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a b s t r a c t

Two Ti(C,N)-based cermets with Ni and Ni–20Cr metallic binder were oxidized at 800 ◦C and 1000 ◦C
for up to 100 h in static air, and the oxide scales and the transition layers formed on both the cermets
were characterized to evaluate their high temperature oxidation behavior in static air using XRD, SEM
and EDS. The oxide scales formed on both the cermets at 800 ◦C and 1000 ◦C were not dense, and were
multi-layered, consisting of NiO outerlayer, NiTiO3 interlayer and TiO2-based innerlayer. The transition
eywords:
i(C,N)-based cermets
xide scales
ransition layers
xidation behavior
igh temperature

layers were present between the oxide scales and the substrates with increasing oxidation time, which
consisted of Ti-based, Ni-based and Mo-based oxides. Oxidation process of both the cermets was mainly
controlled by O inward thermodynamic activity, and oxidation at 1000 ◦C was faster than that at 800 ◦C.
However, cermet with Ni–20Cr metallic binder was oxidized slower than cermet with Ni metallic binder,
due to the richness of Cr in Ni-based binder phase and the rim phase of Ti(C,N) ceramic grains. Cr was
completely oxidized to form Cr0.17Mo0.83O2, and was incompletely oxidized to Cr-rich Ti-based oxides,

f O in
leading to the decrease o

. Introduction

Ti(C,N)-based cermets are considered as promising materials for
rying cutting tools and metal hot forming tools, due to high hard-
ess, excellent wear resistance and superior deformation resistance
t high temperature, compared with WC–Co hard metals [1–5].
owever, due to the low wettability between liquid Ni binder and
i(C,N) ceramic particles, conventional Ti(C,N)–Ni or TiC–TiN–Ni
ermets have such disadvantages as low toughness and thermal
hock resistance, thus they are not widely used as cutting tools and
etal forming tools. A few rules of thumb have been developed for
wide application of Ti(C,N)-based cermets: Mo2C (or Mo) and WC
re usually added to enhance the wettability of Ni binder on Ti(C,N)
eramic particles and inhibit Ti(C,N) ceramic grains growth, thus
esulting in the improvement of mechanical properties [6–11]; Ni
s partially or wholly substituted by Co to enhance the wettabil-
ty between liquid metallic binder and Ti(C,N) ceramic particles
nd to improve strength and toughness [6,12,13]; hard ceramic

articles are refined to submicron or ultrafine scale to improve
echanical properties and wear resistance [14–16]. In addition,

he introduction of NbC or TaC improves hot hardness and ther-
al shock resistance [1,17,18]; the introduction of VC is effective

∗ Corresponding author. Tel.: +86 27 87556247; fax: +86 27 87556247.
E-mail address: whxiong@mail.hust.edu.cn (W. Xiong).
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ward thermodynamic activity.
© 2010 Elsevier B.V. All rights reserved.

to inhibit Ti(C,N) ceramic grains growth [19]; the introduction of
Cr3C2 improves the plasticity of the rims of Ti(C,N) ceramic grains
and strengthens the interface between metallic binder and Ti(C,N)
ceramic grains [20]. However, a temperature rise at or near the cut-
ting tip of cermet cutting tools can reach 600–800 ◦C [21] and even
800–1000 ◦C [22] during high speed dry semi-finishing and finish-
ing stainless steels and carbon steels. A temperature rise of cermet
tools reaches 600–870 ◦C during hot extruding copper, brass alloys
and bronze alloys, and reaches 950–1050 ◦C during hot extrud-
ing cupronickel alloys. Therefore, in these applications oxidation
behavior of Ti(C,N)-based cermets plays a key role determining
performance and lifetime of tools.

According to available literature [23,24], Ti(C,N)-based ceram-
ics with rather limited content of metallic binder were unstable at
900–1100 ◦C in air, and morphology, microstructure and compo-
sition of the oxide scales formed on ceramics were depended on
ceramic compositions and oxidation temperature. In general, hard
ceramic grains of Ti(C,N)-based cermets consisted of Ti(C,N) core
phase and (Ti,M)(C,N) (M = W, Mo, Ta, . . .) solid solution rim phase.
However, so far there is little available literature on investigation of
oxide scale characteristics and oxidation behavior of Ti(C,N)-based
cermets at high temperature in air [23,25]. Therefore, oxide scale

characteristic and oxidation behavior of Ti(C,N)-based cermets at
high temperature in air are not well understood.

Under this perspective, this present investigation aims to char-
acterize the oxide scales and the transition layers formed on two
Ti(C,N)-based cermets with Ni and Ni–20Cr metallic binder dur-

dx.doi.org/10.1016/j.jallcom.2010.07.031
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. SEM-BSE images and EDS spot analysis of cross-section

ng oxidation at 800 ◦C and 1000 ◦C in static air to evaluate their

igh temperature oxidation behavior in static air using isothermal
xidation test, X-ray diffraction analysis (XRD), scanning electron
icroscopy (SEM) and energy dispersive spectrometry (EDS).

ig. 2. XRD patterns of oxidized surface of cermets oxidized at 800 ◦C for 5 h and 100 h i
iO; �, NiTiO3; ©, NiMoO4; , Cr0.17Mo0.83O2).
ermets sintered at 1410 ◦C for 1 h: (a) A cermet; (b) B cermet.

2. Experimental procedure
Commercial TiC (2.97 �m), TiN (7.30 �m), Mo (2.30 �m), WC (4.68 �m), C
(<30 �m), Cr3C2 (2.80 �m), Ni (2.25 �m) and Cr (∼74 �m) powders were used as
starting powders. Two dense experimental Ti(C,N)-based cermets were prepared

n static air: (a) A cermet; (b) B cermet (square, Ti(C,N); �, Ni; ♦, TiO2; �, Ti3O5; ⊕,
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ig. 3. Cross-section analysis of cermets after oxidation at 800 ◦C for different time
ermet, 100 h, SEM-BSE image and EDS line analysis; (d) B cermet, 100 h, SEM-BSE

ith typical powder metallurgy technique:

A (with Ni metallic binder) :

TiC–10TiN–16Mo–6.5WC–0.8C–0.6Cr3C2–32Ni (wt%)

B (with Ni–20Cr metallic binder) :

TiC–10TiN–16Mo–6.5WC–0.8C–0.6Cr3C2–25.6Ni–6.4Cr (wt%)

The powder mixtures were planetary ball-milled using ethanol as liquid media
nd WC–Co hard metal balls as milling balls at a ball-to-powder weight ratio of 7:1
nd a speed of 200 rpm for 48 h to obtain uniform slurry. After drying, powders were
ieved, and mixed with styrene butadiene polymer, which enhanced the fluidity of

owders during compaction, thus improving packing density and homogeneity of
reen compacts. Green compacts were pressed at the pressure of 300 MPa, and then
egreased at 350–550 ◦C for 8 h in vacuum, and sintered at 1410 ◦C for 1 h in vacuum.
ockwell hardness of A and B cermets was 86.7 HRA and 89.0 HRA, respectively,
nd their transverse fracture strength measured by three-point bend method was
283 MPa and 2158 MPa, respectively.
atic air: (a) A cermet, 5 h, SEM-BSE image; (b) B cermet, 5 h, SEM-BSE image; (c) A
and EDS line analysis (OS, the oxide scale; TL, the transition layer).

As-sintered specimens were oxidized at 800 ◦C and 1000 ◦C for different time up
to 100 h in static open air in a box furnace. Before oxidation, specimens were ground
up to 1000 grit SiC and polished using diamond paste with the powder sizes of W1.5
and W1, and then washed in an ultrasonic bath of acetone and dried at 120 ◦C. After
oxidation, specimens were cooled in air out of the furnace.

Phase analysis was performed using X’Pert PRO XRD (PANalytical, Netherlands)
with CuK˛ radiation. Microstructure observation was performed using Quanta 200
SEM (FEI, Netherlands) in back-scattered electron (BSE) mode, and chemical com-
position was determined using INCA EDAX system (OXFARD, UK) attached to SEM.

3. Results

3.1. Microstructure of as-sintered Ti(C,N)-based cermets
Fig. 1 shows SEM-BSE images and EDS spot analysis of cross-
sections of both the cermets sintered in vacuum at 1410 ◦C
for 1 h. Both the cermets mainly consisted of continuous Ni-
based binder skeleton and hard Ti(C,N) ceramic grains dispersed.
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ig. 4. XRD patterns of oxidized surfaces of cermets oxidized at 1000 ◦C for 0.5 h and
, NiMoO4; , Cr0.17Mo0.83O2).

i(C,N) ceramic grains in both the cermets generally exhibited
core/rim structure. The rim phase formed and grew through

he dissolution–reprecipitation process around undissolved Ti(C,N)
articles during liquid phase sintering [26,27]. EDS results show
hat Cr in both the cermets was mainly distributed in the rim phase
f Ti(C,N) ceramic grains and Ni-based binder phase.

.2. Oxide scales and transition layers formed at 800 ◦C in static
ir

Fig. 2 shows XRD patterns of oxidized surfaces of both the cer-
ets after oxidation at 800 ◦C for 5 h and 100 h in static air. The

xide scale formed on both the cermets mainly consisted of crys-
alline NiO, TiO2 (rutile), Ti3O5, NiTiO3, NiMoO4 and Cr0.17Mo0.83O2.
Fig. 3 shows SEM-BSE images of cross-sections of both the cer-
ets after oxidation at 800 ◦C for 5 h and 100 h in static air. After

xidation for 5 h, the thickness of the oxide scale formed was about
�m on A cermet and 4 �m on B cermet. After oxidation for 100 h,

he thickness of the oxide scale formed was about 14 �m on A

Fig. 5. SEM-BSE images of cross-sections of cermets oxidized at 1000 ◦C for 0.5 h in st
in static air: (a) A cermet; (b) B cermet (�, Ti(C,N); �, Ni; ♦, TiO2; ⊕, NiO; �, NiTiO3;

cermet and 12 �m on B cermet, and that of the transition layer
formed between the oxide scale and the substrate was about 4 �m
on A cermet. Fig. 3(c) and (d) shows EDS line analysis of cross-
sections of both the cermets along the thickness of the oxide scales
after oxidation for 100 h, respectively. Obviously, the oxide scales
formed on both the cermets were multi-layered during oxidation
at 800 ◦C, and the outerlayer contained Ni and O, the interlayer
contained Ni, Ti and O, and the interlayer contained Ti and O as
well as a small amount of other elements. Combined with XRD
analysis of the oxidized surfaces shown in Fig. 2, the oxide scales
formed on both the cermets consisted of NiO, and the interlayer
consisted of NiTiO3, and the innerlayer consisted of TiO2 as well as
a small amount of Ti3O5, NiMoO4 and Cr0.17Mo0.83O2. Morphology
of the transition layer formed on A cermet was somewhat similar

to that of the substrate, which was the results of incomplete oxi-
dation of Ni-based binder and Ti(C,N) ceramic grains. EDS results
demonstrated that the transition layers consisted of greywhite Ni-
based oxides, and greyblack Ti-based oxides and white Mo-based
oxides.

atic air: (a) A cermet; (b) B cermet (OS, the oxide scale; TL, the transition layer).
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ig. 6. Cross-section analysis of A cermet oxidized at 1000 ◦C for 100 h in static air:
mage of the transition layer; (d) EDS analysis corresponding to Fig. 6(b) and (c) (OS,
he innerlayer in the oxide scale, respectively; WM, GWM and GBM, white micros
espectively; Au element in EDS analysis resulting from gold plating).

.3. Oxide scales and transition layers formed at 1000 ◦C in static
ir

Fig. 4 shows XRD patterns of oxidized surfaces of both the cer-
ets after oxidation at 1000 ◦C for 0.5 h and 100 h in static air. The

xide scale formed on A cermet mainly consisted of NiO, TiO2 and
iTiO3, and that formed on B cermet mainly consisted of NiO, TiO2,
i3O5, NiTiO3, NiMoO4 and Cr0.17Mo0.83O2.

Fig. 5 shows SEM-BSE images of cross-sections of both the cer-

ets after oxidation at 1000 ◦C for 0.5 h in static air. After oxidation

or 0.5 h, the thickness of the oxide scale formed was about 8 �m
n A cermet and 7 �m on B cermet, and that of the transition
ayer formed was about 6 �m on A cermet and 4 �m on B cer-

et. Figs. 6 and 7 show SEM-BSE images and EDS spot analysis
M-BSE image of cross-section; (b) SEM-BSE image of the oxide scale; (c) SEM-BSE
ide scale; TL, the transition layer; OL, ITL and INL, the outerlayer, the interlayer and

re, greywhite microstructure and greyblack microstructure in the transition layer,

of cross-sections of A and B cermets after oxidation at 1000 ◦C
for 100 h in static air, respectively. After oxidation for 100 h, the
thickness of the oxide scale formed was about 90 �m on A cer-
met and 82 �m on B cermet, and that of the transition layer
formed was about 175 �m on A cermet and 92 �m on B cermet.
Combined with XRD analysis of the oxidized surfaces shown in
Fig. 4, the oxide scales formed on both the cermets at 1000 ◦C
were also multi-layered like those formed at 800 ◦C, consisting of
NiO outerlayer, and NiTiO3 interlayer and TiO2-based innerlayer

(containing a small amount of Ti3O5, NiMoO4 and Cr0.17Mo0.83O2
for B cermet). The outerlayer/interlayer and interlayer/innerlayer
interfaces were fairly irregular. Morphologies of the transition
layers formed on both the cermets were also somewhat simi-
lar to those of the substrates. EDS results demonstrated that the
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ig. 7. Cross-section analysis of B cermet oxidized at 1000 ◦C for 100 h in static air:
mage of the transition layer; (d) EDS analysis corresponding to Fig. 7(b) and (c) (OS,
he innerlayer in the oxide scale, respectively; WM, GWM and GBM, white micros
espectively; Au element in EDS analysis resulting from gold plating).

ransition layer formed on both the cermets at 1000 ◦C also con-
isted of Ni-based, Ti-based and Mo-based oxides. However, these
xides in the transition layer formed on B cermet were finer
n morphology than those in the transition layer formed on A
ermet.

. Discussion
From the above experimental results, it can be seen that two
ense experimental Ti(C,N)-based cermets with Ni and Ni–20Cr
etallic binder exhibited a low thermodynamic stability at 800 ◦C

nd 1000 ◦C in static air, and that morphologies, microstructure and
omposition of the oxide scales and the transition layers formed
M-BSE image of cross-section; (b) SEM-BSE image of the oxide scale; (c) SEM-BSE
ide scale; TL, the transition layer; OL, ITL and INL, the outerlayer, the interlayer and

re, greywhite microstructure and greyblack microstructure in the transition layer,

were significantly affected by cermet composition and oxidation
temperature.

For both the cermets, the oxide scales formed at 800 ◦C and
1000 ◦C mainly consisted of NiO, NiTiO3 and TiO2 (containing a
small amount of Ti3O5, NiMoO4 and Cr0.17Mo0.83O2 for A cermet
at 800 ◦C and for B cermet at 800 ◦C and 1000 ◦C), and the tran-
sition layers formed at 800 ◦C and 1000 ◦C consisted of Ni-based,
Ti-based and Mo-based oxides (Figs. 3 and 5–7). However, the oxide

scales and the transition layers formed at 800 ◦C grew slower than
those formed at 1000 ◦C. After oxidation at 800 ◦C for 100 h, the
thickness of the oxide scale was about 14 �m on A cermet and
12 �m on B cermet, and that of the transition layer was about
4 �m on A cermet, and after oxidation at 1000 ◦C for 100 h, the
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hickness of the oxide scale was about 90 �m on A cermet and
2 �m on B cermet, and that of the transition layer was about
75 �m on A cermet and 92 �m on B cermet. Obviously, oxida-
ion process of both the cermets was significantly controlled by
xidation temperature. During oxidation at 800 ◦C and 1000 ◦C in
tatic air, Ni, Ti and Mo in both the cermets were completely oxi-
ized to form crystalline NiO, crystalline TiO2 (and a small amount
f crystalline Ti3O5 at 800 ◦C for A cermet and at 800 ◦C and 1000 ◦C
or B cermet) (Figs. 2 and 4) and volatile molybdenum oxides,
espectively. Subsequently, NiO reacted with TiO2 to form crys-
alline NiTiO3, and it also reacted with molybdenum oxides to
orm crystalline NiMoO4 at 800 ◦C for A cermet and at 800 ◦C and
000 ◦C for B cermet (Figs. 2 and 4) [28]. Cr in both the cermets
ight be completely oxidized to form chromium oxides, which

hen reacted with volatile molybdenum oxides to form crystalline
r0.17Mo0.83O2 at 800 ◦C for A cermet and at 800 ◦C and 1000 ◦C
or B cermet (Figs. 2 and 4). Crystalline tungsten oxides were not
resent in the oxide scales formed on both the cermets at 800 ◦C
nd 1000 ◦C (Figs. 2 and 4). This shows that W in both the cermets
as completely oxidized to form volatile tungsten oxides during

xidation at 800 ◦C and 1000 ◦C. The formation of volatile tungsten
xides was verified during oxidation of Ti(C0.5,N0.5)–16.7(WC–5Co)
wt%) ceramic and Ti(C0.5,N0.5)–15.3(WC–5Co)–6.2Ni–2.1Co (wt%)
ermet at 1000 ◦C in static air [23,25]. C and N in both the cermets
ere completely oxidized to form gaseous CO and N2 during oxi-
ation at 800 ◦C and 1000 ◦C, respectively [23,24]. The presence of
ores and voids in the oxide scales accounted for the release of
olatile tungsten oxides and molybdenum oxides, and gaseous CO
nd N2 during oxidation at 800 ◦C and 1000 ◦C. With increasing oxi-
ation time, the oxide scales became thick, and the transition layers
ere present between the oxide scales and the substrates as a result

f incomplete oxidation. As can be seen, when the oxide scales
rew, O thermodynamic activity through them into the substrates
ecreased so that the substrates were incompletely oxidized. When
xidation temperature increased from 800 ◦C to 1000 ◦C, O inward
hermodynamic activity significantly increased, and thus oxidation
f both the cermets became slow with increasing oxidation time.

Oxidation of B cermet was slower than that of A cermet, for
xample, after oxidation at 1000 ◦C for 100 h, the oxide scale and
he transition layer formed on B cermet were thinner by about
�m and 83 �m than those formed on A cermet, respectively.
his was attributed to the richness of Cr in Ni-based binder and
he rims of Ti(C,N) ceramic grains (Fig. 1). Cr in Ni-based binder
hase and the rim phase of Ti(C,N) ceramic grains in B cermet
as completely oxidized to form Cr0.17Mo0.83O2, and was incom-
letely oxidized to Cr-rich Ti-based oxides, resulting in the decrease
f O inward thermodynamic activity. As a result, B cermet exhib-
ted superior oxidation resistance at 800 ◦C and 1000 ◦C in static
ir.

For both the cermets, the oxide scales formed at 800 ◦C
nd 1000 ◦C were multi-layered, consisting of NiO outerlayer,
iTiO3 interlayer and TiO2-based innerlayer (containing a small
mount of Ti3O5, NiMoO4 and Cr0.17Mo0.83O2 for A cermet at
00 ◦C and for B cermet at 800 ◦C and 1000 ◦C), and morpholo-
ies of the transition layers formed were somewhat similar to
he substrates. These demonstrated that the outward diffusibil-
ty of Ni was stronger than that of Ti during oxidation at
00 ◦C and 1000 ◦C for both the cermets, and that internal oxi-
ation process of both the cermets was mainly controlled by
he interface diffusion between Ti(C,N) ceramic grains and Ni-
ased binder. In addition, partial spallation of the oxide scales

nd the presences of macrocracks and microcracks in the oxide
cales and the transition layers were the result of volume con-
raction during air cooling from oxidation temperature to room
emperature.

[
[

[

mpounds 506 (2010) 461–467 467

5. Conclusions

Two Ti(C,N)-based cermets with Ni and Ni–20Cr metallic binder
(i.e. A and B cermets) were prepared with typical powder metal-
lurgy technique and then oxidized at 800 ◦C and 1000 ◦C for up
to 100 h in static air. The oxide scales and the transition layers
formed were characterized to evaluate high temperature oxida-
tion behavior of both the cermets. During oxidation at 800 ◦C and
1000 ◦C, the oxide scales formed on both the cermets were not
dense, and were multi-layered, consisting of NiO outerlayer, NiTiO3
interlayer and TiO2-based innerlayer (containing a small amount
of NiMoO4, Ti3O5 and Cr0.17MoO0.83O2 for the former cermet at
800 ◦C and for the latter cermet at 800 ◦C and 1000 ◦C). The tran-
sition layers formed on both the cermets at 800 ◦C and 1000 ◦C
consisted of Ti-based, Ni-based and Mo-based oxides. Oxidation
process was mainly controlled by O inward thermodynamic activ-
ity, and oxidation at 1000 ◦C was much faster than that at 800 ◦C.
However, Ti(C,N)-based cermet with Ni–20Cr metallic binder was
oxidized slower than Ti(C,N)-based cermet with Ni metallic binder,
due to the richness of Cr in Ni-based binder phase and the rim
phase of Ti(C,N) ceramic grains. Cr was completely oxidized to form
Cr0.17Mo0.83O2, and was incompletely oxidized to Cr-rich Ti-based
oxides, leading to the decrease of O inward thermodynamic activity.
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