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Abstract
In this study, ultrafine titanium carbonitride (TiCN) powders were prepared with an improved carbothermal reduc-

tion method. The microstructure and mechanical properties of TiCN-based cermets fabricated with different contents
of ultrafine powders were investigated by means of scanning electron microscopy, X-ray diffraction, Vickers hardness
and three-point bending tests. With the addition of ultrafine TiCN powder, the “black core-grey rim” phase was re-
fined, and the “white core-grey rim” phase was gradually produced. The optimum content of ultrafine TiCN powder
is 20 wt%. The cermets’ hardness, bending strength and fracture toughness were increased by 2.5 %, 7.9 % and 20.4 %,
respectively, compared to those without the addition of the ultrafine TiCN powders. The enhanced mechanical prop-
erties were attributed to fine grain strengthening, microcrack toughening, crack deflection and crack microbridging.
In summary, a reasonable mixture of ultrafine TiCN and micron TiCN powders was beneficial to improve the com-
prehensive properties of TiCN-based cermets.
Keywords: Ultrafine TiCN powders, cermets, microstructure, mechanical properties

I. Introduction
TiCN-based cermets have been widely used in finish-

ing and semi-finishing owing to their excellent mechanical
properties and oxidation resistance. Two phases have been
observed and reported to be contained in TiCN-based cer-
mets. One is the hard ceramic phase composed of TiCN
and its solid solution, and the other is the ductile metal
binder phase such as Ni and Co 1. The synergistic effect
of these two phases endows TiCN-based cermets with ex-
cellent red hardness, good wear and oxidation resistance,
and superior chemical stability 1, 2. The abrasion resistance
of TiCN-based cermets is much higher than that of WC-
Co hard metal. Tools made of TiCN cermet endure a high-
er cutting speed and have a longer service life 2. Particu-
larly, the lower production cost of TiCN-based cermets
makes them a more competitive alternative to WC and
other cemented carbide materials 3. However, compared
with traditional WC-Co cemented carbide materials, the
strength and toughness of TiCN-based cermets are still in-
sufficient, which greatly limits their application 3.

The fracture toughness of TiCN-based cermets refers to
their ability to resist crack propagation, which is mainly
determined by the sintering process, chemical composi-
tion, secondary carbide additive, and the particle size of
the raw material powders 4 – 6. In recent years, research
on toughening TiCN-based cermets has attracted increas-
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ing interest. Xu et al. 7 have developed a new method for
the preparation of highly toughened TiCN-based cermets.
These cermets are composed of a single solid-solution
phase fabricated by means of mechanical activation and
in-situ carbothermal reduction. The fracture toughness of
the as-prepared TiCN-based cermets can reach 21.3 MPa
⋅m1/2, which is 66.4 % higher than that of traditional cer-
mets. Yang et al. 8 have fabricated TiB2-TiCN-(Ni+Co)
cermets by means of reactive hot pressing. They have
demonstrated that the strength and toughness of TiB2-
TiCN-Ni cermet with 2 wt% Mo addition could be si-
multaneously improved based on the refining of the ce-
ramic particles, the achievement of a homogeneous mi-
crostructure, and the enhancement of interfacial bonding.
Xiong et al. 9, 10 have conducted a detailed study on the
enhanced interface effect of secondary cubic carbides on
TiCN-based cermets. They found that VC reduced the lat-
tice mismatch effectively between the core and rim mi-
crostructure, and that the bending strength and fracture
toughness of the TiCN-based cermets reached 2 099 MPa
and 10.3 MPa⋅m1/2, respectively. Moreover, (Ti, W) (C,
N)-based cermets possessing good toughness were fabri-
cated with the use of ultrafine or nanocrystalline (Ti, W)
(C, N) powders 11, 12. With the addition of nanoparticles
to the raw material powders, the nanoparticles in TiCN-
based cermets were embedded in the rim of the larger ce-
ramic grains, bonding the large ceramic particles togeth-
er and enhancing the toughness of the cermet 13. Unfor-
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tunately, the increasing fractions of interfaces led to the
increase of cracks along the grain boundaries when the
particle size was reduced to the nanoscale. It has been re-
ported that the toughness of TiCN-based cermets cannot
be improved ultimately 14. Therefore, the key problem to
improve the toughness of cermet materials is how to rea-
sonably control the particle size in the raw material. As
we have seen, there is a lack of studies on how the parti-
cle size controls the mechanical properties of TiCN-based
cermets.

Recently, the in-situ carbothermal reduction method has
been well developed to synthesize TiCN powders using
TiO2 and carbon black as raw materials 15 – 18. Owing to
the difference in density and polarity between TiO2 and
carbon black, it is difficult to mix them uniformly using the
traditional carbothermal reduction method. In this study,
the ultrafine TiCN powders were prepared with an im-
proved carbothermal reduction method. The carbon black
was added into TiCl4 solution, so that TiO2 nanoparticles
obtained by hydrolysis-precipitation could be evenly and
fully mixed with the carbon source. Then the as-prepared
TiCN powders were used as raw materials or additives to
prepare the TiCN-based cermets. In addition, we investi-
gated how the content of ultrafine TiCN powder affects
the microstructure and mechanical properties of the cer-
mets.

II. Experimental Procedure

(1) Synthesis of ultrafine TiCN powders
The ultrafine TiCN powders were prepared with the

improved in-situ carbothermal reduction method. First,
TiCl4 was added into the mixed solution of ethanol and
cyclohexane, and the mixture was continuously stirred to
prepare solution A. Then the carbon black and hexade-
cyl trimethyl ammonium bromide were added to a mix-
ture of ethanol and deionized water, respectively, to ob-
tain solution B. The two kinds of solution B and A were
evenly mixed, whilst dilute ammonia solution was slow-
ly dropped into the mixed solution. After neutralization
had been completed, the suspension was filtered, and the
solid powders were washed and dried to obtain the precur-
sor powders. Finally, the precursor powders were put into
a vacuum sintering furnace. At 1 000 °C, the roots pump
was shut down and nitrogen was injected. The nitrogen
pressure was stabilized at 1 500 ∼ 2 000 Pa, and the heat
preservation temperature was 1 530 °C for 4 h. The ultra-
fine TiCN powders measuring 200 ∼ 300 nm in size were
synthesized, and the purity of powders was over 99.3 %.

(2) Preparation of TiCN-based cermets
Two types of TiCN-based cermets have been prepared

and investigated in this study:(1) One used ultrafine TiCN
powders (200 ∼ 300 nm) as raw material; and (2) the oth-
er used the mixture of ultrafine TiCN powders (200 ∼
300 nm) and micron TiCN powders (2 ∼ 5 lm) as raw
materials. In Situation 1, WC (20 ∼ 40 lm), Mo2C (2 ∼
5 lm) and NbC (1 ∼ 2 lm) powders were used as the sec-
ondary carbides, and Co and Ni powders (0.8 lm) were
used as the binder metals. TiCN-20WC-10Mo2C-5NbC-
15(Co+Ni) cermet (named A in Table 1) can be obtained.

In Situation 2, the detailed compositions for preparation
of the TiCN-based cermets (named B1 – B6) are shown
in Table 1. In order to discuss the influence of content and
size of the WC powders, fine WC powders (2 ∼ 5 lm) were
selected as the raw carbide powders in the B1 – B6 cermets
and their content was 15 wt%. The preparation process for
the TiCN-based cermets can be described based on the fol-
lowing experimental steps: First, according to the designed
composition, each component powder was weighed on an
analytical balance. Then, the mixture was ball-ground in
a planetary ball mill (QM-LSP), with a stainless steel ball
grinding tank and WC-Co cemented carbide balls as the
abrasive and anhydric ethanol as the ball grinding medi-
um. The ball to material ratio was 7:1 and the ball grind-
ing speed was 200 r/min over a duration of 30 hours. After
ball grinding, the slurry was put into the air-blast drying
oven and the drying temperature was 70 °C. The dried
powder was screened on a 60-mesh screen and granulat-
ed with 6 % paraffin as moulding agent. Unidirectional
pressing was carried out on a powder tablet press (769YP-
30T). The pressing force was about 250 MPa, and the size
of the shaped compact was 8.56 mm × 25.5 mm. Finally,
the formed billet was sintered in the vacuum furnace at
1 350 °C ∼ 1 475 °C for 1 hour.

Table 1: Composition design of the TiCN-based cermets
(wt%).

Cer-
mets

WC Micron
TiCN

Ultra-
fine

TiCN

Mo2C NbC Co+Ni

A 20 0 50 10 5 15

B1 15 50 0 10 5 20

B2 15 45 5 10 5 20

B3 15 40 10 10 5 20

B4 15 30 20 10 5 20

B5 15 20 30 10 5 20

B6 15 0 50 10 5 20

(3) Characterization

The phase structure of the TiCN-based cermets was mea-
sured using an X-ray diffractometer (XRD, PANalyti-
cal, X’Pert PRO, Netherlands) with CuKa1 radiation (k =
1.54056 Å) at 40 kV and 30 mA over a 2-theta range from
5° to 90°, and the scanning speed was 0.02(°)/s. The mi-
crostructure of the polished cermets was examined with a
field emission scanning electron microscope (SEM, Zeiss
Sigma 500, Germany) equipped with energy-dispersive
spectroscopy (EDS, Oxford Instrument X-max N, UK).
The fracture morphology and microstructure were ob-
served under a backscattered electron mode. The density
of the sample was measured according to Archimedes’ law.
The hardness (HV30) of TiCN-based cermets was mea-
sured on a Vickers hardness tester, with a regular four-
pyramid diamond indenter with a load of 294 N for 15 s.
A universal electronic testing machine was used to mea-
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sure the three-point bending strength of the cermets. The
loading speed of the equipment was 1 mm⋅min-1, and the
span of cemented carbide mould was 12 mm. The indenta-
tion fracture toughness of cermets was calculated accord-
ing to the following equation, as specified in previous stud-
ies 19 – 21:

KIC = 0.15
√

HV30∑4
i=1 li

where HV30 is the Vickers hardness (N/mm2) and li is
the length of the crack tip from the hardness indentation
(mm).

III. Results and Discussion

(1) Phase structure analysis
Fig. 1(a) shows the XRD patterns of Cermet A sintered

at temperatures ranging from 1 350 °C to 1 475 °C for 1
hour. (W, Mo, Ti, Nb)(C, N) phase. Co/Ni solid solu-
tion phase was detected in a sample sintered at 1 350 °C
for 1 hour. It has been reported that when the propor-
tion of W, Mo and other atoms in cermets is too high,
the excess W, Mo and other atoms will not dissolve into
(Ti, Me) (C, N) phase again. They dissolve into the Co/Ni
binding phase, and form the secondary phase such as (W,
Mo, Ti) (Co, Ni)C 22. In this study, the (W, Mo, Ti, Nb)
(Co, Ni)C phase was found when the sample was sin-
tered at 1 350 °C. As the sintering temperature increased,
the diffraction peak of (W, Mo, Ti, Nb)(Co, Ni)C phase
tended to weaken, and disappeared when the temperature
reached 1 475 °C. The ratio of intensity for (111) planes to
(200) planes of (Ti, Me)(C,N) phase changed from 0.608 at
1 350 °C to 1.073 at 1 475 °C. In general, the (111) plane in
TiCN unit cell is mainly composed of Ti atoms, while the
(200) crystal surface is composed of Ti, C and N atoms to-
gether 23, 24. When W, Mo, Ta, Nb and other metal atoms
diffuse into the TiCN lattice, foreign metal atoms are more
likely to replace Ti atoms in (111) planes than in (200)
planes, resulting in an increase in the ratio of the intensi-

ty of the (111) peak to the (200) peak 23. This also shows
that more W, Mo, Nb atoms are dissolved into (Ti, Me)(C,
N) phase when the sintering temperature rises.

The XRD patterns of cermets B1-B6 with different con-
tents of ultrafine TiCN powders sintered at 1 450 °C for
1 hour are shown in Fig. 1(b). The cermets under each
component consist of two phases, one is the (Ti, Me)(C,
N) (Me = W, Mo, Nb) phase, and the other is the Co/Ni
solid solution phase, indicating that a good solid solution
between the carbides can be formed in the cermets after
these are sintered at 1 450 °C for 1 hour. With the increase
of the content of ultrafine TiCN powders in the raw mate-
rial, the ratio of the diffraction intensity between (111) and
(200) plane in the cermet also increases. This further con-
firmed that more W, Mo, Nb atoms were dissolved into the
(Ti, Me) (C, N) phase as the amount of the ultrafine TiCN
powder increased. According to the comparison between
Fig. 1(a) and (b), Cermet A still has a certain amount of (W,
Mo, Ti, Nb)(Co, Ni)C phase at 1 450 °C, which, however,
disappears at 1 475 °C, while Cermet B6 has no (W, Mo,
Ti, Nb)(Co, Ni)C phase after sintering at 1 450 °C. This
indicates that finer WC powder and lower content of WC
are beneficial to promote the solid solution of W atoms,
thus avoiding the formation of (W, Mo, Ti, Nb)(Co, Ni)C
phase.

(2) Microstructure and chemical composition

Fig. 2 shows the backscattered electron images of the
Cermet A obtained at different sintering temperatures
for 1 hour. In Fig. 2(a), a large amount of white phase
and “black core-grey rim” phase was observed in the mi-
crostructure of cermet. With the increase of sintering tem-
perature, the fractions of the white phase decreased grad-
ually in Fig. 2(b) to 2(d). The EDS analysis results of the
Cermet A sintered at 1 425 °C for 1 hour are shown in Ta-
ble 2. It can be seen that the main elements in the white

Fig. 1: The XRD patterns of cermet A sintered at different temperatures for 1 h (a) and Cermet B1 – B6 sintered at 1 450 °C for 1 h (b).
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Fig. 2: The backscattered electron SEM images of Cermet A obtained at different sintering temperatures for 1 h. (a) 1 400 °C, (b) 1 425 °C, (c)
1 450 °C, (d) 1 475 °C.

phase are W, Ti, Mo, Co, Ni and a small amount of Nb.
The contents of W and Mo are very high. According to
Fig. 1(a), the white phase is (W, Mo, Ti, Nb)(Co, Ni)C.

The formation mechanism of “black core-grey rim” in
TiCN-based cermets has been reported to follow the prin-
ciple of “dissolution-reprecipitation” 25, 26. In the solid
solution of (W, Mo, Ti, Nb) (C, N), the binding force be-
tween Mo-C,W-C and Nb-C is weaker than that between
Ti-C, thus W, Mo and Nb can dissolve more easily in-
to the binder phase during the high-temperature liquid-
phase sintering. During the cooling process, W, Mo, Ti and
Nb become oversaturated in the binder phase owing to the
low solubility, and gradually precipitate out of the binder
phase and nucleate on the surface of the insoluble (W, Mo,
Ti, Nb) (C, N) to form the coated phase. Owing to the dif-
ference in solubility, the content of W and Mo in the pre-
cipitated phase is higher than that of the black core, so the
rim phase appears grey relative to the black core phase. It is
believed that the “black core” is an undissolved TiCN par-
ticle, and the mass fraction of Ti in the metal elements of the
black core phase can be as high as 97 % 27. However, in this
study, the mass fraction of Ti in the black core phase is on-
ly 55.95 % (37.17 at% in Table 2). The reason for this phe-
nomenon may be that the ultrafine TiCN powders used in
this study are more likely to form a solid solution with the
elements W, Mo and Nb.

Fig. 3 shows the backscattered electron images (BSE) of
the TiCN-based cermets with different components sin-
tered at 1 450 °C for 1 hour. No coarse-grained (W, Mo,
Ti, Nb)(Co, Ni)C phases appear in the microstructure
of Cermets B1 – B6. As shown in Fig. 3(a), the larger-
sized “black core I-grey rim” phase is formed in Cer-
met B1 without the addition of ultrafine TiCN powders.
When the content of ultrafine TiCN powders is 5 wt%,
the amount of larger-sized “black core I-grey rim” phase
is reduced, and the smaller-sized “black core II-grey rim”
phase appeared. The EDS results are shown in Table 3. The
mass fraction of Ti in the phase of black core I accounts
for 78.76 % (55.64 at%), while that in black core II ac-
counts for 40.51 % (34.71 at%). This is because the com-
position of the phase is mainly derived from the micron-
sized TiCN powder in black core I. These micron-sized
TiCN powders have larger particles that are difficult to
dissolve completely, resulting in the main metal element
of Ti in the core. The main composition of the phase in
black core II is from the ultrafine TiCN powder with larg-
er specific surface area, which more readily forms the sol-
id solution with WC, NbC, Mo2C and other carbides. As
a result, in addition to Ti element, other metal elements
such as W, Nb and Mo exist in the black core II. A grad-
ual increase of the fine “white core-grey rim” phase can
be observed in Fig. 3(b) – (f). It is mainly caused by the
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Table 2: The element content for Cermet A sintered at 1 425 °C for 1 h (at%).

Element
(at%)

N Ni C Ti W Mo Nb Co

White phase 6.51 6.81 46.19 4.73 14.91 9.83 0.59 10.43

Black core 19.82 1.02 36.59 37.17 1.87 1.18 0.83 1.53

Grey rim 21.41 1.36 38.66 31.36 3.04 1.73 0.51 1.93

Fig. 3: The backscattered electron SEM images of the TiCN-based cermets with different components sintered at 1 450 °C for 1 h. The content
of ultrafine TiCN powders is (a) 0 wt%, (b) 5 wt%, (c) 10 wt%, (d) 20 wt%, (e) 30 wt%, (f) 50 wt%.

Table 3: The element content for Cermet B1 – B6 sintered at 1 450 °C for 1 h.

Element (at%) N Ni C Ti W Mo Nb Co

Black core I 10.38 0.13 32.47 55.64 0.56 0.40 0.24 0.17

Black core II 8.67 0.27 42.76 34.71 5.73 5.33 2.19 0.33

Grey rim 3.64 1.42 58.57 25.11 3.54 3.84 1.86 2.02

White core 3.44 6.97 54.07 3.53 10.00 13.41 0.54 8.04
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dissolution of ultrafine TiCN, WC, Mo2C, NbC and oth-
er carbides in the binder to form a solid solution phase with
high W and Mo content. With the increase in the fractions
of ultrafine TiCN powders, the microstructure of TiCN-
based cermets has been refined. The amount of larger black
core phase decreases gradually, whiles the amount of fin-
er black core and white core increases. When the content
of ultrafine TiCN is 50 wt%, the coarse “black core-grey
rim” phase can no longer be observed in the microstruc-
ture of the cermet. It is composed of finer “black core-grey
rim” phase and “white core-grey rim” phase (Fig. 3(f)).

(3) Mechanical properties
The relative density of TiCN-based cermets with differ-

ent components is shown in Fig. 4(a). The density of the
cermet firstly increases and then decreases with the in-
crease of the content of ultrafine TiCN powders. When
the content of ultrafine TiCN powders is 20 wt%, the rel-
ative density reaches the highest value of 99.6 %. The main
reason is attributed to the match between micron-sized
particles and ultrafine TiCN particles. It is known that
the relative density of TiCN-based cermets is mainly de-
termined by the “dissolution-reprecipitation” mechanism
and the rearrangement of hard phase particles during the
liquid sintering process 5. Under the action of surface ten-
sion and capillary force in the liquid phase, the carboni-
tride hard phase particles can undergo a rearrangement
process to obtain densification. The ultrafine TiCN pow-
der has a higher dissolution rate, which can promote the
“dissolution-reprecipitation” process of the carbonitride
hard phase. Moreover, the ultrafine TiCN powder is also
more likely to facilitate the rearrangement of hard phase.

In this study, Cermet B4 has the highest relative density.
The mixed ultrafine and micron TiCN powders under this
condition not only have a better dissolution process, but
also can be more conducive to the rearrangement and den-
sification of carbonitride hard phase particles.

Fig. 4 (b) – (d) present the bending strength, hardness
and fracture toughness of the TiCN-based cermets vary
with the content of ultrafine TiCN powders. With the in-
crease of the content of ultrafine TiCN powders, the hard-
ness and bending strength of the cermet first increase and
then decrease; however, the fracture toughness of the cer-
met increases significantly. When the mass fraction of ul-
trafine TiCN powder is 20 wt%, the hardness and bend-
ing strength of Cermet B4 reach the maximum value of
1 702 HV30 and 1 672 MPa, respectively. As compared to
B6 without micron TiCN powders, they are improved by
4.0 % and 35.4 %, respectively. Compared with Cermet
B1 without any addition of ultrafine TiCN powder, the
hardness, bending strength and fracture toughness of Cer-
met B4 are improved by 2.5 %, 7.9 % and 20.4 %, respec-
tively. When the content of the ultrafine TiCN powder
is 50 wt%, the fracture toughness of Cermet B6 exhibits
the highest value of 12.1 MPa⋅m1/2. This means that rea-
sonable control of the micron and ultrafine TiCN pow-
ders as raw materials is beneficial to improve the hardness
and bending strength of the cermets. In this study, the ap-
propriate addition amount of ultrafine TiCN powder is
20 wt%, at which the cermet exhibits the highest hard-
ness, bending strength and higher fracture toughness. This
makes it a good candidate material in the field of high-
speed cutting tools.

Fig. 4: The relationship of relative density (a), bending strength (b), hardness (c) and fracture toughness (d) of Cermet B1 – B6 with the content
of ultrafine TiCN powders.
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The mechanisms on the enhanced mechanical proper-
ties of TiCN-based cermets with the addition of ultrafine
TiCN powders can be explained as follows. Firstly, the ad-
dition of ultrafine TiCN powders exerts a strong influence
on the microstructures of TiCN-based cermets, as shown
in Fig. 3. It is known that the black core phase in cermets
consists of the undissolved TiCN grains. The oversaturat-
ed Ti, W, Mo, C and N in the liquid phase will reprecipitate
on the surface of TiCN particles during the sintering pro-
cess, thus forming a rim phase and inhibiting the further
growth of TiCN particles 5. With the addition of ultrafine
TiCN powders, there are probably two factors that will
affect the microstructures of cermets. On the one hand,
the ultrafine TiCN powders have a larger specific surface
compared with that of micron TiCN powders. During the
liquid sintering process, the ultrafine TiCN particles are
more likely to dissolve in the liquid phase to reduce the
overall surface free energy, while the coarser TiCN parti-
cles will become larger by consuming the ultrafine TiCN
particles on basis of the Ostwald ripening theory 28, 29. On
the other hand, the dissolved TiCN and other carbides will
reprecipitate on the surface of the undissolved TiCN par-
ticles as a result of a diffusion process and interfacial re-
action. This accelerates the formation of rim phase. With
the addition of ultrafine TiCN powder, the rim phase on
coarse TiCN particles becomes thicker and hinders the
further growth of the coarse particles 5. Therefore, as the
content of ultrafine TiCN powder increases, the inhomo-
geneous microstructure will be introduced. The reduced
average size of TiCN particles improve the hardness and
bending strength of cermets 5, 30. However, the mechan-
ical properties deteriorate when the fraction of ultrafine
TiCN powder (Fig. 4(c)) increases. This is because the rim
phase that possesses lower hardness and bending strength
gets thicker.

In order to explore the toughening mechanism of TiCN-
based cermets, the BSE images of the crack propagation
of Cermets B1, B4 and B6 are presented in Fig. 5. Cermet
B1 without any addition of ultrafine TiCN powder ex-
hibits the transgranular fracture mode (Fig. 5(a)). Howev-
er, when the content of ultrafine TiCN powder is 20 wt%,
both the transgranular and intergranular fracture mode
can be found in Cermet B4, as shown in Fig. 5(b). It can
be concluded that transgranular fracture generally occurs
on coarse TiCN grains, while intergranular fracture main-
ly occurs on fine grains. In addition, crack deflection, crack
microbridging and microcracks are also observed in Cer-
met B4, all of which will prevent the further propagation
of cracks, thus improving the fracture toughness of the cer-
mets. As can be seen in Fig. 3, the number of coarse TiCN
particles is greatly reduced with the increased content of
the ultrafine TiCN powder. Particularly, when the content
of ultrafine TiCN powder is 50 wt%, a significant grain re-
finement phenomenon can be observed (Fig. 3(f)), which
is the main reason for the maximum fracture toughness of
Cermet B6 (Fig. 4(d)). Although no microcracks or crack
deflection can be found in the microstructure of Cermet
B6 (Fig. 5(c)), the cermet still exhibits excellent fracture
toughness owing to fine grain toughening. In particular, it
has been reported that the “white core-grey rim” phase can
prevent the further expansion of cracks and improve the
toughness of cermets because a stronger interface can be
formed between the “white core-grey rim” phase and met-

al binder 4. In this study, the fine “white core-grey rim”
phase can be observed with the addition of ultrafine TiCN
powders (Fig. 3). Moreover, with the increase of ultrafine
powder, the amount of “white core-grey rim” phase also
gradually increases, which is another reason why Cermet
B6 exhibits the maximum fracture toughness (Fig. 4(d) and
Fig. 5(c)).

Fig. 5: The backscattered electron SEM images of the crack propa-
gation of B1 (a), B4 (b) and B6 (c).

IV. Conclusions
TiCN-based cermets have been prepared by means of

vacuum sintering technology using ultrafine TiCN pow-
ders as raw material or additives. The main conclusions of
this study can be summarized as follows.

(1) The coarse (W, Mo, Ti, Nb)(Co, Ni)C phase is easily
formed in TiCN-based cermets when a high WC content
and coarse WC powder are used as raw material. However,
finer WC powder and a lower content of WC are beneficial
to promote the solid solution of W atoms.

(2) The addition of ultrafine TiCN powder as raw mate-
rial can obviously refine the “black core-grey rim” phase
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and promote the formation of “white core-grey rim”
phase. When 20 wt% ultrafine TiCN powder was added,
Cermet B4 has the highest hardness, bending strength and
higher fracture toughness, which are increased by 2.5 %,
7.9 % and 20.4 % respectively, compared with cermets
without the addition of ultrafine TiCN powder.

(3) The main strengthening mechanism in the as-pre-
pared cermets is fine grain strengthening, while the tough-
ening mechanisms include fine grain toughening, micro-
cracks, crack deflection and crack microbridging.
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bide grain growth in cemented carbides, Acta Mater., 59,
1912 – 1923, (2011).

30 Hansen, N.: Hall-petch relation and boundary strengthening,
Scripta Mater., 51, 801 – 806, (2004).


