Vol. 13 Na 6

Trans. Nonferrous Met. Soc. China

Dec. 2003

Article ID: 1003 ~ 6326(2003) 06 ~ 1424 ~ 06

Microstructural evolution and characteristics during
sintering of submicron Ti( C, N)-based cermet
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Abstract: Ti(C, N)-based cermets were prepared with submicron powders. The microstructure evolution and character-
istics during the sintering of cermet were studied by TEM, SEM, EDX and XRD. The forming mechanism of the struc
tures was also studied. There exist inner rim and outer rim between the hard cores and the binder. The inner rim is en-

riched in Mo and W compared with the outer rim, and is formed during the solid sintering by counter diffusion of TiC,

Mo,C and WC. The outer rim is formed during the liquid sintering by Ostwald ripening mechanism.
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1 INTRODUCTION

The basic composition of Ti( C, N)-based cer
mets is Ti(C, N) and Ni. It has been known that the
addition of Mo or MosC is necessary to ensure good
wettability!!, and WC or other carbides are often
added to improve the plasticity of hard grains and hot
hardness of the cermets!?. Ti(C, N)-based cermets
consist mainly of carbonitride grains and metal
binder. The “ corerim” structure within the hard
grains is the typical microstructure of cermets. The
carbonitride phase enriched Mo and W ( the rim
phase) has been found to surround the Ti(C, N)
cores' ™).

Because the cermet materials involve several dif-
ferent raw powders, the microstructure evolution
during the sintering is complex. Up to now, the for-
mation mechanism of cermet microstructures hasn't
been understood. Several researchers have reported
results concerned with microstructure evolution dur-
ing the sintering of cermets. Moskowitz et al' *”' sug-
gested Mo diffusion from liquid Ni to solid TiC parti-
cles substituting Ti to form a unstable TiC-M o~ C solid
solution, while Rudy'® proposed the decomposition of
(Ti, Mo) C solid solution to Ttrich and Mo-rich( Ti,
Mo) C solid solutions. And it was also suggested that
the rim phase (Ti, Mo) (C, N), which is in equilibri-
um with the liquid, precipitates on Ti(C, N) grains

due to the dissolution of small grains and reprecipita
tion on large ones (Ostwald ripening) during sinter
ing!”®1. It has been ambiguous for the rim phase to
form. The microstructure is the most important de-
terminant of mechanical properties of cermets, so it is
worth studying the microstructure evolution and

forming mechanism during the sintering of cermets.
2 EXPERIMENTAL

The cermets investigated were prepared from
33% TiC-10% TiN-32% Nt 16% Mo-6. 9% W C-1. 5%
C-0. 6% Cr3Cy ( mass fraction). The median sizes
measured by SA-CP3 powder size analyzer and the
oxygen contents by TC-136 oxygerrnitrogen analyzer
are summarized in Table 1.

These powders were dispersed homogeneously

Table 1 Particle size and oxygen content of
main raw _materials

Particle size/ Oxygen content

Powder Hm (mass fraction) / %
TiC 0.51 1.21
TiN 0.52 1.10
Ni 2.30 0.22
Mo 2. 80 0.10
wC 0.72 0.56
Cr3Cy 1.80 0.14
C 5.50 -
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and mixed for 12 h in a QM-1SP planetary mill with
a mass ratio of ball to mixture being 5! 1, and the ro-
tational speed being 150 r/min. The slurries were
dried at 353 K in an infrared stove, then sieved and
pelletised. Compacts were mechanically pressed at
300 MPa for 30 s in a DAKE presser. The green
compacts were sintered in vacuum at different tem-
perature for 1 h.

Thin slices of the specimens were polished to 20
Pm in thickness. The disks for the TEM investigation
were thinned to electron transparency by ionrmilling
in a Gatan691 miller. A JEM - 2000FX II transmis-
sion electron microscope( TEM) was used to study the
microstructure in more detail, and an INCA energy
dispersive X-ray analysis( EDX) in combination with
TEM was used to fulfill element microanalysis. The
microstructures were observed by a JSM - 5600LV
scanning electron microscopy (SEM) in backscattered
electron mode. The X-ray diffraction analysis of the
specimens sintered at various temperature were per
formed by CuK, radiation ( D/MAX - YB X-ray

diffraction apparatus) .
3 RESULTS AND DISCUSSION

The microstructures of the specimens sintered at
various temperature for different holding time are
shown in Fig. 1.

The microstructures resulting from different sin-
tering temperature and holding time are completely

different. It is clear that the microstructure develop-
ment goes further during the sintering. After 20 min
sintering at 1 370 C, the microstructure shows ag-
gregation among hard grains, and a great variety be-
tween different regions. The shapes of hard grains
nearly don't change. There isn't obvious rim phase
surrounding most of the hard grains, although some
regions contain a few grains with thinner and incom-
plete rim phase surrounding their cores. After 120
min sintering at 1 370 C, the amount of small grains
become less, and part of the hard grains have been
spheric, indicating that a part of small grains and the
angles of big grains have dissolved into the binder. In
addition, most gains have thicker rim phase, whereas
a few grains have only incomplete rim phase. Fur
thermore, in very few regions there is still the sign
for the rim to form. At 1 410 C, the proportion of
small grains decreases greatly. Obviously, the form-
ing rate of the rim surrounding big grains increases
obviously. The process has proceeded further and
there has a core-rim structure throughout the specr
men. However, the grains grow up slightly. At
1450 C, there is an increase in rim thickness and
the consequently larger grains appear.

Moskowitz et all**! have suggested that the sur-
rounding complex carbonitride in the cermets is devel
oped by the substitutional diffusion of Mo into TiC
during mechanism

sintering.  However,  this

. ’ . . . .
isn t consistent with our experimental observation

Fig.1 SEM micrographs of cermets sintered under different sintering conditions
(a) —1 370 'C, 20 min; (b) —1 370 'C, 120 min; (c¢) —1 410 C, 60 min; (d) —1 450 C, 60 min
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as shown in Fig. 1. The diffusion of Mo into TiC
from the liquid should be almost identical all along the
solid-liquid

thickness of the surrounding structure would be re-

interface, and consequently uniform
sulted in, which isn't the case.

To elucidate the characteristics and the evolution
of the rim phase, TEM observation on the materials
sintered at 1 450 C for 60 min was performed, as
shown in Fig. 2. The inner rim and outer rim can be
distinguished. The inner rim is very thin and incom-
plete, and isn 't evenly distributed around the cores.

The results of EDX microanalysis on the inner
rim(spot 1) and the outer rim(spot 2) are presented
in Fig. 3. The quantitive results are summarized in

Table 2.

Fig. 2 Bright field TEM image of
cermet sintered at 1 450 C for 60 min

The inner rim has a substantially higher Mo and
W content compared with that of the outer rim. It
has been reported that (Mo, Ti) Ci_ . (0 <x K1) is
stable when Ti content exceeds 1. 8% ( mole frac
tion) '”!. On the other hand, the bonding strength in
diatomic molecules has been measured spectroscopi
cally for Ti —C and Ti—N bonds and the room tem-
perature strengths are reported to be 423 and 476 kJ/
mol, respectively!'” . In addition, The lattice param-
eters of TiC and TiN are known to be 4.328 Aand
4.240 A respectively! "', All this evidences indicate
a stronger Ti—N bond than Ti—C bond in B1-NaCl
structure. So when a part of C atoms are replaced by
N atoms, the higher affinity of N with
the neighbouring elements results in
the increase of the stability of carbonitride . Fu -
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Fig. 3 EDX results of rim phase marked in Fig. 2

Table 2 Element content of rim phase
in cermet sintered at 1450 C for 60 min
( mass fraction, %)

Phase Ti w Mo Ni

40. 15 6.30
52.61 4.51

53.55 0
42.38 0.50

Inner rim

Outer rim

rthermore, there are also calculated results indicating
that the dissolution of N in carbide can increase its
stability at temperatures below 1 800 ‘C, when the
ratio of N/ C is less than 3/ 7", It can be concluded
that it is impossible for the inner rim and the outer
rim to form by the decomposition of carbonitride solid
solution. On the other hand, some thermodynamic
calculations also indicate that the composition of the
rim can be determined by N activity. Lower N activi-
ty can result in a higher Mo and W content of the rim

1121 "1t is believed that the inner rim

and vice versa
and the outer rim are formed at different sintering
stages. During solid state sintering there is an open
porosity and the dissolved N may be lost in the atmo-
sphere and give a lower N activity, so the inner rim
with a higher Mo and W content is formed. On the
contrary, the outer rim with a lower Mo and W con-
tent is formed during the liquid sintering at which

there is a higher activity due to enclosed porosity.
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In the case of submicron Ti(C, N)-base cermet,
it is expected that as temperature rises, counter diffu-
sion of carbides and TiC occurs and then the dissolu-
tion and precipitation in the liquid phase take place.
During solid state sintering, the large TiC grains
don't dissolve the carbides completely, and the inner
rim, which is just the solid-dissolved (Ti, Mo, W)
C, is formed around the remaining TiC core. After
the binder has melted, the outer rim starts to form on
the inner rim due to the dissolution of small grains
and reprecipitation on large ones ( Ostwald ripening
mechanism) . At high temperatures, part of C atoms
are replaced by N atoms, and the rim changes to car-
bonitrides.

To explain the microstructure evolution of
Ti(C, N)-based cermet further, the phase transition
during sintering was investigated. Fig. 4 shows the
results of X-ray diffraction analysis on the specimens
sintered at different temperatures. The relative inten-
sities of TiC(200), Mo2C(200), Mo( 111), TiN
(200), WC(101) were calculated from the ratio of
the X-ray peak height for any of the constituent phas-
es in the specimens sintered at different temperature
(/) to that of the standard materials ( /o). The
height of TiC(200) diffraction peak was used as uni-
fication standard. Fig. 5 shows the calculated results
according to the above method.

The relative intensities are proportional to the
content of each phase. The amount of Mo decreases
with increasing temperature until it disappears

completely at about 1 100 C. Mo, C has formed be-

+—TiN e—Mo =
»—TiC +a—Ni ¥
*— Mo,C o— WC

a (200)

1450°C

1370°C

1220°C
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1000 °C

900 'C
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Fig. 4 XRD patterns of Ti(C, N) cermets

sintered at different temperatures
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Fig. 5 XRD relative intensities of main phases
of cermets vs sintering temperature

fore 900 C, and the amount of Mo,C increases with
increasing temperature below 1 000 C, remarkably
in the range of 900 =1 000 C. Then it decreases with
increasing temperature above 1 000 C and disappears
at 1 200 C. MoyC is supposed to have been formed
below 1 000 C by the reaction between Mo and C.
The amount of TiN remains unchanged below
1 220 C and decreases above 1 220 ‘C with increas-
ing temperature, and completely disappears at 1 370
‘C. The amount of WC decreases with increasing
temperature and disappears at 1 220 ‘C. The amount
of TiC increases between 900 C and 1 100 C, and
slightly drops between 1 100 C and 1220 ‘C. How-
ever, it again increases with a rapid rate above 1 220
58

To further investigate the phase transformation
during sintering, the lattice parameters of TiC and Ni
phases in the cermets sintered at various temperatures
were calculated by standard procedure, as shown in
Fig. 6. The lattice parameter of TiC decreases with
increasing temperature. On the other hand, the lat-
tice parameter of Ni phase increases from 900 C up-
wards; at 1 10071 220 C it slightly decreases and
above 1 220 C it again increases rapidly.

Both TiC and TiN have a NaCl structure. In ad-
dition, they are isomorphous, and the C atoms in the
TiC superlattice can be replaced by N atoms in any
proportion ( and vice versa), therefore a continuous
series of solid solutions can be formed. The lattice pa-

rameter of Ti(Cy, Ni- ») can be expressed ast Pl

a= x*a (TiIC)+ (1- x)*a (TiN) (1
where x represents the ratio of C to N in mole frac
tion.

Taking into account of the atomic radii of the

main elements contained in the cermets, which are

Ti1.4318A, W1.3705A Mol.3626A, Ni
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Fig. 6 Lattice parameters of TiC and Ni

phases of Ti(C, N)-based cermet vs
sintering temperature

1.2458A €0.77A N 0.75A" it can be deduced
that the lattice parameter of (Ti, Mo, W)-(C, N)
decreases with increasing Mo, W (Mo and W atoms
occupy some of Ti sites in the lattice) and N content
(N atoms occupy some of C sites in the lattice), and
that of Ni phase increases with increasing Ti, Mo and
W content.

Summarizing the above deduction and Fig. 5 and
Fig. 6, we can interpret the phase transition and mi
crostructure evolution during sintering. At tempera
ture below 1 100 C, a part of WC, Mo,C and Mo
dissolve in the Ni binder and expand the lattice pa
rameter, whereas others diffuse to TiC and form the
complex carbides, which reduces its lattice parame
ter. Between 1 100 C and 1 220 C, the lattice pa
rameter of TiC nearly keeps constant and that of Ni
binder slight drops. It is interpreted that the dis-
solved WC, Mo,C, etc in the binder may be diffuse
to TiC to form the complex carbide. It is evident that
the inner rim has formed at the temperature below 1
220 C. The lattice parameter of TiC continues to de-
crease and that of Ni binder increases between 1 220

Cand 1370 C, and the relative XRD intensity of

TiN markedly decreases, which indicates that the in-
ner rim forms at a higher rate, and part of C atoms
are replaced by N atoms. The liquid phase appears
above 1 370 C(The melting point of the studied cer-
met is 1 365 ‘C'"!). The increase of lattice parame-
ter of Ni phase is due to the marked increase of solu-
bility of Ti, Mo and W in the binder( Table 3tiely
During the liquid sintering, the forming rate of the
rim on the remaining TiC cores increases greatlyl'”!,
which leads to a great increase of content of Mo and
W, and consequently reduction of lattice parameter of
TiC. In the mean time, the N enriched in the inner
rim diffuses to the core and the outer rim, and a part
of C atoms in the cores and the outer rim are replaced
by N atoms. It is evident that the outer rim is formed
by Ostwald ripening mechanism during the liquid sin-
tering.

Table 3 Solubility of hard phases in

Ni phase( mass fraction, %)"'®

Temperature/ C TiC TiN Mo,C wC

1 250( Solid) 1 < 0.1 13 22

1 400( Liquid) 11 <0.5 36 27

4 CONCLUSIONS

1) Ti(C, N)-based cermets consist mainly of
hard cores, inner and outer rim and metal phase. The
inner rim is enriched in Mo and W comparing with
the outer rim.

2) The inner rim is formed during the solid sin-
tering by counter diffusion of TiC, Mo,C and WC,
and the outer rim by Ostwald ripening mechanism
during the liquid sintering.
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