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bstract

wo series of Ti (C, N)-based cermets, one with TiC addition and the other with TiN addition, were fabricated by conventional powder metallurgy
echnique. The initial powder particle size of the main hard phase components (Ti (C, N), TiC and TiN) was nano/submicron-sized, in order to
chieve an ultra-fine grade final microstructure. The TiC and TiN addition can improve the mechanical properties of Ti (C, N)-based cermets to
ome degree. Ultra-fine grade Ti (C, N)-based cermets present a typical core/rim (black core and grayish rim) as well as a new kind of bright
ore and grayish rim structure. The average metallic constituent of this bright core is determined to be 62 at% Ti, 25 at% Mo, and 13 at% W by
EM–EDX. The bright core structure is believed to be formed during the solid state sintering stage, as extremely small Ti (C, N)/TiC/TiN particles

re completely consumed by surrounding large WC and Mo2C particles. Low carbon activity in the binder phase will result in the formation
Ni2Mo2W)Cx intermetallic phase, and the presence of this phase plays a very important role in determining the mechanical properties of TiN
ddition cermets.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

The unique combination of mechanical properties such as
xcellent wear resistance and good chemical stability at ele-
ated temperature makes titanium carbonitride based (Ti (C,
)-based) cermets be of great importance in metal cutting
perations.1 Nowadays, cermet cutting tools are widely used for
emi-finishing and finishing works on steel and cast iron.2 Since
he introduction of nitrogen into TiC–Ni–Mo cermet systems as
arly as 1970s, the cutting performance of cermet materials has
een significantly improved as a result of refined microstructure
specially the grain size of hard phase.3 Modern cermets nor-
ally consist of TiC + TiN/TiCxN1−x as main hard components

nd Ni/Co/Ni + Co as metal binder which bonds the carbonitride
eramic phase. In addition, 20–40 mass fraction of Mo2C, WC,

aC, NbC and VC are usually added to improve the sinterability,
ot hardness and thermal shock resistance.4,5

∗ Corresponding author. Tel.: +86 551 2901362; fax: +86 551 2905383.
E-mail address: ningliu@mail.hf.ah.cn (N. Liu).
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Comparing with conventional WC–Co cemented carbide, the
icrostructure of Ti (C, N)-based cermets is far more com-

licated, which is greatly influenced by the starting powder
omposition, particle size, particle size distribution as well as
he sintering atmosphere. Normally, hard particles (carbonitride
rains) exhibit a well-known core/rim structure. The core is
ssentially undissolved Ti (C, N) initial powder and the rim is
nriched in heavier elements such as W, Mo, Ta, Nb which also
as a cubic crystal structure. This core/rim structure has been
tudied by many authors and is widely believed to be the result
f a dissolution–reprecipitation process.6–8

Previous works have shown that nano grain-sized WC–Co
emented carbides present quite different microstructure and
echanical properties as compared with conventional coarse-

rained materials.9,10. In addition, it was reported that nano-
ized TiN addition is more effective than micron-sized TiN
ddition in improving the mechanical properties of TiC-based
ermets.11 However, hitherto, there are few reports on the study

f ultra-fine grade Ti (C, N)-based cermets.12 This study aims to
nvestigate the microstructure of Ti (C, N)-based cermets fabri-
ated from nano/submicron-sized powders and related it to their
echanical properties. Special emphasis is paid on the study of
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Table 1
Main characteristics of the starting powders

Powder Particle size (�m) Chemical composition (wt.%)

TiC 0.33a Cfree < 0.5, Cl < 0.25, O<1.0
TiN 0.07a C < 1.0, O < 2.0
Ti (C0.5 N0.5) 0.12a Cfree < 0.5, Cl < 0.25, O < 1.0
WC 1.14 (Fsss) Cfree: 0.02
Mo 2.33 (Fsss) C: 0.0036, Fe: 0.002, O :0.095
Ni 2.95 (Fsss) C < 0.15, S < 0.001, O < 0.015, Fe < 0.01
Carbon black 3.25 (Fsss) N: 0.00015, O: 0.3
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Table 2
Nominal composition of cermets samples (in wt.%)

Cermets Ti (C, N) TiC TiN WC Mo Ni C

A 49 0 0 15 15 20 1
B1 46.5 2.5 0 15 15 20 1
B2 44 5 0 15 15 20 1
B3 41.5 7.5 0 15 15 20 1
B4 39 10 0 15 15 20 1
C1 46.5 0 2.5 15 15 20 1
C2 44 0 5 15 15 20 1
C
C

f
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sss: fisher sub-sive size.
a From SEM/TEM analysis, other values come from datasheets of the produc-

rs.

ow different TiC/Ti (C, N) and TiN/Ti (C, N) ratio influences
he cermets’ final microstructure and mechanical properties.

. Experimental procedure

.1. Materials processing

Some characteristics of the commercial powders are listed
n Table 1. The particle morphology of main hard components
Ti (C0.5N0.5) abbreviated as Ti (C, N) afterward, TiC, TiN) was
bserved by SEM as shown in Fig. 1. Totally nine different start-
ng compositions are designed, and their nominal compositions
re given in Table 2.

All cermets samples were fabricated by the same con-
entional powder metallurgy method. Firstly, powders were

eighted and dispersed in an ultrasonic cleaner for 30 min using

thanol as dispersant. Then they were milled with WC–Co balls
ball-to-powder weight ratio: 8/1) in ethanol bath by a planetary
all mill for 36 h. After milling, the slurry mixture was dried

b
o
J
c

Fig. 1. SEM micrographs of main hard phase
3 41.5 0 7.5 15 15 20 1
4 39 0 10 15 15 20 1

or 12 h at the temperature of 80 ◦C, and then sieved through
00 mesh and pelletised with 8% wax in a ceramic pot for an
our. Green compacts were prepared by pressing at the uniax-
al pressure of 200 MPa, and dewaxed in the range 200–800 ◦C.
inally, vacuum sintering (0.1 Pa) was conducted at 1440 ◦C for
n hour. Fig. 2 presents the sintering procedure curve.

.2. Experimental methods

The microstructure of polished specimens (finished with
�m diamond paste) was observed by SEM (LEO-1530VP,
EO, Germany) in back-scattered-electron (BSE) mode coupled
ith EDX (OXFORD INCA X-Sight, UK), and the morphol-
gy of fractured surface was observed in secondary electron
SE) mode. In this study only metallic constitutes of each sam-
le were measured since carbon and nitrogen content cannot

e accurately quantified from SEM–EDX. Phase identification
f each system was determined by XRD (D/max-rB, Rigaku,
apan) and the lattice parameter of crystalline phase was cal-
ulated by using Nelson-Riley function13 (Ni-filtered Cu K�

powders: (a) Ti (C, N); (b) TiC; (c) TiN.
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Ti (C, N) core and they often cluster together, indicating that
there are some local positions which favor the formation of this
structure. The core-like morphology of (Ti, Mo, W) (C, N) solid
solution (bright core) should be formed from powder particle’s

Table 3
Average metallic constituent (at%) of each phase according to EDX analysis

Phase Ti Mo W Ni
Fig. 2. The sintering procedure curve.

adiation, 85◦ < 2θ < 145◦ angular ranger, 0.02◦ angle step).
hree-point-bending transverse rupture strength (TRS) (20 mm
pan, 0.5 mm/min crosshead speed) and fracture toughness (KIC)
Single Edge Notched Beam, SENB method) test was car-
ied out on a Shimadzu DCS-5000 Universal Testing Machine
Japan) at room temperature. The specimen geometric sizes are
mm × 5 mm × 30 mm and 2.5 mm × 5 mm × 30 mm for TRS
nd KIC testing, respectively. Vickers indentation hardness mea-
urement was conducted under the condition of 10 kg load, 15 s
oading time.

. Results and discussion

.1. As sintered materials

Representative SEM–BSE micrographs of each sample sys-
em are presented in Fig. 3. It shows that all specimens contain
ores which give a dark BSE contrast, suggesting that their aver-
ge atomic weight is lighter than the other parts. SEM–EDX
nalysis reveals that Ti is the dominant metallic constituent (>95
t%) of these dark cores, with little amount of Mo and W. The
rayish rim surrounding the dark core shares the same metallic
lements as core, but the content of Mo and W is much higher.
hose intergranular-shaped regions that give a bright BSE con-

rast are Ni-based binder phases, in which Ti, Mo and W were
lso detected.

In addition to the above described Ti (C, N)-based cermets’
ommon features, a distinctive microstructural feature is found
n these ultra-fine grade cermets. A new kind of bright core and
rayish rim structure can be easily identified from all of the nine
ample systems. Seen from Fig. 3a, the BSE contrast of bright
ore is similar to that of the binder phase, indicating the existence
f heavier elements when compared with dark cores.

.2. Microstructure and phase composition
From Fig. 3, it can be seen that with the increasing amount
f TiC addition (see Fig. 3b–e), more of the relatively coarser
comparing with finer Ti (C, N)) TiC particles were preserved
n the microstructure as large dark cores. On the contrary, the

D
B
G
B

amic Society 26 (2006) 3861–3870 3863

icrostructure of cermets C1–C4 (see Fig. 3f–i) becomes finer
ith increasing TiN addition. On one hand, this can be attributed

o nano-sized initial TiN particles which may be still preserved
n the final microstructure. On the other hand, the TiN addition
ffectively refrains the grain growth. It is a well-known that the
rain growth rate in nitrogen-containing cermets is much lower
han in nitrogen-free cermets, because the solubility of TiC in
iquid Ni is significantly higher than that of TiN.1 As a result, the
rain growth (i.e. rim thickness) is repressed, as less substance
s available to reprecipitate as rim phase.

Detailed results of EDX analysis of each phase (labeled as
C, BC, GR and B in Fig. 3a) are shown in Table 3. And their

ypical EDX spectrums are presented in Fig. 4. Previous studies
ave confirmed that those dark cores are remnants of the start-
ng Ti (C, N) powders,14 with little amount of Mo and W that
ay come through dislocations and other crystal defects.15 Onto

hese cores, a Mo, W-rich rim phase grows through a dissolution
nd reprecipitation process. That is to say, partially dissolved Ti
C, N) together with completely dissolved WC and Mo2C (dur-
ng the sintering stage, molybdenum reacts with carbon to form

o2C) reprecipitates from binder phase and grows using those
emaining Ti (C, N) cores as nucleation sites. Usually an inner
im structure is at the interface of the dark core and grayish outer
im in micron cermets’ microstructure, with a Mo and W content
ven higher than the outer rim.4,16,17 Interestingly, however, this
nner rim structure is hard to be found in ultra-fine grade cermets
f this study. Instead, a new kind of bright core exists, holding
metallic constituent close to reported inner rim composition.

The raw materials used in this study are Ti (C, N), TiC, TiN,
C and Mo, not (Ti, Mo, W) (C, N) pre-alloyed carbonitrides.

herefore (Ti, Mo, W) (C, N) bright cores must be formed during
he sintering stage. The exact formation mechanism of this kind
f core/rim structure is still unknown, but could be reasonably
peculated. Commonly observed inner rim structure is believed
o be formed during solid state sintering as Mo and W that have
issolved in binder reprecipitates to form Mo and W enriched
Ti, Mo, W) (C, N) solid solution, because at this stage the
itrogen activity is low due to open porosity.7,17,18 Considering
hat the metallic composition and concentration of bright core
s similar to that of the inner rim, and the fact that they are also
urrounded by grayish outer rims, formed during liquid phase
intering, the bright core should be formed before the appearance
f grayish outer rim, i.e. during the solid state sintering.

Generally the grain size of bright cores is larger than dark
ark core 97 2 1 –
right core 62 25 13 –
rayish rim 79 13 8 –
inder 23 10 5 62
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pecific geometric configuration after mixing and compression.
f some extremely small Ti (C, N)/TiC/TiN particles are fully

mbedded by larger WC and Mo2C particles, there are good
hances that they may be completely consumed to give a core
ather than a rim morphology, because of short diffusion length.
ig. 5 presents a schematic drawing demonstrating the formation

s
p
s
s

ig. 3. SEM–BSE micrographs of each sample system: (a) cermet A; (b) cermet B1:
ermet C3; (i) cermet C4 (DC stands for: dark core, BC stands for: bright core, GR s
ores in (d) and (e), and intermetallic phase (Ni2Mo2W)Cx in (h) and (i)).
amic Society 26 (2006) 3861–3870

echanism of bright core structure. Hence, in certain parts of
he materials where Ti (C, N) core is absent (Ti, Mo, W) (C, N)

olid solution core appears. Since there is no substantial com-
ositional difference in different bright cores, its composition
hould be given by the thermodynamic equilibrium at the solid
tate sintering temperature. As the TiC addition increases, the

(c) cermet B2; (d) cermet B3; (e) cermet B4; (f) cermet C1; (g) cermet C2; (h)
tands for: grayish rim, B stands for: binder. Arrows indicate remaining big TiC
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Fig. 3.

olume fraction of bright core structure has a trend to increases
see Fig. 3b–e). This is in agreement with literature,14 which
eported that a higher carbon activity will result in larger amounts
f (Ti, W, Ta) (C, N) cores/inner rim structure.

In the case of TiN addition cermets, increasing the amount of
iN addition leads to the formation of a new phase which is indi-
ated in Fig. 3h and i by arrows. The EDX result shows that the
verage composition of this phase is 40.1 at% Ni, 37.0 at% Mo,
9.4 at% W and 2.7 at% Ti, in addition C is also detected. Con-
idering that little amount of Ti may derive from electron beam
oarding effect, we can roughly denominate it as (Ni2Mo2W)Cx.
he EDX spectrum of this phase is given in Fig. 6. The forma-

ion of this new phase should be related to the nitrogen or carbon
ctivity in TiN addition cermets. Detailed discussion of this new
hase is presented in the next section.

The Ni-based binder mainly distributes around the hard
arbonitride grains. A lot of Ti, Mo and W are found in the
inder phase which comes from dissolved WC and Mo2C.
evertheless, this composition does represent the equilibrium
oncentration of the metallic elements in the liquid Ni, because
f too low diffusion rate and too short soaking time.

XRD pattern of some selected samples is shown in Fig. 6,
rom which it can be seen that Ti (C, N) phase exists in all

i
p
C
l

inued )

ample systems while no WC and Mo2C trace was detected,
uggesting that they have fully dissolved into the carbonitride
eramic phase and Ni-based binder phase (considering the detec-
ion limit of XRD, small amount of WC and Mo2C may still
xist but their volume fraction should be less than 5%). This is
n accordance with literature,19 which reported that Mo reacts
ith carbon to form Mo2C around the temperature of 1000 ◦C

nd then completely dissolves around 1200 ◦C. Similarly, WC
issolves a little bit slower which disappears form XRD pattern
bout 1300 ◦C.19

In the XRD patterns of cermets C3 and C4, peaks of above
entioned intermetallic phase (Ni2Mo2W)Cx are observed as

hown in Fig. 7. Since � phase presents in WC–Co hard men-
al and cermets in condition of carbon deficiency,20 and it is
eported that the dissolution of W and Ti in the binder phase
an be controlled by total carbon content in cermets materials,14

he presence of this intermetallic phase should be related to the
arbon activity in cermets C3 and C4. As more TiN is added,
ore of it decomposes at high temperature and releases N2 (TiN
s subjected to thermal dissociation at high temperature21). This
rocess is further promoted by the vacuum sintering atmosphere.
onsequently, carbon atoms enter instead to refill the vacancy

eft by nitrogen. Therefore, less carbon black added is avail-
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Fig. 5. Schematic drawing demonstrating the formation mechanism of bright
core structure.
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N
more Mo and W atoms dissolved into the Ti (C, N) lattice and
randomly occupied the sublattice sites of Ti.22 Since the ionic
radius of Ti4+ is 0.68 Å which is smaller than W4+ 0.70 Å and
ig. 4. Typical EDX spectrums of various phases: (a) dark Ti (CN) cores; (b)
Ti, Mo, W) (C, N) grayish rim; (c) (Ti, Mo, W)(C, N) bright core; (d) Ni-based
inder.

ble to maintain the cermets in the normal two phase areas. As a
esult, the solubility of Mo and W in the binder phase is substan-
ially enhanced resulting from low carbon activity in the binder

hase.

Peaks of Ti (C, N) and (Ti, Mo, W) (C, N) core/rim structures
annot be resolved at forward angular range (30◦ < 2θ < 80◦),
ecause of their isomorphic crystal structure and very close lat-
Fig. 6. EDX spectrum of the new phase found in cermets C3 and C4.

ice parameters. However, a careful XRD inspection scanned
long the back-reflection angular range (85◦ < 2θ < 145◦) is able
o discriminate them and calculate their small lattice parame-
er misfit. A typical XRD pattern carried out at back-reflection
ngular range is given in Fig. 8, from which it can be seen that
arbonitride phase has split into two and even three peaks. The
attice parameters of (Ti, Mo, W) (CN) rim and (Ti, Mo, W) (C,
) cores as well as Ni based binder phase is listed in Table 4.
hese data indicate that the lattice parameter of (Ti, Mo, W) (C,
) bright core is slightly larger than that of outer rim phase for
Fig. 7. XRD pattern of some selected cermet samples.
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t
tures such as: grain size, grain size distribution, phase volume
fraction and morphology, etc. The effects of TiC/TiN addition
on Vickers hardness, transverse rupture strength and fracture
toughness are shown in Figs. 9–11, respectively. It is denoted
ig. 8. XRD pattern of cermet C3 carried out at back-reflection angular range.

o4+ 0.70 Å, the entrance of Mo and W atoms dilates the lat-
ice parameter to some extent. The calculated misfit level with
espect to the lattice parameter difference between (Ti, Mo, W)
C, N) rim and (Ti, Mo, W) (C, N) bright core is in the range of
.21–0.33%, similar to the data found in literature.23

Considering that rim phase occupies a larger volume fraction
han Ti (C, N) core phase, the left peaks of each double peak
etected in back-reflection angular range should represent the
im structure more than the cores. And since the core is almost
ree of Mo and W, its lattice parameter must be smaller than that
f rim. Hence, it could be said that the real lattice parameter
isfit between dark core and bright core should be greater than

he values mentioned above. If we use Ti (C, N) starting pow-
er’s lattice parameter to calculate the misfit level, this figure
an be as large as 0.37%. However, it is still far below a critical
alue of 1.3% reported in literature,18 in which the separation of
nner rim phase from Ti (C, N) core was attributed to lattice mis-

atching, as misfit dislocation located at the core/rim interface
pproaches one another and finally leads to the physical sepa-
ation of inner rim and core phase. According to their study,18

he misfit level seems to be too small to cause the formation of

he bright core structure. Thus, the formation of bright cores can
e better explained as a result of promoted diffusional reaction,
ecause of the extremely small powder particle size.

able 4
attice parameter of various phases (nm)

ermets (Ti, Mo, W)
(C, N) rim

(Ti, Mo, W)
(C, N) core

Ni-based
binder

0.4296 0.4310 0.3574
4 – – 0.3596
1 – – 0.3602
2 0.4293 0.4304 0.3608
3 0.4291 0.4306 0.3602
4 0.4293 0.4302 0.3598
i (CN) starting powder 0.4290
tandard Ni 0.3524

he lattice parameter of standard Ni is cited from JCPDS file 4-0850.
Fig. 9. TiC/TiN addition on the HV hardness.

The XRD pattern clearly indicates that binder phase has a
ubic crystal structure, with a lattice parameter that is sub-
tantially larger than pure Ni (see Table 4). This phenomenon
uggests that considerable amount of Ti, Mo and W atoms have
issolved into Ni binder phase during the sintering stage, which
orresponds well with the EDX results. The calculated lattice
arameter of the binder phase in this study is on the whole larger
han previous literature data,23,24 which may be ascribed to the
act that both Mo and WC was added as starting materials instead
f single addition of Mo or WC.

.3. Mechanical properties

The mechanical property of cermets depends not only on
heir starting compositions but also on their microstructural fea-
Fig. 10. TiC/TiN addition on the TRS.
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ceramic grains. To cermets material, a strong core/rim and
binder/rim bond is essential to bending strength improvement.
Since good bonding usually occurs when the hard phase has a
Fig. 11. TiC/TiN addition on the fracture toughness.

hat with the increasing amount of TiC addition, Vickers hard-
ess (HV10) of cermets B1 to B4 goes up slowly. Since the micro
ardness of TiC is much higher than TiN (TiC: 32 GPa, TiN:
0 GPa according to ref.25) the hardness values of all TiC-added
ermets (B1 to B4) should be higher than cermets A, theoreti-
ally. However, this is not the case here. This phenomenon could
e explained by their microstructure features. Seen from Fig. 3,
he mean grain size of cermets B1 and B2 is larger than cer-

ets A. So according to Hall–Petch formula, coarser grains in
ermets B1 and B2 counteract the effect of small amount of
iC addition. Only when the TiC addition reaches the level of
.5 wt.%, the hardness of cermets B3 and B4 begins to outreach
ermets A.

The effect of TiN addition on the Vickers hardness is similar
o TiC addition, except that hardness value increases signifi-
antly from cermets C3 to cermets C4. Since the TiN is softer
han TiC as mentioned above, the hardness curve of cermets C1
o C3 is below that of cermets B1 to B3. But as TiN addition
ncreases, the hardness difference between TiC addition cermets
nd TiN addition cermet has a trend to decrease, indicating that
he Hall–Petch hardening effect becomes more and more evident
s the addition of TiN increases. However, the greatly enhanced
ardness value from cermets C3 to cermets C4 (16% of increase)
hould not be attributed to the finer microstructure alone. As dis-
ussed above, intermetallic phase (Ni2Mo2W)Cx that is harder
han Ni-base binder appears in cermets C3 and C4. Therefore, the
ighest hardness value achieved in cermet C4 should be mainly
ttributed to the presence of large amount of this phase. In fact,
he hardness of cermets materials is not determined by ceramic
hase alone, but follows a simple balance law just like WC–Co
emented carbides.26 That is, various phases contribute to the
ardness of bulk material, according to the hardness and volume
raction of each phase.

From Fig. 10, it can be seen that values increase as the amount

f TiC addition increases up to 10 wt.%. However, when TiN
s added, the TRS value reaches its highest value at 5.0 wt.%
ddition and then decreases.

F
C

amic Society 26 (2006) 3861–3870

From cermets B1 to cermets B4, the volume fraction of bright
ore and grayish rim structure tends to increase. Since those
right cores are not remaining Ti (C, N) particles but (Ti, Mo,
) (C, N) solid solution, and grayish rims are also composed

f (Ti, Mo, W) (C, N), the distribution gradient of elements of
his core/rim structure should be less than that of Ti (C, N) core
nd rim structure. Consequently, the interior stress induced from
attice parameter mismatch between core and rim at the interface
f core/rim boundary is reduced too. Therefore, as more bright
ore and grayish rim structures appear in the final microstructure,
he TRS value increases accordingly. This is consistent with
revious study results.27

As the addition of TiN increases, the resulting microstruc-
ure becomes finer and finer. However, the TRS value does not
o up monotonously, instead, there is a peak value occurring at
.0 wt.% of TiN addition. This phenomenon can be attributed
o two factors: (1) the presence of brittle-natured intermetal-
ic phase (Ni2Mo2W)Cx, which may work as fracture initiator
hen it locates close to the load; (2) as more TiN decom-
oses, released N2 leaves more residual porosity in the material,
hich reduces TRS value too. Combining these two factors,
hen TiN addition excesses 5.0 wt.%, the TRS value decreases

mmediately.
Micrographs of fractured surface of cermet B4 and cermet

4 are shown in Fig. 12a and b. It reveals that the typical frac-
ure mode is intergranular fracture, however, transgranular frac-
ure mode can be observed too, especially in relatively coarser
ig. 12. Fractured surface of TRS testing samples: (a) cermets B4; (b) cermets
4; (c) crack propagating through the intermetallic phase.
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imited solubility in the binder during liquid phase sintering,28

nter-diffusion between core and rim as well as rim and binder
s favored.

Both TiC and TiN addition improves the fracture toughness
n a similar way as can be seen from Fig. 11. Fracture toughness
s a kind of property that represents materials’ resistance to crack
ropagation. As more TiC is added, more of them is preserved in
he final microstructure as relatively coarser grains. And since
enerally cracks propagate along the grain boundaries in cer-
ets materials, i.e. intergranular mode,24 cermets with more

oarser grains can more effectively deviate crack, resulting in
ore zigzagged crack propagation course and absorbing more

nergy correspondingly. Although the carbonitride grain size
ecreases as TiN addition increases, the KIC value of cermet
1 to C4 increases too. Since the crack deflection mechanism
entioned above does not work here, there must be some other

oughening mechanisms. Micropores resulting from the decom-
osition of TiN may toughen the TiN addition cermets to some
xtent. In addition, it was observed that cracks usually propagate
hrough the intermetallic phase (Ni2Mo2W)Cx (see Fig. 12c).
hough (Ni2Mo2W)Cx as a intermetallic phase could not as
ffectively as Ni binder in absorbing crack-tip energy by plas-
ic deformation mechanism, it may still have some toughening
ffects because of its relatively larger size.29 Therefore, the addi-
ion of TiN increases KIC value steadily unlike the TRS which
as a peak value.

. Conclusions

In the present study, the microstructure and mechanical prop-
rties of TiC addition and TiN addition cermets were inves-
igated. The conclusion of this study can be summarized as
ollows:

1) Ultra-fine grade Ti (C, N)-based cermets present a typical
core/rim (black core and grayish rim) as well as a new kind of
bright core and grayish rim structure. The average metallic
constitute of this bright core is determined to be 62 at% Ti,
25 at% Mo, and 13 at% W by SEM–EDX.

2) The Bright core structure is believed to be formed dur-
ing the solid state sintering stage, as extremely small Ti
(C, N)/TiC/TiN particles are completely consumed by sur-
rounding large WC and Mo2C particles.

3) Low carbon activity in the binder phase will result in the
formation (Ni2Mo2W)Cx intermetallic phase, and the pres-
ence of this phase plays a very important role in determining
the mechanical properties of TiN addition cermets.

4) In general, both the TiC and TiN addition can improve the
mechanical properties of Ti (C, N)-based cermets to some
degree; however, these improvements should be attributed
to different mechanisms.
cknowledgements
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