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Abstract: By means of optical microscope (OM), scanning electron microscope (SEM) and transmission electron micro-

scope (TEM), the process of densification, the characterization of phase transformation and the microstructure for spark

plasma sintering ( SPS) nano hard phase Ti( C, N)-based cermet were investigated. It is found that the spark plasma sin-

tering (SPS) enables the nano hard phase Ti( C, N)-based cermet to densify rapidly, however, the full densification of the

sintered samples can not be obtained. The rate of phase transformation is significantly quick. When being sintered at 1
200 C for 8 min, Mo,C is completely dissolved, and TiN dissolves into TiC entirely and disappears. Above 1 200 C, Ti
(C,N) begins to decompose and the atoms of C and N separate from Ti( C, N) resulting in the generation of N and the

graphite. Due to the denitrification and the graphitization, the density and the hardness of sintered samples are rather
low. The distribution of grain size of the sample sintered at 1 350 ‘C covers a wide range of 90 ~ 500 nm, and most of the

grain size are about 200 nm. The hard phase is not of typical core rim structure. Oxides on the surface of particles can not

be fully removed and present in sample as titanium oxide Ti0,. Graphite exists in band-like shape.
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1 INTRODUCTION

Spark plasma sintering( SPS) is a comparatively
new technique. It has many merits compared with
conventional sintering methods, for example, super
fast heating and cooling rate, transient and low tem-
perature sintering to gain fully dense product. More
over, during the early sintering stage, the spark plas-
ma generated among the gaps of particles can purify
the surface of particles and availably improve the sin-

3

terablity of powders'' Especially SPS reveals a

powerful potential on fabricating fine grained and

nano structured materials'* ")

, and the low tempera
ture and short period sintering facilitate the control of
nano particles. In recent years, SPS has been suc
cessfully applied to prepare novel materials and to im-
prove the structures and properties of traditional ma-
terials such as ceramics!®, composite materials'*'" |
metals''!! and alloys! '

Ti( C, N)-based cermets have series of unique
properties compared with conventional WC-base hard-
metals and even with coated hardmetals, and they

have been successfully introduced in metal cutting in-

dustry. The grain size has been decreased from mr
cron order to sub-micron and ultrafine order in mr

1371
crostructure[ +19]

. However, it has not yet reported
on fabrication of nano-structural Ti(C, N)-based cer
mets. Since nano-sized carbides rapidly dissolved to
binder and precipitated from binder, it was very diffr
cult to prepare nano-structural Ti( C, N)-based cer
mets by conventional sintering methods. In present
work, SPS was used to fabricate nano-structured T1i
(C, N)-based cermets under lower temperature, and
the particularities for SPS nano hard phase Ti(C, N)-
based cermet were investigated, such as the process of
densfication and the characterization of phase trans-

formation and microstructure.
2 EXPERIMENTAL

Commercially available powders were used.
Nano-sized hard phase powders of TiC and TiN were
employed in present work. Fig. 1 presents the TEM
images of nano TiC and TiN particles. The mean par-

ticle size and oxygen content of used powders are list-
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ed in Table 1.
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Fig.1 TEM images showing morphology and

size of nano particles
a) —Nano TiC; b) —Nano TiN

Table 1 Particle size and oxygen content of
pow ders employed in SPS

. Oxygen
Ingredient M o pEstigle content( mass Purity/ %
size/ Pm .
fraction) / %
nano TiC < 0.09 1.08
nano TiN < 0.04 5::23
Mo 2.8 0.1
Ni 2.18 0.22
C > 99.85

The composition of prepared Ti( C, N)-based
cermet was designated as TiC-23TiN-11. 28Mo-
0. 72C-12Ni( mass fraction, %) .
tent free C was added to reduce oxygen on the surface
of powder. All ingredients were wetly mixed for 48 h
in nylon vial on planetary ball mill, where alcohol was
used as dispersant media and WC-Co as ball milling
media. The slurry was dried under 80 C.

SPS was conducted on Dr Sinter 1050 SPS
(Sumitomo Coal Mining Co.). Different SPS pro-
cesses was adopted. The heating rate was 200 C/ min
and the sintered sample was cooled down to 700 C
within 2~ 3 min. The pressure of 30 M Pa was main-

Extra double con-

tained during the whole sintering. The sintering pro-
cessing parameters are listed in Table 2.

Table 2 SPS processing parameters

Sintering
temperature/ C

1050 1050 1200 1350 1430

Dwelling 3 8 8 8 8

time/ min

The preparation of specimen and observation for
porosity were in accordance with ISO04505. X-ray
diffraction ( XRD) analysis was carried out on D/
MAX-RB X-ray diffractometer to identify present
phases in the mixed powders and samples sintered at
different SPS processes. Transmission electron micro-
scope (TEM) and selected area electron diffraction
patterns ( SED) were essential supplement for more
accurate phase identification. TEM and SED were
conducted on JEM-2000FX II.

The microstructure was observed using JSM-
5610LV scanning electron microscope( SEM) in back-
scattered electron imaging.

3 RESULTS AND DISCUSSION

3.1 Densification process

Due to the change of chemical compositions dur-
ing sintering, the densification process was investigat-
ed in present work. Fig. 2 presents metallographs of
samples sintered at various temperatures.

From Fig. 2, it was found that remarkable den-
sification had occurred in sintering at 1 050 C for 3
min, and fine pores uniformly distributed over the
sample. With the increase of sintering time to 8 min,
fine pores grew up and a group of larger pores ap-
peared, as shown in Fig. 2(b). When sintering tem-
perature was elevated, plentiful liquid phase ap-
peared, the densification degree also increased and
porosity (include pore size and amount) decreased, as
shown in Figs. 2(¢) and (d). The porosity reached
the minimum at 1 350 ‘C when sintering for 8 min.
From the images of porosity shown in Fig. 2, it is ob-
viously revealed that sintered samples could not
achieve full densification under appointed sintering
process for nanohard phase Ti( C, N)-based cermet.
When sintering temperature increased to 1 430 C,
some cracks appeared on the external appearance,
which were normal to axial direction. In addition,
the amount and size of pores in the samples had some
changes. Referring to Figs. 2(d) and (e), the size of
large pores has not any change, but the amount mani-
folds, and a great deal of new small size pores e
merge.

Hardness of samples sintered at various tempera
tures is listed in Table 3. The variation of hardness is
densification

consistent in the process.

reaches HRA90,

The maximum hardness only
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Fig.2 Metallographs showing process of densification

(Black dots represent porosity and uncombined graphite)
(a) —1 050 C, 3 min; (b) —1 050 'C, 8 min; (c¢) —1 200 C, 8 min; (d) —1 350 C, 8 min; (e) —1 430 C, 8 min

Table 3 I‘—Iardne‘ss of samples sintered S TIN s TCN)  +TiC
with various processes *Ni . 1 vMoC *Mo
~~ M [ 3
Processing 1050 C, 1050 C, 1200 C, 1350 C, g _ * Graphine T ¢ Free carbon
parameter 3 min 8 min 8 min 8 min * H I A
Hardness (£) 1430 °C, 8 min
(HRA) 67.4 70.6 84.6 90.2 .
[ ]
which might be relative to the porosity and graphite _ . A A2
phase morphology in samples. (e) 1350 °C, 8 min
. [ ]
[}
3.2 Characterization of phase transformation n A .

In order to understand the influence of SPS on 2 A AAC
phase transformation of nano hard phase Ti( C, N)- A (d) 1200 °C, 8 min
based cermet, X-ray analysis was used to identify pre- 1 2

[ »
L 4 L d [ 3

sent phase. Fig. 3 shows X-ray diffraction patterns of
mixed powder and specimens sintered with various (¢) 1050 C, 8 min
processes. The characterization of phase transforma- i, A’. g
tion for SPS nano hard phase Ti( C, N)-based cermet ; 2 X - A
was summarized as follows:

1) The rate of phase transformation was much

(=
fast than that in conventional sintering. Due to the g %\‘N%g =) &
effect of surface purification and the mechanical pres- e IN 1
sure, SPS can provide higher sintering driving force : . : . (a) Mixed powder
than conventional sintering, and in addition to surface 20 30 40 50 60 70 80
20/(°)

effect of nano particle, nano Ti( C, N)-based cermet
should be of tremendous rate of phase transformation
during SPS in theory, In fact, the results in experi-
ment are also in favor of that.

Analyzed from Fig. 3, Mo reacted with free C to
form Mo,C, and Mo,C rapidly dissolved and disap-
peared in short period of sintering at 1 200 C for 8

Fig.3 X-ray diffraction patterns of mixed pow der
and specimens sintered with various processes

almost the same, but the period was greatly short-
ened.

TiN exhibits an especial behavior compared with
that in conventional vacuum sintering. During con-
ventional sintering, TiN has very high stability com-

min. Compared with conventional vacuum sinter

[ 14, 16]

ing , the dissolution temperature of Mo,C was



Vol.14 Ne 3

Phase transformation and microstructure of nano Ti( C, N)-based cermet + 513 -

pared with that of TiC, Mo,C, WC and TaC, and it

has very slow dissolution rate. However, during
SPS, TiN completely dissolved when sintering at 1
200 C for 8 min.

2) C in carbides had much more tendency of
graphitization. The added free C had its correspond-
ing peaks in the XRD pattern of mixed powders.
During SPS, since it reacted with Mo and oxides on
the surface of particles, and dissolved into binder, it
was exhausted, as shown in Figs. 3(b), (¢), (d)
and (e), respectively. However, when being sintered
at 1430 C, the XRD peaks of graphite phase came
forth, which manifested that there was fresh graphite
phase formed during sintering.

Since TiN and TiC have the same sodium chlo-
ride structure, C super-lattice in TiC can be replaced
by N atom to form continuous solid state Tr( Ci- ,,
N,). Owing to the powerful sintering driving force
and the effect of surface size of nano particle as well as
little mass for single nano particle, TiN promptly dis-
solved into TiC or (Ti, Mo) (C, N) composite solid
state, so TiN could not been detected in the specr
mens sintered at temperature above 1 200 C. The
variation of lattice parameters of TiC and Ti( C, N)
could also distinctly show the dissolution process of
TiN. Fig. 4 shows a plot of the variation of lattice pa-
rameters of TiC and (Ti, Mo) (C, N) (called Ti(C,
N) afterwards) and binder Ni. Below 1200 ‘C, The
decrease of lattice parameter of Ti( C, N) was partial-
ly due to the dissolution of N into Ti(C, N).

0.434
0432}
0430} \—//
§ 0428
O
5 04261 ) )
g 4 s — TiC and Ti(C, N)
4 s —Ni
8, 0358+
S 03561
5
= 0354+
0.352+
0'350700 900 1100 1300 1500

Sintering temperature/'C

Fig. 4 Variation of lattice parameters of TiC,
(Ti,Mo)(C,N) and binder with

sintering temperature during SPS
(Data at 800 C represents that of mixed pow der)

In the temperature ranging from 1 200 to
1430 C, a special variation occurred in the lattice
parameter of Ti(C, N). For conventional vacuum sin-
tering at temperature below 1 450 C, the lattice pa-
rameter of Ti(C,N) decreased all the while!'”"®I.

However, for nano hard phase Ti( C, N)-based cer
met sintered by SPS, the lattice parameter did not
decrease but increased above 1 200 ‘C. By comparing
atomic radius of Ti(1.4318 U), Mo(1.3626 U), C
(0.77 U) and N(0.75 U)'"™ and taking the pro-
cess of dissolution/ reprecipitation of carbides into ac
count, it could be concluded that the decrease of lat-
tice parameter of Ti( C, N) resulted from the decom-
position of N and C from Ti( C, N). Referred to the
XRD pattern in Fig. 2(f), newly formed graphite
phase was not detected. Decomposed C from Ti( C,
N) graphitized to form graphite phase.

By associating the variation of porosity described
above with the denitrification degree, which increased
in the sample sintered at 1 430 C, it was affirmed
that denitrification occurred above 1 200 C. The
higher the sintering temperature is, the stronger the
degree of the denitrification is. It is just the denitrifi-
cation that forms N, generates gaseous paths and
makes the porosity increase. The decomposition of C
and N from Ti(C, N) brings about sintered samples
not fully densed and limits the hardness of sintered
samples.

3.3 Characteristics of microstructure
3.3.1 SEM observation

Fig. 5 shows the SEM micrographs of specimen
sintered at 1 350 C for 8 min. It is observed that the
hard phase grains are uniformly embedded in the
binder matrix, but the grain size is not uniform. The
distribution of grain size is from less than 90 nm to
500 nm, most of them are about 200 nm. Compared
with particle size of raw TiC of 90 nm, some grains
grow up. On the whole, the grain growth was suc
cessfully controlled for SPS nano hard phase Ti( C,
N)-based cermet. It was due to that, the period of
sintering was so short that the process of dissolution/
reprecipitation of carbide was effectively restrained
and the formation of rim phase is reduced; and that
the agglomeration of nano particles facilitated grain
growth. Since SEM back scattered electron image is
relative to the atomic number in phase, the contrast
grade in hard phase of Fig. 5(b) might be used to ap-
proximately understand some phase transformation
occurred during SPS. For SPS nano hard phase Ti
(C, N)-based cermet, the hard phase grains has not
the typical corerim structure. It is once again indi-
cates that the pow erful sintering driving force provid-
ed by SPS and higher surface activity of nano particle
promotes complete dissolution of TiC and TiN in each
other in short time, resulting in no TiN remained act-
ed as core phase.
3.3.2 TEM observation

Fig. 6 presents some TEM micrographs of speci-
men sintered at 1 350 C for 8 min, showing different
structural characteristics in specimen. Fig. 6( a) dis-
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Fig. 5 SEM micrographs of samples sintered
at 1 350 C for 8 min

a) —Distribution and size of grain and dispersion
of hard phase; b) — Microstructure of hard phase

plays the morphology of equiaxed grains come from ag-
glomerated particles and recrystallization. The phase
pointed by arrow in Fig. 6(b) is titanium oxide TiO,
determined by SED as shown in Fig. 6(d), although
XRD analyse could not identify it. The presence of
TiO2 demonstrates that the oxides on the surface of
particles could not completely deduced for nano hard
phase of Ti( C, N)-based cermet in short period sinter-
ing. The high-brightness band-like phase pointed by
arrow in Fig. 6(c) is graphite determined by SED as
shown in Fig. 6(e). Though XRD analyse could not
detect it in the sample sintered at 1 350 C, it has al-
ready formed in fact.

Though SPS had a series of virtues and some suc
cessful exemplifications, it did not get satisfying results
on microstructures and mechanical properties for the
application of nano hard phase of Ti( C, N)-based cer
met in present work. It should further be studied
whether SPS is applicable to the materials such as Ti
(C, N)-based cermet, in which some structure were
not enough stable, especially there existed gaseous es-
cape during sintering. Certainly, it should be envis-
aged that high oxygen content in raw powders was one
of factors influencing sinter-
ability in present work and the optimum process

Fig. 6 TEM micrographs of sample sintered at 1 350 C for 8 min

a) —Morphology of equiaxed grains coming from agglomerated particles and recrystallization;

(b) —Morphology of Ti0, pointed by arrow; (c¢) —Morphology of band- like graphite pointed by arrow;
(d) —SED pattern of arrow pointed phase in (b) and its diffraction labeled graph;
(d) —SED pattern of arrow pointed phase in (c) and its diffraction labeled graph
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needed to be further investigated.
4 CONCLUSIONS

1) By means of SPS, nano hard phase Ti(C, N)-
based cermet can be rapidly densified, however, due
to denitrification from Ti( C, N), the full densifica
tion of the samples can not be obtained.

2) SPS can significantly accelerate the rate of
phase transformation of Ti( C, N)-based cermet.
When being sintered at 1 200 C for 8 min, Mo,C is
completely dissolved. TiN represents different stabili-
ty compared with that in conventional vacuum sinter
ing. When being sintered at temperature above 1 200
‘C for 8 min, TiN entirely dissolves into TiC or Ti
(C,N) solid state. Above 1 200 C, Tr(C,N) com-
posite solid state decomposes and C and N are separat-
ed out from Ti(C,N). N escapes in the form of N,
and C is graphitized to form graphite phase.

3) The distribution of grain size of prepared Ti
(C, N)-based cermet sintered at 1 350 C covers a
range of 90 nm ~ 500 nm, and most of them are 200
nm. SPS can not completely remove the oxides on the
surface of particles and there exists titanium oxide
Ti0; in the sintered sample. Graphite phase is pre
sent in bandlike shape in sintered sample.
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