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Abstract: Effects of VC/Cr;C, on the microstructure and mechanical properties of Ti(C,N)-based cermets were studied. The
microstructure was investigated by means of optical microscopy, X-ray diffractometry as well as scanning electron microscopy in
combination with energy dispersive spectrometry. Mechanical properties, such as transverse rupture strength, hardness and fracture
toughness, were measured. The results show that there are black core—grey rim structure and white core—grey rim structure in the
microstructure. The grains become fine due to the VC/Cr;C,, and the grains of cermet added with 0.75VC/0.25Cr;C, are refined most
remarkably. The black core becomes finer with the increase of VC addition and rim phase becomes thicker with the decrease of
Cr;C, addition. The porosity increases with the increase of VC addition in VC/Cr;C,. Compared with the cermet free of VC/Cr;C,,
the transverse rupture strength and hardness of cermets with VC/Cr;C, are both improved, and the maximum values are both found
for the cermet with 0.25VC/0.75Cr;C,. The fracture toughness can be effectively promoted by adding VC/Cr;C, with an appropriate

ratio of VC to Cr;C,, and the maximum value is found for the cermet with 0.5VC/0.5Cr;C,.
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1 Introduction

Ti(C,N)-based cermets consist mainly of hard
carbonitride grains, which are called as hard phase,
embedded in a tough binder phase that is based on Ni or
Co [1]. They have been widely used as materials for high
speed cutting tools. Their popularity in high speed
cutting application is due to their superior performance,
such as wear-resistance, good high-temperature hardness,
perfect chemical stability, very low friction coefficient to
metals and super thermal deformation resistance [2—6].
Therefore, more and more conventional WC—Co
cemented carbides have been replaced by Ti(C,N)-based
cermets. However, compared with WC—Co cemented
carbides, Ti(C,N)-based cermets present disadvantages,
such as low strength and low fracture toughness,
especially, thus being limited to use.

It is well known that the mechanical properties of
sintered material can be improved by inhibiting grain
growth of materials. For WC—Co cemented carbides, the

grain growth inhibition has been extensively investigated.

The most successful way of controlling the WC grain

growth is to add a small amount of grain growth inhibitor,
metallic carbide, such as VC, Cr;C,, NbC or Mo,C, into
the starting powder mixtures [7—11], and the inhibiting
effects of VC and Cr;C, are the best of all [12].

Although there is consanguinity between cemented
carbides WC—Co and Ti(C,N)-based cermets, the
inhibition mechanism of Ti(C,N)-based alloys must be
more complicated than WC—Co alloys due to the
relatively complicated microstructure and formation
mechanism. In order to investigate the availability of
grain growth control method for Ti(C,N)-based cermets,
and the change of microstructure and properties resulting
from inhibitor, a few researches have been carried out
[13—15]. However, little work has been done on the
effect of VC/Cr;C, on the microstructure and properties
of cermets.

According to the previous work, the Ti(C,N)-based
cermets prepared with raw powder mixtures containing
nano-TiN and micrometer TiC or submicrometer TiC
usually have better mechanical properties [16-19].
Therefore, nano-TiN and micrometer TiC powders were
used as raw hard phase to obtain Ti(C,N)-based cermets
modified by nano-TiN in this study.
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In the present work, Ti(C,N)-based cermets were
prepared by vacuum sintering with micro-TiC, nano-TiN
and 1% VC/Cr;C, (mass fraction) with varying ratio of
VC to Cr;C, as raw materials, Ni as a binder, and the
microstructure and properties of Ti(C,N)-based cermets
were also studied. The goal is to investigate the influence
of the VC/Cr;C, on the microstructure and mechanical
properties of Ti(C,N)-based cermets.

2 Experimental

The chemical composition of the cermets is given in
Table 1. Commercially available TiC (2.56 pm),
nano-TiN (0.02 pm), WC (0.2 um), Mo (2.33 pm), Ni
(2.95 um), VC (0.2 pm), Cr3C, (0.2 um) and C (3.25 pum)
powders were used as starting powders. The C (graphite)
powder was added as the composition of Mo,C to
eliminate the O, contamination adsorbed by the raw
powders in the sintering process. Four compositions
were designed (Table 1) with constant contents of
nano-TiN, WC, Mo, Ni and C. Powder mixtures were
milled with WC—Co balls in a planetary ball mill for 24
h in ethanol bath and then dried. Green compacts were
prepared by pressing at the two-direction pressure of 180
MPa, dewaxed at 800 °C with heating rate of 0.5 °C/min,
finally vacuum sintered (0.01 Pa) at 1430 °C for 1 h.

Table 1 Chemical compositions of experimental materials

Cermet  w(TiN)/% w(TiC)/% w(WC)/% w(Mo)/%
A 8 42 15 14
B 8 41 15 14
C 8 41 15 14
D 8 41 15 14

Cermet  w(Ni)/% w(VC)/% w(Cr;C)/% w(C)/%
A 20 0 0 1
B 20 0.25 0.75 1
C 20 0.5 0.5 1
D 20 0.75 0.25 1

The microstructures of the polished specimens were
observed by scanning electron microscopy (SEM,
JSM-6490LV, JEOL, Japan) in back scattered electron
(BSE) mode coupled with an energy-dispersive
spectrometer (EDS) (OXFORD INCA, X-Sight, UK) and
the fracture surfaces were observed by SEM in
secondary electron (SE) mode. The grain sizes were
measured by image processing software (Image-Pro Plus
6.0). The phase analysis of each system was performed
using Cu K, radiation (D/MAX2500VL/PC X-ray
diffractometer, Rigaku, Japan). The porosity was tested
on a metallographic microscope (MM—6, LEITZ,
Germany) according to the international standards
(ISO/BSI4505). Transverse rupture strength (TRS) test

was conducted on a universal material testing machine
(CMT5105, SANS, China) by a three-point bending
method (span 30 mm, crosshead speed 0.5 mm/min).
Vickers hardness, HV, was examined by indentation
method on a Vickers hardness tester under the load of 98
N. Fracture toughness (Kjc) was calculated from the
length of the radial cracks originating at the corners of
Vickers indentations according to the formula proposed
by SHETTY et al [20]:

1/2
H)
Ky = 0.0889(4—7) (1)

where H is the Vicker’s hardness; p is the indentation
load; / is the crack length.

3 Results and discussion

3.1 Microstructure

The microstructure of cermets with the addition of
VC/Cr;C, was observed using back scattered electron
mode in SEM, as shown in Fig. 1. Most of grains
existing in cermets A, B, C and D have a black
core—grey rim structure, which is well known as the
typical structure of conventional cermets. Moreover, a
few of grains have a white core—grey rim structure. In
addition, the grains of cermets B, C and D are finer than
those of cermet A. In order to analyze the inhibiting
effect of VC/Cr;C, on grain growth of cermet more
quantificationally and exactly, the grain sizes of hard
phases were measured, and the statistical results of their
distributions are shown in Fig. 2.

It can be seen from Fig. 2 that the hard phase grains
of cermets are obviously refined due to the addition of
VC/Cr;C,. Firstly, the number of fine grains of hard
phase increases. About 17% of grains of hard phase in
cermet A are less than 1 um, and over 80% of grains are
more than 1 um. While in the microstructure of cermets
B, C and D, over 60% of grains are less than 1 pm.
Secondly, the grain sizes decrease. The grain sizes of
hard phase in cermet A are between 0.6 and 6.3 pm.
While the grain sizes of hard phase in cermets B, C and
D are in the range of 0.2—4.2 pm. In addition, it can be
found that the hard phase grains in cermet D are refined
most remarkably. Therefore, the VC/Cr;C, effectively
inhibited the grain growth of hard phase in cermets.

The inhibitor VC/Cr;C, also influences the
microstructure of cermets. To begin with, the black cores
become finer with the increase of VC addition. In order
to understand the composition of phases and the
distributions of V and Cr, SEM-EDS was employed for
analysis of chemical composition at fixed points in black
core, rim phase and binder phase of cermet D whose
grains were refined most remarkably (TEM-EDS was not
employed.). The EDS results of phases are shown in
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Figs. 3—5, and the mass fractions of metal elements are
summarized in Table 2.

According to Fig. 3 and Table 2, the mass fraction

of V in black core is 1.05%, which is more than the VC
addition in the cermet. The mass fraction of Cr is 0.01%,
which is much less than the Cr;C, addition. Moreover,
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Fig. 3 SEM-EDS analysis of black core in microstructure of
cermet D
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Fig. 4 SEM-EDS analysis of rim phase in microstructure of
cermet D

according to Fig. 5 and Table 2, the mass fraction of V in
binder phase is 0.67%, which is close to the VC addition
in the cermet. The mass fraction of Cr is 1.01%, which is
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Fig. 5 SEM-EDS analysis of binder phase in microstructure of
cermet D

Table 2 EDS result of cermet D

Element Content/%

Black core Rim Binder
Ti 47.02 33.77 776
v 1.05 0.73 0.67
Cr 0.01 0.26 L0l
Ni 3.80 4.76 61.18
Mo 10.34 16.23 5.89
W 11.15 20.47 415

much more than the Cr;C, addition. It indicates that there
is segregation of V and Cr in the black core and binder
phase, respectively.

In order to further confirm the distribution of V and
Cr, EDS analysis was also carried out at several points in
some other black cores, rim phase and binder phase of
the cermet D, and the results of V and Cr Content ranges
are shown in Table 3. Apparently, V mainly exists in
black core, and most of Cr exists in binder phase.

The microstructure changes of Ti(C,N)-based
cermet should be due to the influence of VC/Cr;C, on
the formation process of material. During the solid phase
sintering, Mo reacts with C and forms Mo,C below 1100
°C [21]. When the solid phase diffusion reaction between
Mo,C, WC and TiC occurs, the solid solution
(Ti,Mo0,W)C is formed. During the liquid phase sintering,
TiC particles are preferentially dissolved in the liquid
metal [22], and the TiC particles often aggregate in the
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Table 3 EDS results of V and Cr content ranges in phases of

cermet D
Content/%
Element
Black core Rim Binder
\% 0.89-1.09 0.19-0.73 0.63-0.67
Cr 0-0.19 0-0.29 0.51-1.01

early stage of liquid phase sintering due to the poor
wettability between binder phase and them [23]. The
black core—grey rim structure of Ti(C,N)-based cermet is
formed by Ostwald ripening [24—27]. According to the
thermodynamics, smaller TiC particles are dissolved
much more easily than larger TiC particles. When the
saturation of smaller TiC particles dissolved in liquid Ni
is reached, TiC reprecipitates from liquid Ni on the larger
TiC particles undissolved, inducing the growth of TiC.
Meanwhile, WC, TiN and Mo,C are also dissolved in
liquid Ni, and then the solute atoms diffuse into the TiC
particles and precipitate as the solid solution
(Ti,W,Mo)C. Due to the diffusion of N, which is the
decomposed product of TiN, a part of C is substituted.
As a result, the (Ti,W,Mo)C transforms to (Ti,W,Mo)(C,
N), which is well known as the rim phase, and the TiC
transforms to Ti(C,N), which is well known as the black
core. Therefore, the EDS results in Table 3 indicate that
the diffusion of VC carries out in the black core and
binder throughout the whole sintering progress, while the
diffusion of Cr;C, mainly performs in the binder. The
reasons for black core grain growth being inhibited can
be listed as follows. Firstly, in the early stage of liquid
phase sintering, most of VC and part of Cr;C, segregate
at the interface of TiC/TiC, resulting in the migration of
TiC grain boundary being hindered. The TiC grain
growth resulting from the aggregation of particles is
inhibited. Finally, a little VC and Cr;C, are dissolved in
liquid Ni, which can remarkably reduce the solubility of
Ti and C atom in liquid Ni, thereby the growth rate of
TiC grain is reduced and the TiC grain size grows.
Additionally, the rim phase thickness of cermets
also changes due to the inhibitor VC/Cr;C,. The rim
phase thickness of cermet B is much thinner than that of
cermet A for the inhibitor VC/Cr;C,. While the rim
phases of cermets B, C and D become thicker with the
decrease of Cr;C, addition. As analyzed before, a little of
V and most of Cr exist in binder phase. Since VC and
Cr;C, are dissolved in binder phase, the dissolution of
WC, TiN, Mo,C in liquid Ni and the formation of
(Ti,W,Mo0)C are inhibited. Therefore, the rim phase
becomes thin due to inhibitor VC/Cr;C,. The major of
grain growth inhibitor dissolved in binder phases is
Cr;C,, so the thickness of rim phase presents a trend of
increase with the decrease of Cr;C, addition. In addition,
since the formation of rim phase is a process of
precipitated Mo, W, N diffusing into TiC and solid

solution (Ti,W,Mo0)(C,N) forming, the dissolution-
reprecipitation process is carried out more quickly, and
the black core which is composed of Ti(C,N) is finer.
Therefore, the increase of rim phase thickness caused by
the decrease of Cr;C, addition contributes to the decrease
of black core size to a certain extent.

The fracture surfaces of cermets were observed, and
the SEM micrographs are shown in Fig. 6. According to
Fig. 6, the fracture surface of cermet A displays features
of coarser hard phase particles, hard phases containing
transgranular cracks and pits resulting from dissociation
of hard phase particles. The fracture surfaces of cermets
B, C and D are mainly composed of finer hard phase
particles, dimples and tearing edge. The dimple is one of
the primary features of the ductile fracture. The
appearance of several dimples indicates that much
fracture energy is consumed. The tearing edge on the
fracture surface of cermet usually results from the tearing
of binder phase [28]. It indicates that the strength of
binder phase declines. Therefore, the appearance of
dimples and tearing edges indicates that the effect of
VC/Cr;C, addition on fracture of cermet is complicated.

Figure 7 shows the propagation path of radial cracks
originating at the corners of Vickers indentations in the
cermets with various addition of VC/Cr;C,. It can be
seen that the crack propagation path of the cermet A is
long and straight. The transgranular cracks are the main
components of the crack. When VC/Cr;C, is added, the
crack deflection and crack branching appear, which are
usually caused by several factors, such as local stress
state, microstructure discontinuities (second phases,
grain boundaries, inclusions, etc.) or environment [29],
and are helpful to improving fracture toughness.
Moreover, the crack propagation path of cermet C is
discontinuous, which is abnormal. The formation
mechanism of discontinuous crack propagation path may
be due to the following explanations. The crack
propagation usually occurs in the way that the least
energy is consumed. In other words, the crack
preferentially propagates at the sites where the interface
bonding force or the hard phase strength is lower. The
distributions of interface bonding force and hard phase
strength are inhomogeneous, so the crack propagation
path is discontinuous. Furthermore, it can be seen that
the grains of cermet D are refined most remarkably,
though transgranular fracture is the main fracture mode.
The fracture mode change of fine grains mainly results
from the influence of VC. The brittleness of rim phase
increases due to the addition of VC [28]. According to
the analysis above, most of VC segregates at the
interface of TiC/TiC and hinders the migration of TiC
grain boundary. Therefore, the brittleness of black core
increases due to the intrinsic brittleness of VC. When
0.75% VC (the maximum amount of VC addition in the
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four cermets) is added to the cermet D, as a result the
black cores are embrittled most remarkably. Therefore,
when the crack propagates to the grain consisting of the
brittle rim phase and black core, the transgranular
fracture occurs.

In order to understand the the phases of the cermets,
XRD analysis was carried out, and the results are shown

iy |

in Fig. 8. XRD analysis results show that all the peaks
observed are Ti(C,N) and binder phase Ni. According to
Table 2, the grey rim phases contain Mo, W, V, Cr and
Ti. In other words, Mo, W, V, Cr and Ti has been
completely  dissolved and  reprecipitated  as
(Ti,W,Mo,V,Cr)(C,N), which has the same crystal
structure and similar lattice parameters as the Ti(C,N).

Fig. 7 Crack propagation path of cermets: (a) Cermet A; (b) Cermet B; (c) Cermet C; (d) Cermet D
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3.2 Mechanical properties and porosity

The porosities of cermets are shown in Table 4. In
ISO/BSI4505, A represents the holes whose diameter are
less than or equal to 10 um; B represents the holes whose
diameter are 10—25 pm. The numbers of 02, 04 and 06
indicate that the volume fraction of holes in the samples
are less than 0.02%, 0.06% and 0.2%, respectively. For
example, A02 indicates that the volume fraction of A
type of holes in the sample is less than 0.02%. It can be
seen that the porosity of cermets increases with the
increase of VC content in VC/Cr;C,. The increased VC
addition exceeds its saturated concentration in liquid
binder phase and excessive VC precipitates at the hard
phase /binder phase grain boundary, which would be a
great impact on alloy densification process [15]. As
analyzed before, the Cr;C, mainly exists in binder, while
the VC exists in both the binder and hard phase.
Therefore, the increase of VC addition induces the
increase of porosities of cermets.

Table 4 Porosities of cermets
Cermet A Cermet B
A02B02 A02B04

Cermet D
A06B06

Cermet C
A04B06

Transverse rupture strength, hardness and fracture
toughness of each system were measured at room
temperature. Transverse rupture strengths of cermets
with different VC/Cr;C, additions are shown in Fig. 9.
Apparently, the transverse rupture strength is improved
due to inhibitor VC/Cr;C,. The transverse rupture
strength of the cermets firstly increases remarkably and

reaches the peak value due to the inhibitor
0.25VC/0.75Cr;C,, then decreases when inhibitor
0.5VC/0.5Cr;C, or 0.75VC/0.25Cr;C, is added,
respectively.

The transverse rupture strength of the cermets is
affected by the factors as follows. On one hand,
according to the Hall-Petch formula, the transverse

rupture strength will be promoted due to the refinement
of grains. In addition, the V, Cr and binder phase vary in
atomic radius, thereby lattice distortion must be brought
in binder phase due to inhibitor VC/Cr;C,, which results
in “atmospheres”. Therefore, dislocation movements are
prevented, and the binder phase is strengthened. On the
other hand, since pores reduce the area of transverse
section bearing load, induce the inhomogenous
distribution of stress and may become the initial sites of
cracks [30], transverse rupture strength is influenced by
porosity remarkably. Furthermore, the plasticity of
binder phase and interface bonding force are reduced due
to addition of VC [28]. When the inhibitor
0.25VC/0.75Cr;C, is added, the cermet grain size
decreases remarkably and the binder phase is
strengthened. Meanwhile, the porosity increases
appreciably and the plasticity of binder phase and
interface bonding force are reduced slightly due to the
small addition of VC. Therefore, the transverse rupture
strength is promoted considerably. When the inhibitor
0.5VC/0.5Cr;C, or 0.75VC/0.5Cr;C, is added
respectively, the grain size continues to decrease.
However, the porosity increases remarkably and the
extent of binder phase being strengthened decreases for
Cr;C, addition decreases. In addition, the plasticity of
binder phase and interface bonding force are reduced due
to the increase of VC addition. So the transverse rupture
strength falls.

13001

12001

1100F { +

TRS/MPa

1000+ {

Cermet

Fig. 9 Transverse rupture strength of cermets with different
VC/Cr;C, additions

Hardness values of cermets with different VC/Cr;C,
additions are shown in Fig.10. The hardness firstly
increases when inhibitor 0.25VC/0.75Cr;C, is added,
then decreases when inhibitor 0.5VC/0.5Cr;C, or
0.75VC/0.25Cr3C, is added. According to the Hall-Petch
formula, the hardness is improved with the decrease of
grain size. Furthermore, since the area of interface
between binder phase and hard phase increases due to the
refinement of grains, the mean free path of binder phase
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is reduced. Therefore, the hardness of binder phase is
promoted. Moreover, the lattice distortions resulting
from the dissolution of V, Cr in binder phase could also
enhance the hardness of binder phase. However, the
increase of porosity could induce decline of hardness,
since the pores reduce the volume of material bearing
load [31]. For the cermet added with 0.25VC/0.75Cr;C,,
the grains are refined considerably and the binder phases
are strengthened most remarkably, whereas the porosities
increase slightly, so the hardness is improved. When
0.5VC/0.5Cr;C, is added, the grains are further refined
slightly. However, the porosity increases, but the addition
of Cr;C,, the major component of inhibitor dissolved in
binder phase, decreases. So, the hardness decreases
slightly. For the cermet with 0.75VC/0.25Cr;C,, the
grains are the finest. Meanwhile, the Cr;C, addition
decreases to a minimum and the porosity increases
remarkably.  Therefore, the hardness declines
considerably.

15.8
15.6F
154 }

15.2F E

15.0
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T
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14.4 L L 1
A B C D
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Fig. 10 Hardness of cermets with different VC/Cr;C, additions

The fracture toughnesses of the cermets with
different VC/Cr;C, additions are shown in Fig. 11. When
the inhibitor 0.25VC/0.75Cr;C, or 0.5VC/0.5Cr;C, is
added, the fracture toughness is improved. The
improvement can be due to the following factors. On one
hand, as shown in Fig. 8, the intergranular cracks
become the main part of the crack due to the refinement
of grains. The intergranular fracture usually has a longer
crack propagation route or larger fracture area than
transgranular fracture, thus consuming more energy
theoretically [16]. So, the cermet is toughened. In
addition, the short and discontinuous cracks indicate that
the cracks propagate more difficultly due to the
strengthening of binder phase resulting from the
dissolution of Cr;C, and higher interface bonding force.
On the other hand, the increasing porosity reduces the
fracture toughness since the pores at the interfaces may
induce cracks [30]. Since the increase of porosity is
limited, the fracture toughness of cermets is promoted.

When the inhibitor 0.75VC/0.25Cr;C, is added, the
fracture toughness falls to the value which is a little more
than that of the cermet without inhibitor VC/Cr;C,. The
mechanism of the fracture toughness declining can be
explained as follows. As the foregoing analysis, the
crack of cermet with 0.75VC/0.25Cr;C, consists of
transgranular cracks and intergranular cracks, and the
transgranular cracks are the main components. Firstly,
since less energy is consumed, the transgranular fracture
results in the crack propagating more easily. Secondly,
the interface bonding force is reduced due to the VC, so
the energy consumed by the intergranular fracture
decreases. Furthermore, the extent that binder phase is
strengthened decreases with the reduction of Cr;C,
addition. In addition, the increasing porosities
remarkably increase the sources of crack. Therefore,
although the grains are refined most remarkably, the
fracture toughness of cermet is hardly improved when
0.75VC/0.25Cr3C, is added. According to the analysis,
the inhibitor VC/Cr;C, with an appropriate ratio of VC
addition to Cr;C, addition can effectively improve
fracture toughness of cermet.
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Fig. 11 Fracture toughness of cermets with different VC/Cr;C,
additions

4 Conclusions

1) VC/Cr;C, has distinct effect on the
microstructure of Ti(C,N)-based cermets. The grains of
cermets with VC/Cr;C, have the black core—grey rim
and white core—grey rim structures. The grain sizes of
cermets decrease obviously with the VC/Cr;C, addition.
When inhibitor 0.75VC/0.25Cr;C, is added, the grains
are refined most remarkably. The V mainly exists in
black core and most of Cr exists in binder phase. The
black core becomes finer with the increase of VC
addition for both the aggregation of TiC particles is
inhibited by the segregation of VC and Cr;C, at the
interface of TiC/TiC and the dissolution- reprecipitation
of small TiC particles is inhibited due to the dissolution
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of Cr;C, in binder phase. The thickness of rim phase
increases with the decrease of Cr;C, addition for
dissolution-reprecipitation process is inhibited due to the
dissolution of Cr;C, in binder phase.

2) The effect of VC/Cr;C, on mechanical properties
of Ti(C,N)-based cermets is obvious. The porosity of
cermets increases with the increase of VC addition in
VC/Cr;C,. The transverse rupture strength increases due
to the inhibitor VC/Cr;C, and reaches the peak value
when 0.25VC/0.75Cr;C, is added. When VC/Cr;C, is
added, the hardness is also promoted and the hardness of
the cermet added with 0.25VC/0.75Cr;C, is the highest.
The fracture toughness rises to the peak value when
0.5VC/0.5Cr;C, is added, and falls to the value a little
more than that of the cermet without VC/Cr;C, when
0.75VC/0.5Cr;C, is added. Therefore, inhibitor
VC/Cr;C, with an appropriate ratio of VC addition to
Cr;C, addition can effectively improve the fracture
toughness of cermet.
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