there are a
few peaks for TaC and NbC that still appeared at 1500 °C for
1 h at 2 kPa [e in Fig. 1(b)]. This indicates that single-phase (Ti,
W, Mo, Nb, Ta)(C, N) solid solution powders were synthesized
at 1500 °C for at least 2 h under N, in this experiment. As seen
in Fig. 1(b), the solid solubility of atoms of tungsten and
molybdenum in Ti(C, N) was better than that of niobium and
tantalum atoms. Meanwhile, when the temperature was
increased from 1300 to 1500 °C for 3 h, the intensity ratio of
the (111) and (200) peaks for the Ti(C, N)-based solid solution
phase increased from 0.996 to 1.15, which was higher than that
for Ti(Cp7Ng3) (0.510, JCPDS42-1489). This can be inter-
preted to mean that the W, Mo, Nb, and Ta atoms were easier to
replace Ti atoms in the (111) crystal plane than in the (200)
crystal plane, and this leads to an increase in the ratio. During
the carbothermal reduction reaction process, the oxides of W,
Mo, Ta, and Nb reacted with C to form WC, Mo,C, TaC, NbC,
and CO (Ref 16). Meanwhile, under the combined action of a
TiO,/C solid—solid reaction and a solid—gas reaction mainly
between oxides and CO, C, CO,, and N, (Ref 16-18), Ti(C, N)
was synthesized at 750-1300 °C according to the following
reaction sequences: TiO, (anatase)— TiO,(rutile)— Ti,05,
(n>4)—Tiz05s—Ti(N, O)—>Ti(C, N, O)—>Ti(C, N). Then,
with the increase in temperature, atoms of W, Mo, and Ta, Nb
successively diffused in Ti(C, N) unit cells, and finally, the (Ti,
W, Mo, Nb, Ta)(C, N) solid solution phase was formed.

The C and N contents of the powders that were synthesized
at different temperatures, durations of time, and pressures in a
N, atmosphere are listed in Table 1. With an increase in the
synthesis temperature, the C content first decreased (from 1300
to 1400 °C) and then increased (over 1400 °C). However, the N
content was the opposite. When the duration of the holding
time was increased, the C increased and N contents decreased.
With an increase in the N, pressure from 1 to 2 kPa, the C
content decreased, and the N content increased. These obser-
vations indicate that a higher N, pressure and shorter holding
time in the reaction system would result in higher N content in
(Ti, W, Mo, Nb, Ta)(C, N) solid solution powders. Table 1 also

shows the lattice parameters of the powders that were
synthesized at different conditions. It can be seen that the
lattice parameters increased with increases in the reduction
temperature, duration of holding time, and N, pressure. This is
mainly attributable to the diffusion of W, Mo, Nb, and Ta
atoms. Atoms of these elements have larger atomic radii, and
this leads to the expansion of the Ti(C, N) crystal lattice. When
the powders were synthesized at 1600 °C for 3 h under a N,
pressure of 2 kPa, the solid solution powders had a higher
lattice parameter, but the N content was obviously reduced
because more and more N atoms were replaced by C atoms, and
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Fig. 2 Micrographs of the (Ti, W, Mo, Nb, Ta)(C, N) solid solution
powders synthesized at 1500 °C for 2 h under 2 kPa N, pressure. (a)
SEM; (b) TEM (BF) with SAD in the lower left corner

Table 1 The C and N contents, lattice parameters of the synthesized powders

Temperature, °C Time, h Nitrogen pressure, kPa C content, wt.% N content, wt.% Lattice constant, A
1300 3 2 9.516 6.076 4.2700
1400 3 2 8.803 7.300 4.2830
1500 3 2 9.632 6.482 4.2967
1600 3 2 12.910 2.677 4.3180
1500 2 2 9.174 7.040 4.2829
1500 1 2 9.056 7.217 4.2825
1500 3 1.5 10.300 5.600 4.2940
1500 3 1 11.500 4.600 4.2918
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this led to the outgassing of nitrogen atoms at higher
temperature (Ref 13).

From Fig. 1(b) and Table 1, it is concluded in this
experiment that the powders should be synthesized at 1500 °
C for 2 h under a N, pressure of 2 kPa to obtain single-phase
(Ti, W, Mo, Nb, Ta)(C, N) solid solution powders with a higher
nitrogen content. Under such synthesis conditions, the carbon
and nitrogen contents of the powders were 9.174 and 7.040 wt.%,
respectively. No free C was found, and the oxygen content was
0.54% in these synthesized powders. Micrographs of the synthe-
sized powders are shown in Fig. 2. As seen in Fig. 2(a), the size of
the powder particles was almost uniform. Figure 2(b) shows that
the length and width of a particle were about 136 and 100 nm,

Table 2 Mechanical properties of cermets

respectively. According to the literature (Ref 17, 18), the
carbothermal reduction reaction proceeds primarily on the external
surface of the carbon particles, and the synthesized powders
gradually became finer with uniform particles and the formation of
a cubic phase. The formation of titanium carbonitride via
carbothermal reduction of titanium dioxide is a complex process
that includes crystal transformation and chemical reaction. This
process promotes the transformation of the raw coarse titanium
dioxide particles into fine titanium carbonitride powders. Selected
area electron diffraction (SAD) patterns of the particle shows the
{220} crystal facet in the [ 111] zone axis of a face-center cubic
structure, and this is in accordance with the Ti(C, N) result (PDF
card number JCPDS 42-1489). This means that only a one-phase

Sintering condition

Mechanical properties

Cermets Relative density, %
Temperature, °C Holding time, min HV;3, kg/mm2 TRS, MPa Kic, MPsa-m'?

SSC1 1350 60 91.4 1581445 1300421 4.86+0.25
SSC2 1400 60 97.7 1690£53 1530432 8.51+0.12
SSC3 1450 60 99.3 1787148 1550426 8.9410.16
SSC4 1500 60 98.8 1684 +55 1240423 8.324+0.10
SSC5 1550 60 98.3 1578 +45 1100£35 8.144+0.11
SSC31 1450 10 93.9 1679443 1260430 8.361+0.18
SSC32 1450 180 99.2 1777£52 1340428 8.741+0.09
SSC33 1450 300 98.9 1710146 1190+£31 8.691+0.10
SSC34 1450 480 98.2 1704443 1000426 8.65+0.11
TC 1450 60 98.0 1558 +51 1290436 10.24+0.12

Fig. 3 BSE images of the microstructure of the Ti(C, N)-based cermets. (a) SSC1; (b) SSC3; (c) SSCS; (d) TC
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Fig. 4 The EDS spectrums of white core (a)-gray rim (b), black core (c) of sample SSC, and black core (d)-gray rim (e) of sample TC in

Fig. 3

solid solution was present in the synthesized powders, and this
indicates that the solid solution of W, Mo, Ta, and Nb elements did
not change the structure of the Ti(C, N) solid solution.

3.2 Mechanical Properties of (Ti, W, Mo, Nb, Ta)(C, N)-Go-Ni
Cermets

Mechanical properties of the (Ti, W, Mo, Nb, Ta)(C, N)-Co-

Ni cermets that were sintered at different temperatures and

durations of holding time are listed in Table 2. It can be seen
that the HV 3o, TRS, and Kjc values of SSC first increased and

7202—Volume 28(12) December 2019

then decreased when the sintering temperature and duration of
holding time increased. When sintered at 1450 °C for 60 min
(sample numbered SSC3), the HV3o, TRS, and Kjc values of
SSC3 were higher than those of the other SSC samples. These
values were 1787 kg/mmz, 1550 MPa, and 8.94 MPa ml/z,
respectively. Compared with the properties of TC, the hardness
of SSC3 was improved by 14.7%, and the TRS was improved
by 20.2%. This indicates that fine (Ti, W, Mo, Nb, Ta)(C, N)
solid solution powders are beneficial for increasing the
hardness and strength of the Ti(C, N)-based cermets. However,

Journal of Materials Engineering and Performance



Fig. 5 SEM micrographs of the fracture surface and crack propagation of samples of SSC3 and TC. (a) Fracture surface of SSC3; (b) fracture
surface of TC; (c) crack propagation of SSC3; (d) crack propagation of sample TC

the fracture toughness of SSC3 was 14.1% lower than that of
TC.

3.3 Microstructures of (Ti, W, Mo, Nb, Ta)(C, N)-Co-Ni
Cermets

Figure 3 shows BSE images of the SSC and TC cermets. In
Fig. 3(a), it can be seen that the “core—rim” microstructures in
the SSC1 samples that were sintered at 1350 °C started to form,
but there were still many fine pores that resulted in relatively
low density. This can be attributed to the low sintering
temperature and the short sintering time, which resulted in
insufficient dissolution—precipitation during liquid-phase sin-
tering (Ref 19, 20). When samples were sintered at 1450 °C for
60 min, the microstructures of SSC3 were a fine white core
surrounded by a gray rim and a fine black core with a gray rim
(Fig. 3b). These findings are similar to the microstructures
described in Ref 21, 22. With an increase in the sintering
temperature, the core—rim microstructures grew, and the
number of black cores in sample SSC5 decreased (Fig. 3c).
Similar changes were also found in the SSC32, SSC33, and
SSC34 samples with longer holding time when sintered at
1450 °C. EDS analysis of SSC3 and TC samples were carried
out in Fig. 4. The core-rim microstructures of Ti(C, N)-based
cermets formed through a dissolution and precipitation process
during liquid-phase sintering. The starting powders to synthe-
size SSC consisted of the solid solution phase of (Ti, W, Mo,
Nb, Ta)(C, N) and the binder phases of Co and Ni. During the
sintering process, the solid solution phase gradually dissolved

Journal of Materials Engineering and Performance

into the binder phase and formed the gray rim. Compared with
Fig. 4(b) and (¢), Fig. 4(a) shows that the white core in Fig. 3(b)
had a high tungsten content and low titanium content. The
black core had high titanium content and low tungsten content
in Fig. 4(c). With an increase in the sintering temperature or
with extended sintering time, the fine black core gradually
dissolved, and the volume of the black core gradually deceased.
Therefore, a few coreless microstructures are found in Fig. 3(c).
In comparing the SSC materials, SSC3 had finer microstruc-
tures [<1 um in size, as seen in Fig. 3(b)] than that in other SSC
samples, and this resulted in higher hardness and strength,
according to the well-established Hall-Petch strengthening and
hardening relationship. In contrast, the gray rim phase was
brittle, and the thin gray rim of the surrounding white core in
the SSC3 sample was also advantageous for improving the TRS
and Kjc values of the matrix. Therefore, the hardness,
transverse rupture strength, and fracture toughness of the
SSC3 sample were higher than that of the other SSC materials.

Micrographs of the fracture surface and crack propagation of
samples of SSC3 and TC are shown in Fig. 5. It can be seen
from Fig. 5(a) and (b) that the fracture surface of SSC3 was
mainly intergranular fracture, but the fracture surface of TC was
mainly transgranular fracture. The Kjc value of cermet is
related to both the hard phase and binder phase (Ref 23).
Because the (Ti, Me)(C, N) phase intrinsically has better elastic
properties than the Ti(C, N) phase (Ref 24), an increase in the
(Ti, Me)(C, N) core content improves the toughness of the hard
phase. Meanwhile, a decrease in the grain size resulted in fine
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grain strengthening (Ref 25). As shown in Fig. 3(b), SSC3 has
high and fine (Ti, W, Mo, Nb, Ta)(C, N) core content; it
improves the toughness and strength of the hard phase.
Therefore, cracks in SSC3 mainly propagate along grain
boundaries, as seen in Fig. 5(a). The large binder mean free
path and the increase in the W content in the rims in the Ti(C,
N) base cermets helped improve the fracture toughness (Ref 23,
25, 26). As seen in Figs. 3(d) and 4(e), TC had coarse black
core—gray rim microstructures and high W content in thick gray
rims, and this led to an increase in the binder mean free path
and an increase in the W content in the rim, which improved the
toughness. Only crack deflection along the crack propagation
path is observed in Fig. 5(c). However, crack deflection and
crack microbridging are observed in Fig. 5(d), and this is
attributed to the longer mean free path caused by grain
coarsening in TC. This also led to an improvement in the
toughness of TC.

4. Conclusions

Fine (Ti, W, Mo, Nb, Ta)(C, N) solid solution powders were
successfully synthesized via the carbothermal reduction
method. The mechanical properties and microstructures of the
(Ti, W, Mo, Nb, Ta)(C, N)-Co-Ni cermets were studied, and the
following conclusions can be drawn from the present investi-
gations:

(1) The favorable synthesis conditions of (Ti, W, Mo, Nb,
Ta)(C, N) single-phase solid solution powders with high
nitrogen content are 1500 °C for 2 h under a pressure of
2 kPa in a nitrogen atmosphere. Under these conditions, the
particle size of the synthesized powders is less than 140 nm,
and the carbon and nitrogen contents of the powders are 9.174
and 7.040 wt.%, respectively. XRD results show that the solid
solubilities of W and Mo atoms in Ti(C, N) are better than those
of Nb and Ta.

(2) The optimal sintering process of (Ti, W, Mo, Nb, Ta)(C,
N)-Co-Ni cermets is at 1450 °C for 1 h in vacuum. Using fine
(Ti, W, Mo, Nb, Ta)(C, N) solid solution powders as the starting
materials had good effects on the hardening and strengthening
of Ti(C, N)-based cermets. The hardness and TRS values of
SSC3 increase by 14.7 and 20.2%, respectively, compared to
those of TC. However, the Kjc value of SSC3 decreased by
14.1% compared to that of TC.

(3) The microstructures of the (Ti, W, Mo, Nb, Ta)(C, N)-
Co-Ni cermets that had fine microstructure and a thin gray rim
result in high hardness and TRS. The high fracture toughness of
TC is primarily attributed to crack deflection and crack
microbridging, which result from the coarse black core—gray
rim microstructures and high W content in the thick gray rims.
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