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a b s t r a c t

This investigation was aimed to study the effect of nickel addition on the sintering behaviour of Ti3SiC2

powder under pressureless conditions. Nearly pure bulk Ti3SiC2 ceramic with relative density of ∼98.5%
was produced at 1500 ◦C by sintering of Ti3SiC2 powder while using 1 wt.% nickel as a sintering aid.
vailable online 18 June 2010
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The activation energy of sintering of Ti3SiC2 powder was determined to be 351 ± 5 kJ/mol, which was
decreased slightly to 305 ± 10 kJ/mol when nickel (1 wt.%) was added. Sintering of Ti3SiC2 powder was
found to be controlled by mixed mode of mechanisms, i.e., the interface reactions and diffusion of Si
atoms. The mechanism was changed to liquid phase sintering due to melting of Ni-based compounds in
the sample sintered with Ni. The reaction of Ni with Ti3SiC2 helped to decrease the grain growth rate.
The hardness (Vickers), flexural strength and fracture toughness of the sintered Ti3SiC2–1Ni sample were

22 M 1/2
echanical properties found to be 3.4 GPa, 311 ±

. Introduction

In recent times, the ternary carbides with hexagonal structure,
nown as MAX phases, have taken a considerable attention from
tructural ceramists [1,2]. With a good high temperature strength,
orrosion resistant, oxidation resistant, good tribological proper-
ies, elastic stiffness, good thermal and electrical properties, they
xhibit an excellent machinability. Ti3SiC2 (TSC) is the most widely
tudied compound in this group which is produced using vari-
us combinations of raw materials [3–6] including Ti, Si, C, TiC
nd SiC. To enhance the purity of TSC phase, excess amount of Si,
mall amounts of Al and B2O3 powders were used [7–9] and the
igh purity TSC powder was produced from Ti, Si and TiC powders
sing 0.10–1.0 mol of extra Si [10–12]. The high density parts of
SC were produced through hot pressing, pulse discharge sinter-
ng, spark plasma sintering and self propagating high temperature
ynthesis processes [3,13–17]. There are some reports on synthesis
f TSC by pressureless sintering using Al [18–21] and B2O3 [7] as
intering aids and sintering the ball milled ultra fine powders [22];

owever, the final density of over 90% could not be achieved. Pres-
ureless sintering of MAX phase powder is difficult due to its easy
ecomposability at high temperatures, i.e., often subjected to the

oss of Si from TSC or Al from Ti3AlC2 and Cr2AlC powders. Another

∗ Corresponding author. Tel.: +351 234 370830x23887; fax: +351 234 370953.
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Pa and 2.8–6.4 MPa m , respectively.
© 2010 Elsevier B.V. All rights reserved.

important issue during sintering of these compounds is not only the
processing atmosphere (i.e., vacuum or inert atmosphere), but the
type of furnace used, i.e., graphite heating or non-graphite heating
furnaces. High density body was produced by pressing the powder
cold-isostatically at a very high pressure of about 380 MPa, followed
by the pressureless sintering [23]. A mechanically alloyed powder
with about 80 vol.% TSC [24] and the preform prepared by tape cast-
ing of TSC powder (∼95 vol.% purity) were sintered to nearly full
density [25]. Since the sample was sintered on a graphite heating
furnace, the effect of carbon diffusion from atmosphere into the
sample was noticed; consequently the titanium carbide content in
the sintered body was increased significantly. To reduce the amount
of TiCx, large amount (about 10 wt.%) of Si powder was mixed with
TSC powder during sintering [25]. Recently, TSC powder with small
amounts (1 and 2 wt.%) of Si was sintered under pressureless con-
dition on a tungsten heating furnace [26]; the final product had a
very low amount of impurities. However, there is no reported study
on the sintering kinetic of TSC powder so far.

Nickel was used as a sintering aid for the metal and the ceramic
powders. Nickel is known as a fast diffuser in the metal, such as
titanium, and was found to enhance the sintering rates of titanium
[27], tungsten [28] and some ceramic powders [29]. It was also

observed that nickel suppressed the grain coarsening process up to
some extent during sintering [27]. It would be worth investigating
if sintering of TSC powder could be enhanced by nickel addition.
The present investigation has been initiated with an aim to pro-
duce high purity dense body of TSC powder by sintering under

dx.doi.org/10.1016/j.jallcom.2010.05.177
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:bharat@ua.pt
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Fig. 1. XRD patterns of TSC powder and the sintered samples of TSC and TSC–1Ni at
various conditions.

Fig. 2. Particle size analysis of TSC powder.
38 B.B. Panigrahi et al. / Journal of Allo

ressureless conditions using small amount of nickel as a sinter-
ng aid. Attempts have been made to study the sintering kinetics
f TSC powder and to evaluate the mechanical properties of the
intered body.

. Experimental

TSC powder was produced using TiCx(x=0.67) and Si powders as reported earlier
26]. The TiCx and Si powders were mixed in a molar ratio of 3:1 and pressed using
0 mm cylindrical steel die at a uniaxial pressure of about 20 MPa. The compact was
eated to a temperature of 1150 ◦C for 2 h under high purity argon. The cooled sam-
le was ground with the help of an agate mortar-pastel and the particles sieved using
400 mesh screens were collected as final TSC powder. The synthesized powder con-

ains ∼96 wt.% Ti3SiC2, ∼3.5 wt.% TiC and ∼0.5 wt.% of TiSi2 and Ti5Si3C phases [26].
he particle size was analyzed using Helos particle size analyzer (Sympatec GmbH,
ermany).

Two types of powders were taken for sintering: (a) TSC powder, and (b) mixed
owders of TSC + 1 wt.% Ni (designated as TSC–1Ni). About 4 wt.% of binder (paraffin
ax) was first dissolved in toluene and then the powders (either TSC or TSC–1Ni)
ere mixed by ball milling for about 1 h (at 100 rpm) and dried. Powders were com-
acted in a steel die (diameter of ∼10 mm) uniaxially, initially at a very low pressure
∼10 MPa) and then cold iso-statically pressed (CIP, Kovaco, Incheon, Korea) at a
ressure of 275 MPa for a holding time of 1 min. The relative densities of green com-
acts were around 68%. The green compact was kept in the alumina crucible and
laced into the tungsten heating furnace. After charging the sample, the furnace
hamber was evacuated to a vacuum level of 10−2 bar and subsequently flushed-
ut by high purity argon for 30 min. The furnace was heated at a rate of 5 ◦C min−1

nd held at 200 ◦C for 20 min under vacuum (10−2 bar), to remove the binder effec-
ively. Next, the furnace was heated at a rate of 10 ◦C min−1 up to the final sintering
emperature ranging from 1300 to 1600 ◦C for the isothermal periods of 1 and 4 h
nder flowing argon. To determine the onset temperature of sintering, green com-
acts of TSC and TSC–1Ni samples were sintered on a dilatometer system (DIL 402C,
etzsch-Geratebau GmbH, Germany), while heating at a constant rate of 10 ◦C/min
p to 1200 ◦C (the maximum operating temperature of the system). Samples were
haracterised using X-ray diffraction (XRD, Rigaku Co., Japan) using Cu � = 1.54056 Å
adiation with a step size of 2� = 0.01◦ and using scanning electron microscope (SEM,
kashi Co., Japan). Prior to the SEM examination, the polished samples were etched
ith HF–HNO3–H2O solution (mixed in a volume ratio of 1:1:2). The hardness, flex-
ral strength and fracture toughness (R-curve behaviour) of sintered samples were
easured.

. Results and discussion

.1. Material characterization and sintering

The XRD patterns of the synthesized powders (Fig. 1) show that
i3SiC2 is a major phase and TiCx is the only other phase. The peak
orresponds to TiSi2 was not detected due to very low amount. The
article size analysis of the powder shows (Fig. 2) a peak around
5 �m and the particles have been distributed over a wide range.
he SEM micrograph of TSC powder shows (Fig. 3) the particles are
rregular shaped and having stepped structures as revealed by a
igh resolution image (Fig. 3 in-set). During XRD analysis (Fig. 1),
he TSC samples sintered at 1400 and 1500 ◦C show extremely small
r no peaks of TiC phase. This could be attributed to the conversion
f residual impurities on the powder during sintering (the reac-
ion is: 9TiC + Ti5Si3C + TiSi2 = 5Ti3SiC2). At 1600 ◦C the peaks of TiCx

hase were emerged once again. Like TSC sample, TSC–1Ni sam-
le also exhibited high purity level at 1500 ◦C (sintered for 1 h),

.e., peaks of only Ti3SiC2 were visible and when the sample was
intered for longer time (for 4 h) at 1500 ◦C, small peak of Ni3Si2
nd very faint peaks of Ni–Si–Ti ternary compounds were found.
hen TSC–1Ni sample was sintered at 1600 ◦C, the peak of Ni3Si2

isappeared while peaks of TiCx emerged once again, with rela-
ively increased intensity (compared to that of the TSC sample)
nd some faint peaks of Ni–Si–Ti ternary compounds were also
etected (Fig. 1). The quantitative analysis of TiC phase content on

he sample sintered at 1600 ◦C was carried out from the XRD pat-
erns (using method reported in literature [26]) while assuming
wo phases (TSC and TiC) mixture. The amount of TiC was found
o be ∼4 wt.% in TSC sample, whereas in the TSC–1Ni sample, it
ncreased significantly to ∼17 wt.%, at 1600 ◦C.

Fig. 3. SEM micrograph of TSC powder. High resolution image (in-set) of one particle
showing the layered structure.
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consists of large grains and very fine grains of TSC phase, which
ig. 4. Dilatometric curves of the green compacts of TSC and TSC–1Ni samples,
eated at a rate of 10 ◦C/min.

The dilatometric plot of TSC compact shows (Fig. 4) that the sam-
le expanded almost linearly up to about 1060 ◦C. The coefficient of
hermal expansion of the green compact (which has a green density
f about 68%) was estimated to be 10.9 × 10−6 ◦C−1 which is close
o the values reported [5] for TSC. At around 1060 ◦C the expansion
ends to decrease and it was stopped completely at around 1140 ◦C,
ollowed by a shrinkage. There was no significant difference in the
ature of dilatometric curve obtained for TSC–1Ni.

The densities of the sintered samples increased almost linearly
p to 1500 ◦C (Fig. 5) and slowly up to 1600 ◦C. To estimate the rel-
tive density of sintered body, the composition of the sample was
etermined for the phases detected during XRD analysis. Since the
SC samples, sintered up to 1500 ◦C show TSC as a major phase, the
heoretical density of TSC (4.512 g/cm3) was taken as a reference
hile ignoring the presence of TiC phase due to its low amount.

or TSC samples sintered at 1600 ◦C, which contains 4 wt.% of TiC,
he theoretical density was calculated for a mixture of 96 wt.% TSC
nd 4 wt.% TiC. In case of TSC–1Ni samples, along with TiC, Ni based
ompounds were also present, but quantitative estimation could
ot be made due very small amounts. Therefore, to estimate the
elative density, theoretical density was calculated for a mixture

f 99 wt.% TSC and 1 wt.% Ni up to 1500 ◦C, for a approximation.
or TSC–1Ni sample sintered at 1600 ◦C, where TiC phase content
as 17 wt.%, the theoretical density was calculated for a mixture of

2 wt.% TSC, 17 wt.% TiC and 1 wt.% Ni while ignoring the amount

ig. 5. Variation of true density and relative density of samples as a function of
emperature. Relative density as a function of holding time has been shown in the
nset.
Fig. 6. Densification parameters and measured linear shrinkages at various temper-
atures.

of Ni based binary and ternary compounds. The relative densities
of TSC samples were reached to about 96% and 98% after sinter-
ing at 1500 and 1600 ◦C, respectively (Fig. 5). When the sample
was sintered for longer time (4 h) at 1500 ◦C the TSC sample could
reach to a density of 98% (Fig. 5 inset). During sintering (Fig. 5) the
density of about 98.5% was obtained at 1500 ◦C for holding time
of 1 h and there was no further improvement in the density of
TSC–1Ni sample when sintered for 4 h at 1500 ◦C. The relative den-
sity decreased slightly when TSC–1Ni sample sintered at 1600 ◦C,
which could be attributed to the decomposition of TSC phase. The
densification parameters [(�s − �0)/(�th − �0), where �0, �s, and �th
are the green, sintered and theoretical densities respectively] of the
samples have been shown in Fig. 6. The Ni added sample shows
relatively larger values of densification parameter. The measured
linear shrinkage (�L/L, where �L is the decrease in the initial length
L) shows (Fig. 6) that TSC sample shrank by about 12.5% whereas
TSC–1Ni sample shrank by nearly 13% at 1500 ◦C (after 1 h of sin-
tering).

The SEM micrograph of TSC sample sintered at 1500 ◦C (for
1 h) shows (Fig. 7) the bimodal nature of the microstructure, i.e.,
could be attributed to the bimodal distribution of the initial parti-
cles in the powder (Fig. 3). When the TSC sample was sintered for
4 h at 1500 ◦C, the fine grains disappeared and relatively large and

Fig. 7. SEM micrograph of TSC sample sintered at 1500 ◦C for 1 h and the sample
sintered for 4 h has been shown in in-set. TiC grains have been marked by the arrows.
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present work, do not match with any of the AEs of the diffusions of
binary systems, shown in appendix.

It was earlier [26] pointed out that sintering of TSC powder was
partially contributed by the reaction of impurities of TiCx and tita-
ig. 8. SEM micrograph of TSC–1Ni sample sintered at 1500 ◦C for 1 h and the sample
intered for 4 h has been shown in in-set. TiC grains have been marked by the arrows.

niformly distributed grains of pure TSC were observed (in-set in
ig. 7). The microstructures of TSC–1Ni sample shows (Fig. 8) the
umber of fine grains is relatively more compared to that of TSC
amples. Unlike TSC sample, the fine grains in the TSC–1Ni sample
id not disappear after sintering for 4 h at 1500 ◦C, although the
elative number of fine grains was declined (compared to the sam-
le sintered for 1 h) and the number of large grains was increased
in-set of Fig. 8). Ni is known to form a large number of binary
nd ternary compounds with Si and Ti; during sintering of TSC–1Ni
ample, Ni reacts with TSC and tends to decompose it to form binary
nd ternary compounds. Since, many of Ni based compounds have
ow melting point than the present sintering temperature, some
mount of liquid is formed which helps in sintering of TSC–1Ni
ample. However, the formation of Ni based compound, appears to
e very low up to 1500 ◦C (1 h) and produces high purity TSC sam-
le at this condition. The attempt to decompose TSC phase by Ni,
auses decrease in the grain growth rate of TSC, hence significantly
arge number of fine grains are present in TSC–1Ni sample (Fig. 8)
ompared to that of TSC sample (Fig. 7). Small grains of TiC were
lso seen in the microstructures with a very bright colour (shown
n Figs. 7 and 8) and some of the grains of TiC are embedded within
he TSC phase, as reported by other investigators [30,31] also.

.2. Analysis of sintering kinetics

Attempts have been made to understand the sintering kinetics of
SC powder by estimating the activation energies (AE) of sintering
sing the linear shrinkage data (shown in Fig. 6). The AE of sintering
Q) was obtained from the following relation [32]:

n
�L

L
= C − nQ

RT
+ n ln t (1)

here T is the temperature, t is the time, n is a sintering time fac-
or, R is the universal gas constant and C is a constant. The value
f n was obtained from slope of the logarithmic plots of shrinkage
nd time, as shown in Fig. 9 and it was found to yield very low
nd similar values (0.1) for both, TSC and TSC–1Ni. Fig. 10 shows
he Arrhenius plot of the shrinkage versus inverse of temperatures

or both the samples. The value of Q for TSC powder was found to
e 351 ± 5 kJ/mol and decreased slightly to 305 ± 10 kJ/mol when
ickel was added. To understand the significance of measured Q val-
es in the present investigation, the results were compared with the
Es of diffusions reported in the literature. Ideally, the data should
Fig. 9. The log–log plots of linear shrinkage and isothermal time (for the sample
sintered at 1500 ◦C), to determine the value of n.

be compared with the diffusion properties of the Ti–Si–C ternary
system; however, diffusion studies on Ti–Si–C ternary system are
not available at this moment. Data have been therefore compared
with the diffusion properties of Ti–Si, Si–C and Ti–C binary sys-
tems (shown in Table A.1). Unfortunately, the measure Q values in
Fig. 10. Arrhenius plots of the linear shrinkage data with respect to the inverse of
temperature, to determine the value of Q.
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ium silicides to form TSC, hence the purity as well as density was
ncreased with increasing temperature. In the Ti3SiC2 system, Si–Ti
ond is regarded as a weakest link in the system and hence Si
tom is more prone to diffuse and escape during the sintering. It
ppears that Si diffusion played a dominating role during sintering
f TSC powder. When TSC–1Ni sample was sintered at 1500 ◦C, a
umber of processes occurred concurrently, such as: (a) reaction
f retained impurities of powder, (b) reaction of Ni with Si and Ti
f TSC to form binary and ternary compounds, and (c) formation
f Ni based liquid phase. Thus the sintering rate was increased on
SC–1Ni sample. Although the peaks (Fig. 1) corresponding to Ni
ased compounds could not be detected in the sample sintered for
h at 1500 ◦C because of very small amount. But when the sample
as sintered for 4 h (at 1500 ◦C), significant amounts of Ni based

ompounds were formed, as a result some peaks Ni–Si intermetal-
ic could be detected during XRD analysis, whereas other Ni based
ompounds could not be detected due to small quantities. When the
emperature was increased to 1600 ◦C, the process of decomposi-
ion accelerated, hence the amount of TiCx increased in the system
hich led to the increase in the peak intensity of TiCx during XRD

nalysis.
Thus the sintering of TSC powder was controlled by the two

ifferent mechanisms, the interface reactions and the diffusion
rocesses; however, the exact nature of dominating diffusion
echanism, i.e. grain boundary diffusion or lattice diffusion, could

ot be clearly identified at present. The sintering mechanism was
hanged to the liquid phase sintering when nickel was added.

.3. Mechanical properties

Based on the XRD profiles, density data and fine microstruc-
ure of the samples sintered at 1500 ◦C for 1 h, were chosen to test
he mechanical properties. TSC sample (96% density) shows Vickers
ardness of 2.7 GPa at a load of 5 kg, which was increased to 3.4 GPa

or TSC–1Ni sample. The hardness of TSC–1Ni sample was slightly
ower than that of the reported value of hot pressed-fully dense

aterial [5]. The flexural strength of TSC–1Ni sample was found
o be about 311 ± 22 MPa which was significantly higher than the
trength of TSC sample (226 ± 18 MPa). The SEM examination of

he fractured surface of TSC–1Ni sample revealed the evidence of
uctile fracture (Fig. 11), a characteristic similar to the metals. The
racture toughness of TSC sample was very low (1.8–4.1 MPa m1/2)
or a/W ratio (where a is the average precrack length and W is
he thickness of the beam) of 0.35–0.70, whereas TSC–1Ni sample

ig. 11. SEM micrograph of the fractured surface of a TSC–1Ni sample, sintered at
500 ◦C for 1 h.
Fig. 12. The crack path propagation of TSC–1Ni sample (sintered at 1500 ◦C for 1 h),
revealing the crack-bridging phenomena.

showed improved toughness (range from 2.8 to 6.4 MPa m1/2). The
fracture toughness of the fully dense hot pressed TSC (which con-
tains more than 10% of TiC) was reported [33] to vary from 5
to 8.5 MPa m1/2 for a/W ratio of 0.35–0.70. Like the hot pressed
sample, the microstructure-crack path interaction in the present
sample (TSC–1Ni) shows (Fig. 12) the tortuous nature of the
crack-path which could be attributed to the crack deflection at
the weak interfaces. The crack-bridging and the distortion in
the crack path could be seen in the sample (Fig. 12). Since the
material synthesised in the present work is of very high purity
(i.e., the amount of TiC is negligible), the lower values of hard-
ness, flexural strength and fracture toughness could be possible
compared to that of the hot pressed samples reported in the liter-
ature.

4. Conclusions

The relative sintered density of 98.5% was achieved using small
amount of nickel during pressureless sintering of TSC powder. The
activation energies of sintering were determined to be 351 ± 5
and 305 ± 10 kJ/mol for TSC and TSC–1Ni powders, respectively.
The sintering was accompanied by the interface reactions and
the diffusion of silicon in TSC powder, whereas TSC–1Ni powder
exhibited liquid phase sintering behaviour. The bulk TSC–1Ni sam-
ple prepared under optimized condition showed good mechanical
properties.
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Appendix A.

See Table A.1.

Table A.1
Activation energies (A.E.) of diffusions in various systems.

Process A.E. (kJ/mol) Ref.

Siliciding of Ti3SiC2 156 [34]
Carburization of Ti3SiC2 514 [34]
Ti diffusion in Si 198, 173 [35–37]
Si diffusion in �-Ti 105 [38]
Si diffusion in �-Ti 149 [39]
Si diffusion in TiSi2 169 [34]
Ti diffusion in TiCx 738 [40]
14C diffusion in TiC0.97 399 [40,41]
14C diffusion in TiC0.89 447 [40,41]
14C diffusion in TiC0.67 207 [40]
14C diffusion in TiC0.47 464 [40,41]
C diffusion in Si 84, 282 [42,43]
Si diffusion in amorphous C 154 [44]
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