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a b s t r a c t

Four cermets of composition TiC–10TiN–16Mo–6.5WC–0.8C–0.6Cr3C2–(32 − x)Ni–xCr (x = 0, 3.2, 6.4 and
9.6 wt%) were prepared, to investigate the effect of the partial substitution of Cr for Ni on densification
behavior, microstructure evolution and mechanical properties of Ti(C,N)–Ni-based cermets. The partial
substitution of Cr for Ni decreased full densification temperature, and the higher the content of Cr
additive was, the lower full densification temperature was. The partial substitution of Cr for Ni had no
significant effect of the formation of Mo2C and Ti(C,N) and the dissolution of WC, and however, it had
a significant effect on the dissolution of Mo2C. Cr in Ni-based binder phase diffused into undissolved
Mo2C to form (Mo,Cr)2C above 1000 ◦C at 6.4–9.6 wt% Cr additive, and a small amount of (Mo,Cr)2C
did not dissolve after sintering at 1410 ◦C for 1 h at 9.6 wt% Cr additive. In the final microstructure, Cr
icrostructure evolution
echanical properties

content in Ni-based binder phase increased with increasing the content of Cr additive, and however,
regardless of the content of Cr additive, coarse Ti(C,N) grains generally consisted of black core, white
inner rim and grey outer rim, and fine Ti(C,N) grains generally consisted of white core and grey rim. The
partial substitution of Cr for Ni increased hardness and decreased transverse rupture strength (TRS).
Ni-based binder phase became hard with increasing the content of Cr additive, therefore resulting in

and t
ing o
the increase of hardness
mainly attributed harden

. Introduction

Ti(C,N)-based cermets belong to a class of hard and wear-
esistant materials prepared by liquid phase sintering, whose hard
i(C,N) grains are dispersed in tough metallic binder phase (usu-
lly Co-based and Ni-based). They have widely been used as cutting
ools for semi-finishing and finishing of stainless steels and carbon
teels [1–7]. Moreover, they are also promising materials for metal
orming tools, and wear parts such as mechanical seal rings and
earings [1].

As is well known, Ti(C,N)-based cermets were initially designed
o use Ni as metallic binder, because Ni is much cheaper than
o used in WC–Co cement carbides. However, TiC–TiN–Ni and
i(C,N)–Ni cermets do not match requirements of transverse rup-
ure strength (TRS) and fracture toughness of the cutting tasks.
his is attributed to poor wetting of Ni on TiC and Ti(C,N) particles,

hich results in Ti(C,N) grain coarsening and high residual poros-

ty. For the practical applications, Mo or/and W is indispensable for
i(C,N)–Ni-based cermets to enhance wetting via the formation of
he rim of Ti(C,N) grains and to refine Ti(C,N) grains, resulting in

∗ Corresponding author. Tel.: +86 27 87556247; fax: +86 27 87556247.
E-mail address: whxiong@mail.hust.edu.cn (W. Xiong).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.01.180
he decrease of TRS. TRS was fairly low at 9.6 wt% Cr additive, which was
f Ni-based binder phase and undissolved (Mo,Cr)2C.

© 2011 Elsevier B.V. All rights reserved.

the improvement of mechanical properties and tribological prop-
erties [2–20]. Co is often introduced to substitute for a part or the
whole of Ni as metallic binder to improve TRS and fracture tough-
ness, due to good wetting of liquid Co on TiC and Ti(C,N) particles
[2,3,13–16,20]. In addition, NbC or TaC is introduced to improve hot
hardness and thermal shock resistance [2,20], and Cr3C2 is intro-
duced to improve TRS, due to the increase of the plasticity of the
rims of Ti(C,N) grains [21].

In most Ti(C,N)-based cermets, Ti(C,N) grains exhibit the core-
rim structure, consisting of black core, and white inner rim and grey
outer rim, or consisting of white core and grey rim [2,12,14,22–30].
Some studies have proposed that white inner rim is formed
via solid state reactions during solid state sintering stage and
grey outer rim is formed via the dissolution–reprecipitation pro-
cess during liquid phase sintering and subsequent cooling stages
[23,25,29,30].

When used as dry cutting tools, metal hot forming tools and
high temperature wear parts, the stability of microstructure and
properties of Ti(C,N)-based cermets plays a key role in determin-

ing their performance. Iyori and Yokoo found that Cr addition
improved TRS, toughness, wear resistance and oxidation resistance
of Ti(C,N)–Ni-based cermets at high temperature [31]. Our previ-
ous work investigated the partial substitution of Cr for Ni on high
temperature oxidation behavior of Ti(C,N)–Ni-based cermets in air

dx.doi.org/10.1016/j.jallcom.2011.01.180
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:whxiong@mail.hust.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.01.180
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Fig. 1. Volume shrinkage (a) and open porosity (b) as a fun
32,33]. The aim of this present paper is to investigate the effect
f the partial substitution of Cr for Ni on densification behavior,
icrostructure evolution and mechanical properties of Ti(C,N)–Ni-

ased cermets.

ig. 2. XRD patterns of 0Cr (a), 3.2Cr (b), 6.4Cr (c) and 9.6Cr (d) cermets after sintering u
o; �: Mo2C; •: Ni; ©: Cr).
of sintering temperature of all four experimental cermets.
2. Experimental procedure

Four cermets of composition TiC–10TiN–16Mo–6.5WC–0.8C–0.6Cr3C2–(32–x)
Ni–xCr (x = 0, 3.2, 6.4 and 9.6 wt%) were prepared by powder metallurgy from
commercial powders of TiC (2.97 �m), TiN (7.30 �m), Mo (2.30 �m), WC (4.68 �m), C

nder vacuum at various temperatures for 1 h (�: Ti(C,N); �: TiC; �: TiN; �: WC; ♦:
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Fig. 3. SEM-BSE micrographs of polished cross-sections of 0Cr (a), 3.2Cr (b)

<30 �m), Cr3C2 (2.80 �m), Ni (2.25 �m) and Cr (∼74 �m). For simplicity, they were
lso called in the following order according to the content of Cr additive: 0Cr, 3.2Cr,
.4Cr and 9.6Cr cermets, respectively. After weighing starting powders, the powder
ixtures were planetary ball-milled using WC–Co cemented carbide balls as
illing balls at a ball-to-powder weight ratio of 7:1 and a speed of 200 rpm for 48 h,

nd then sieved and mixed with styrene butadiene polymer. Green compacts were
niaxially pressed at a pressure of 300 MPa, and then degreased under vacuum at
50–550 ◦C for 8 h, and sintered under vacuum at various temperatures for 1 h.

Phases were identified using X-ray diffraction (XRD, X’Pert PRO, PANalytical,
etherlands) with CuK� radiation. Microstructure was observed using scan-
ing electron microscopy (SEM, Quanta 200, FEI, Netherlands) in back-scattered
lectron (BSE) mode. Composition was analyzed using energy dispersive spec-

roscopy (EDS, INCA, OXFORD, UK) attached to SEM. Open porosity was measured
sing Archimedes method in water. Hardness and transverse rupture strength
TRS) were measured using Rockwell hardness test and three-point-bending
est (the dimension of specimen 20.0 mm × 6.5 mm × 5.25 mm, span 14.5 mm),
espectively.

Fig. 4. SEM/EDS analysis of Ni-based binder phase (a) and (Mo,M)2C (b
r (c) and 9.6Cr (d) cermets after sintering under vacuum at 1220 ◦C for 1 h.

3. Results and discussion

3.1. Densification behavior

Fig. 1 shows volume shrinkage and open porosity of all four cer-
mets after sintering at various temperatures between 900 ◦C and
1440 ◦C for 1 h. All volume shrinkage curves in Fig. 1(a) exhibited an
abrupt increase at about 1220 ◦C, and then reached an approximate
plateau. The final volume shrinkage of 0Cr, 3.2Cr, 6.4Cr and 9.6Cr
cermets was about 37.7%, 39.4%, 40.7% and 41.7%, respectively. The

onset temperature of the plateau of volume shrinkage curve of 0Cr,
3.2Cr, 6.4Cr and 9.6Cr cermets was about 1380 ◦C, 1350 ◦C, 1350 ◦C
and 1320 ◦C, respectively. All open porosity curves in Fig. 1(b)
exhibited an abrupt decrease at about 1220 ◦C, and then reached

) of 9.6Cr cermet after sintering under vacuum at 1220 ◦C for 1 h.
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plateau. The final open porosity of all four cermets was close to
ero. The onset temperature of the plateau of open porosity curve
as about 1380 ◦C, 1350 ◦C, 1320 ◦C and 1290 ◦C for 0Cr, 3.2Cr, 6.4Cr

nd 9.6Cr cermets, respectively. Volume shrinkage mainly resulted
rom liquid pore filling [34]. These demonstrate that all four cer-

ets were fully dense or almost fully dense at or above the onset
alue of plateau temperature of open porosity curves. As can be
een, the partial substitution of Cr for Ni decreased full densifica-
ion temperature of Ti(C,N)–Ni-based cermets, and the higher the
ontent of Cr additive was, the lower full densification temperature
as.

.2. Microstructure evolution

Fig. 2 shows XRD patterns of ball-milled powder mixtures and
pecimens sintered in vacuum at various temperatures between
00 ◦C and 1410 ◦C for 1 h of all four cermets. The diffraction peaks
f Ni shifted toward low angle for all four cermets with increasing
intering temperature, that is, the lattice parameter of Ni increased
ith increasing sintering temperature. As can be seen, the total

ontent of alloying elements in Ni lattice increased with increasing
intering temperature for all four cermets (atomic radii of Ni, Mo,
i, W and Cr are 0.12458 nm, 0.13626 nm, 0.14318 nm, 0.13705 nm
nd 0.1249 nm, respectively). For 6.4Cr and 9.6Cr cermets, the
iffraction peaks of Cr disappeared at 900 ◦C. This demonstrates
hat Cr dissolved into Ni at or below 900 ◦C. For all four cermets,

he diffraction peaks of Mo2C appeared at 900 ◦C and those of Mo
isappeared at 1000 ◦C. These demonstrate that Mo reacted with
ree graphite to form Mo2C at or below 1000 ◦C [23,35]. How-
ver, the relatively diffraction intensity of Mo2C decreased at or
bove 1100 ◦C, and the diffraction peaks of Mo2C disappeared at

ig. 5. SEM-BSE micrographs of polished cross-sections of 0Cr (a), 3.2Cr (b), 6.4 Cr (c) and
C: white core; IR: white inner rim; OR: grey outer rim; R: grey rim).
pounds 509 (2011) 4828–4834 4831

1220 ◦C for 0Cr and 3.2Cr cermets, at 1300 ◦C for 6.4Cr cermet, and
at 1410 ◦C for 9.6Cr cermet, respectively, and moreover, the diffrac-
tion peaks of Mo2C shifted toward high angle for 6.4Cr and 9.6Cr
cermets with increasing sintering temperature. These demonstrate
that Mo2C dissolved into TiC or Ti(C,N) and Ni above 1000 ◦C for all
four cermets, and at the same time, alloying elements whose atomic
radii are smaller than that of Mo diffused into undissolved Mo2C
to form (Mo,M)2C for 6.4Cr and 9.6Cr cermets, and decreased the
dissolution rate of (Mo,M)2C. For all four cermets, the diffraction
peaks of WC disappeared about 1220 ◦C, and those of TiC and TiN
disappeared as isolated compounds at about 1300 ◦C, and those of
Ti(C,N) appeared about 1220 ◦C. These demonstrate that WC almost
dissolved into TiC or Ti(C,N) and Ni at about 1220 ◦C, and TiC reacted
with TiN to form Ti(C,N) above 1100 ◦C [23,35]. After sintering at
1410 ◦C for 1 h, the diffraction peaks of Ti(C,N) and Ni appeared for
all four cermets.

Fig. 3 shows SEM-BSE micrographs of polished cross-sections
of all four cermets after sintering under vacuum at 1220 ◦C for 1 h.
There remained lots of macro-pores in all four cermets. In addition,
Mo2C in 3.2Cr cermet and (Mo,M)2C in 6.4Cr and 9.6Cr cermets
did not completely dissolved, and the amount of undissolved Mo2C
or (Mo,M)2C increased in the following order: 3.2Cr < 6.4Cr < 9.6Cr.
Fig. 4 shows SEM/EDS analysis of Ni-based binder phase and
(Mo,M)2C in 9.6Cr cermet. The content of Cr in Ni-based binder
phase was high, and those of Mo and W were relatively low. The
content of Cr in (Mo,M)2C was high, and those of W and Ti were

relatively low. Combined with XRD analysis in Fig. 2, (Mo,M)2C in
6.4Cr and 9.6Cr cermets was in fact (Mo,Cr)2C. As can be seen, Cr
in Ni-based binder phase diffused into undissolved Mo2C to form
(Mo,Cr)2C at and above 1100 ◦C, and decreased the dissolution rate
of (Mo,Cr)2C.

9.6Cr (d) cermets after sintering under vacuum at 1350 ◦C for 1 h (BC: black core;
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3.3. Mechanical properties

Fig. 8 shows hardness and TRS at room temperature of all four
cermets after sintering at various temperatures between 1250 ◦C
ig. 6. SEM-BSE micrographs of polished cross-sections of 0Cr (a), 3.2Cr (b), 6.4 Cr
C: white core; IR: white inner rim; OR: grey outer rim; R: grey rim).

Fig. 5 shows SEM-BSE micrographs of polished cross-sections of
ll four cermets after sintering under vacuum at 1350 ◦C for 1 h. 0Cr
ermet was not yet dense with residual porosity, and 3.2Cr, 6.4Cr
nd 9.6Cr cermets were fully dense, which are in agreement with
igh open porosity measured using Archimedes method in Fig. 1(b).
or all four cermets, in general, coarse Ti(C,N) grains consisted of
lack core, white inner rim and grey outer rim, and fine Ti(C,N)
rains consisted of white core and grey rim.

Fig. 6 shows SEM-BSE micrographs of polished cross-sections
f all four cermets after sintering under vacuum at 1410 ◦C for 1 h.
Cr cermet became fully dense like the other three cermets. For
ll four cermets, Ti(C,N) grains were uniformly distributed in Ni-
ased binder phase, and grey rim or grey outer rim of Ti(C,N) grains
enerally became thick. In addition, a small amount of (Mo,Cr)2C
id not yet dissolved in 9.6Cr cermet. Fig. 7 shows the contents of
i, Ti, W, Mo and Cr in Ni-based binder phase of all four cermets
easured by SEM/EDS analysis, without considering the contents

f C and N due to the detection limit of the instrument. The content
f Ni in Ni-based binder phase exhibited an approximately linear
ecrease, and that of Cr exhibited an approximately linear increase,
nd that of Ti slightly changed, and those of Mo and W basically kept
onstant, with increasing the content of Cr additive.

In SEM-BSE mode, microstructure containing heavy elements
s shown in white. Therefore, white cores and white inner rims

ere richer in Mo or/and W than black cores, and grey outer
ims, respectively. During solid state sintering stage, Mo and W

iffused into the surface of coarse TiC or Ti(C,N) particles, and

nto the core of fine TiC or Ti(C,N) particles [25]. During subse-
uent liquid phase sintering stage, the dissolution rate of TiC or
i(C,N) particles was significantly affected by the particle size, and
ne TiC or Ti(C,N) particles fast dissolved [17]. Therefore, in the
9.6Cr (d) cermets after sintering under vacuum at 1410 ◦C for 1 h (BC: black core;

final microstructure, the surface and the core of undissolved coarse
TiC or Ti(C,N) particles became white inner rims and black cores,
respectively, and undissolved fine TiC or Ti(C,N) particles became
white cores. Grey outer rim and grey rim formed via selective
dissolution–reprecipitation process during liquid phase sintering
and subsequent cooling stages [17,23,25,29,30].
Fig. 7. The contents of Ti, W, Mo, Ni and Cr elements measured by SEM/EDS analysis
in Ni-based binder phase as a function of the content of Cr additive in cermets after
sintering under vacuum at 1410 ◦C for 1 h, without considering those of C and N.
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Fig. 8. Hardness (a) and TRS (b) as a function of sint

nd 1440 ◦C for 1 h. It can be seen from Fig. 8 that both hard-
ess and TRS of all four cermets were significantly affected by
intering temperature. Hardness of all four cermets was low and
ncreased with increasing sintering temperature before full densifi-
ation, and was close to a constant after full densification (Fig. 1(b)).
RS of 0Cr, 3.2Cr and 6.4Cr cermets fast increased while that of
.6Cr cermet slow increased with increasing sintering tempera-
ure. After sintering at 1410 ◦C for 1 h, hardness of 0Cr, 3.2Cr, 6.4Cr
nd 9.6Cr cermets was 86.7 HRA, 87.7 HRA, 89.0 HRA and 89.9
RA, respectively, and TRS was 2283 MPa, 2210 MPa, 2158 MPa and
259 MPa, respectively. That is, the partial substitution of Cr for Ni

n Ti(C,N)–Ni-based cermets increased hardness and decreased TRS.
The total content of such alloying elements as Ti, W, Mo and Cr

n Ni-based binder phase increased with increasing the content of
r additive (Fig. 7). Due to the synergistic effect of these alloying
lements, Ni-based binder phase became hard, thus resulting in the
ncrease of hardness and the decrease of TRS. TRS of 9.6Cr cermet

as much lower than those of the other three cermets, which was
ainly attributed hardening of Ni-based binder phase and a small

mount of undissolved (Mo,Cr)2C. As can be seen, for the practical
pplications, it is necessary for Ti(C,N)–Ni-based cermets to adjust
he content of Cr additive.

. Conclusions

TiC–10TiN–16Mo–6.5WC–0.8C–0.6Cr3C2–(32 − x)Ni–xCr (x = 0,
.2, 6.4 and 9.6 wt%) cermets were prepared by powder metallurgy,

n order to investigate the effect of partial substitution of Cr for Ni
n densification behavior, microstructure evolution and mechan-
cal properties of Ti(C,N)–Ni-based cermets was investigated. The
ollowing conclusions can be drawn:

. The partial substitution of Cr for Ni decreased full densifica-
tion temperature of Ti(C,N)–Ni-based cermets. Full densification
temperature decreased with increasing the content of Cr addi-
tive, at least up to 9.6 wt%.

. The partial substitution of Cr for Ni had no significant effect of
the formation of Mo2C and Ti(C,N) and the dissolution of WC, and
however, it had a significant effect on the dissolution of Mo2C.
Cr in Ni-based binder phase diffused into undissolved Mo2C to
form (Mo,Cr)2C above 1000 ◦C at 6.4–9.6 wt% Cr additive, and a
small amount of (Mo,Cr)2C did not dissolve after liquid phase
sintering at 1410 ◦C for 1 h at 9.6 wt% Cr additive. In the final

microstructure, Cr content in Ni-based binder phase increased
with increasing the content of Cr additive, and however, regard-
less of the content of Cr additive, coarse Ti(C,N) grains generally
consisted of black core, white inner rim and grey outer rim, and
fine Ti(C,N) grains generally consisted of white core and grey

[
[
[
[

temperature of 0Cr, 3.2Cr, 6.4Cr and 9.6Cr cermets.

rim. White inner rim and white core formed via the diffusion of
Mo and W into TiC or Ti(C,N) particles during solid phase sinter-
ing stage, and grey outer rim and grey rim formed via selective
dissolution–reprecipitation process during liquid phase sinter-
ing and subsequent cooling stages.

3. The partial substitution of Cr for Ni increased hardness and
decreased transverse rupture strength (TRS). Ni-based binder
phase became hard with increasing the content of Cr additive,
therefore resulting in the increase of hardness and the decrease
of TRS. TRS was fairly low at 9.6 wt% Cr additive, which was
mainly attributed hardening of Ni-based binder phase and a
small amount of undissolved (Mo,Cr)2C.
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