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a b s t r a c t

Effect of C particle size on the mechanism of self-propagation high-temperature synthesis (SHS) in the
Ni–Ti–C system was investigated. Fine C particle resulted in a traditional mechanism of dissolution-
precipitation while coarse C particle made the reaction be controlled by a mechanism of the diffusion of
C through the TiCx layer. The whole process can be described: C atoms diffusing through the TiCx layer
dissolved into the Ni–Ti liquid and TiC were formed once the liquid became supersaturated. Simultane-
eywords:
eramics
owder metallurgy
omposites materials
hemical synthesis

ously, the heat generated from the TiC formation made the unstable TiCx layer break up. However, with
the spread of Ti–Ni liquid, a new TiCx layer was formed again at the interface between spreading liquid
and C particle. This process cannot stop until all the C particles are consumed completely.

© 2011 Elsevier B.V. All rights reserved.
hase transitions

. Introduction

The characteristics of extremely fast heating and high temper-
ture in the self-propagating high-temperature synthesis (SHS)
ade it potential to produce materials with novel structures

nd properties, including ceramics, ceramic matrix composites,
anophase materials and intermetallics [1,2]. Among these materi-
ls, TiC, as a typical one of these ceramics, was paid more attention
ue to its low density and chemical reactivity, as well as its high
ardness, good elastic modulus and high melting temperature [3].

TiC can be produced from mixtures of titanium and carbon pow-
ers by SHS. Generally, the formation of liquid and its subsequent
apillary spreading are essential to the ignition and propagation of
he combustion wave. However, the ignition temperature for Ti–C
inary system is very high and even close to the melting point of
itanium. Therefore, those second metals with low melting point
re introduced to decrease the ignition temperature by forming
ow-melting intermetallics and evolving into a liquid at a low tem-
erature (eutectic temperature) to improve the mass transference
4–18]. On the other hand, the fracture toughness of a TiC compos-
te can also be improved by adding a ductile metal as a continuous

hase. Among these metals, the liquid Ni form with solid TiC for
he low wetting angle under vacuum at 1450 ◦C [19]. This makes Ni
e selected as the additive metal, which can not only promote the

∗ Corresponding authors. Tel.: +86 431 8509 4699; fax: +86 431 8509 4699.
E-mail addresses: y.yang6@uq.edu.au (Y.F. Yang), jqc@jlu.edu.cn (Q.C. Jiang).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.03.165
easy occurrence of the SHS reaction, but also improve the structural
applications.

However, reports on SHS reaction mechanism in the Ni–Ti–C
system are very controversial. In general, the mechanism about the
formation of TiC can be confirmed to be dissolution, reaction and
precipitation. Nevertheless, two mechanisms about the formation
of the liquid exist: one is the prior formation of Ti2Ni formed by the
solid reaction and then the formation of Ni–Ti liquid over the eutec-
tic temperature between Ti2Ni and Ti, which has been supported
by Dunmead et al. [7], Xiao et al. [3] and Lasalvia et al. [8,9]; the
other is the formation of Ti liquid caused by the direct melting of Ti
during the SHS reaction, which has been suggested by Wong et al.
[18]. Thus it can be seen, there is a general lack of consistency in
the SHS mechanism for Ni–Ti–C system, and no firm understanding
are agreed. Moreover, it is important to notice that the sizes of C
particles used in the aforementioned literatures are very fine, such
as carbon black and furnace black. Actually, in our previous study
[20], the C particle size had a profound influence on the ignition
and combustion characteristics of the SHS reaction in the 20 wt.%
Ni–Ti–C system. Consequently, it can be believed to influence the
SHS mechanism of the Ni–Ti–C system as well.

Therefore, the purpose of the present study is to clarify the for-
mation mechanism of liquid and investigate the effect of C particle
size on the SHS mechanism of the Ni–Ti–C system. The apparent

activation energies of the SHS reactions in the Ni–Ti–C system
with fine and coarse C particles are estimated to speculate the
SHS mechanism by measuring the combustion temperature and
wave velocity. In particular, in the Ni–Ti–C system with coarse C

dx.doi.org/10.1016/j.jallcom.2011.03.165
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. Arrhenius plot of Ln(V/Tc) vs. 1/Tc for the SHS reaction

article, a detailed phase transformation sequence and a delicate
icrostructure evolution during the passage of combustion wave

re addressed to prove the speculated mechanism. It is expected
hat these results can be significant in effectively controlling the
HS process and promoting the use of TiC/Ni composites in practice.

. Experimental

The starting materials were made from commercial powders of Ni (99.5% purity)
ith an average particle size of ∼45 �m, TiC (98% purity) with an average particle

ize of ∼48 �m, Ti (99.5% purity) with an average particle size of ∼25 �m and C
99.5% purity), where two kinds of C particle sizes (with an average particle size of
38 �m and ∼1 �m, respectively) were selected.

Reactant powder mixtures were prepared for the following basic reaction:

i + C + 30 wt.%Ni = TiC + 30 wt.%Ni (1)

The combustion temperatures were varied by controlling the addition of TiC
owder which acted as an inert diluent. The reactant powders were weighed out

n the proper stoichiometric proportions, keeping a constant equimolar ratio of Ti
nd C, but varying the amount of Ni and TiC. Three kinds of hardened steel grinding
all (1.5, 1.0 and 0.5 cm in diameter) were used as milled balls, and the amount
atio of three kinds of balls were the same. After being sufficiently dry-mixed by
echanical stirring at 25 rpm for 8 h without any liquid medium, the blends were

niaxially pressed into cylindrical preforms (20 mm diameter) under pressures to
btain green densities of 75 ± 2% theoretical density.

Details of the experimental apparatus and procedure for the SHS reaction were
iven in a previous article [20]. The combustion wave velocities were measured
y recording the whole combustion event with a white-black CCD video camera
DALSA) at 45 frames per second. The combustion temperatures were achieved
sing a thermocouple pair of W–5%Re vs. W–26%Re (0.5 mm in diameter) at the
entre of the perform, where the measured temperature lags 1.5 s behind the real
emperature. In order to make clear the reaction sequence and phase formation

echanism in the Ni–Ti–C system with coarse C particle, the combustion wave
as quenched during its passage through the sample. A long and thin rectangu-

ar sample (65 mm × 14 mm × 6 mm) favors the combustion extinguishing in the
alfway by increasing heat loss and reducing heat production. In the present study,
he combustion front could be made to stop by sandwiching a part of the sample
etween two copper plates. The quenched sample was polished and etched for phase
nalysis and microstructure evolution characterization. The phase constituents in
he differently reacted regions were identified by the X-ray microdiffractometer
D8 Discover with GADDS, Bruker AXS, Germany) using the 800 �m beam diame-
er. The microstructures were investigated by using scanning electron microscopy
SEM) (Model JSM-5310, Japan) equipped with energy-dispersive spectrometer
EDS) (Model Link-ISIS, Britain).

. Results

The propagation wave velocity and the combustion temperature

an be related by Merzhanov equation [21]:

2 = �n˛
Cp

Q

RT2
c

E
k0 exp

( −E

RTc

)
(2)
Ni–Ti–C system with (a) ∼1 �m and (b) ∼48 �m C particles.

where V is the wave velocity, ˛ is the thermal diffusivity, �n is a
constant which depends upon the order of the reaction, Tc is the
combustion temperature, and R is the gas constant, Cp and k0 are
the heat capacity and the thermal conductivity, Q is the heat of the
reaction and E is the activation energy. Eq. (2) can also be expressed
by:

2 Ln
(

V

Tc

)
= Ln

(
�n˛

Cp

Q

R

E
k0

)
− E

RTc
(3)

It should be noted that the thermophysical and thermochemical
properties of both reactants and products are assumed to be invari-
able in the present calculation. Therefore, the Ln(V/Tc) exhibits a
line function as 1/Tc, and the slope is −E/R. The apparent activation
energies of the SHS reaction can be determined from the Arrhe-
nius plot of Ln(V/Tc) vs. 1/Tc, and it can be calculated according
to the slope. To do this, the propagation velocity and combus-
tion temperature should be varied. This can be accomplished by
adding inert phase as a diluent into the reactants. However, dif-
ferent starting compositions used in different experiments imply
that in each experiment these parameters such as specific heat,
thermal diffusivity, thermal conductivity, and most importantly,
reaction heat and activation energy are different. Lakshmikan-
tha and Sekhar [22] developed an improved kinetic equation by
considering the differences of heat capacity, thermal conductiv-
ity, and density for reactants and products as well as dilution
effect. The modified kinetic equation indicated that it affected only
the pre-exponential factor. For the purpose of activation energies
determination, the results were the same. Moreover, assuming that
Ln(�n˛(Cp/Q)(R/E)k0) was a constant, we found that the Ln(V/Tc)
indeed exhibited a line function as 1/Tc, as shown in Fig. 1, which
suggests that these changes caused by different starting composi-
tions may not influence the apparent activation energies greatly.
The same method as that in the present study has been widely
used for activation energies determination in many literatures
[7,22–25].

The combustion parameters measured in the Ni–Ti–C system
with ∼1 �m C particle are listed in Table 1 and are plotted in Arrhe-
nius form in Fig. 1(a). Using the slope of the line, the apparent
activation energy is determined to be 148 ± 23 kJ/mol. The com-
bustion parameters measured in the Ni–Ti–C system with ∼48 �m
C particle are listed in Table 2 and are plotted in Arrhenius form in

Fig. 1(b). It is worth noting that when the TiC powder with 15 wt.%
was added, the SHS reaction cannot be initiated successfully. Using
the slope of the line, the apparent activation energy was determined
to be 315 ± 25 kJ/mol.
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Table 1
Experimental combustion parameters for the Ni–Ti–C system with fine C particle.

Ni content
(wt.%)

TiC content
(wt.%)

Combustion
temperature (K)

Wave velocity
(cm/s)

30 0 2412 1.0625
30 3 2279 0.855
30 6 2010 0.55
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Fig. 2. X-ray microdiffractometer results of the phase constituents in the different
combustion zones: (a) unreacted region; (b) the boundary between the unreacted
region and preheated region; (c) the preheating region; (d) the boundary between
30 11 1940 0.42
30 15 1810 0.32

In order to validate the mechanism, the combustion wave was
uenched during its passage through the sample to make clear
he reaction sequence and phase formation mechanism. Due to
he considerable similarity in the microstructure evolution of the
uenched samples from the 30 wt.% Ni–Ti–C systems (without
iC dilution and with 6 wt.% TiC dilution) with coarse C parti-
le, only the quenched sample from the 30 wt.% Ni–Ti–C system
without TiC dilution) with coarse C particle was discussed in
he manuscript. Depending upon the extent of reaction, the sam-
le can be divided into four distinct regions, i.e., (1) unreacted
egions, (2) preheated region, (3) combustion region and (4) fully
eacted region. And there are well-defined boundaries among these
our regions. A detailed phase constituent analysis of the different
egions was carried out in a combustion-wave quenched sam-
le with coarse C particle, as shown in Fig. 2. The microstructure
volution during SHS process were achieved by the microstruc-
ure observation and EDS analysis of the different regions in a
ombustion-wave quenched sample, and the detailed results are
hown in Figs. 3 and 4, respectively.

. Discussion

.1. Theory analysis

For the fine C particle, the apparent activation energy for the for-
ation mechanism of TiC is determined to be 148 ± 23 kJ/mol. No

iterature data could be found for the activation energy of the disso-
ution of C into a Ni–Ti melt. Dunmead et al. [7] concluded that the
ormation mechanism of TiC was a mechanism of the dissolution
f C into the Ni–Ti liquids and precipitation of TiC from the super-
aturated liquids, according to the comparison that the apparent
nergy (133 ± 50 kJ/mol) measured in their study is close to that
117 kJ/mol [26]) of dissolution of C into liquid Ti. It can be seen,
owever, that the activation energy (148 ± 23 kJ/mol) for this pro-
ess with fine C particle in the present study is very similar to that
f Dunmead’s. Therefore, a comparison of these values indicates
hat the formation of TiC from the system with fine C particle in the
resent study is controlled by a mechanism of dissolution and pre-
ipitation. This means that fine C particle can dissolve into the Ni–Ti
iquids and TiC can form and precipitate out of the supersaturated
i–Ti–C liquids. The existence of this dissolution and precipitation
echanism in the Ni–Ti–C system has been further substantiated
y the microstructure evolution observation in the quenched sam-
le [3]. Oppositely, for the coarse C particle, the apparent activation
nergy for the formation mechanism of TiC is determined to be

able 2
xperimental combustion parameters for the Ni–Ti–C system with coarse C particle.

Ni content
(wt.%)

TiC content
(wt.%)

Combustion
temperature (K)

Wave velocity
(cm/s)

30 0 2210 0.49
30 3 2150 0.36
30 6 1956 0.16
30 11 1870 0.08
30 15 – –
the preheated region and combustion region; (e) the combustion region; (f) the
boundary between the fully reacted region and combustion region; (g) the fully
reacted region.

315 ± 25 kJ/mol. It was reported that the activation energy for the
diffusion of C through solid TiC was approximately in the range of
347–410 kJ/mol [27–29]. The calculated value in the present study
is a little lower than the reported activation energy for the diffu-
sion of C through TiC, but much lower than that (∼738 kJ/mol [28])
of the diffusion of Ti through TiC. This comparison suggests that
the formation of TiC from the system with coarse C particle may
be controlled by the diffusion of C through TiCx layer. This implies
that the formation of TiC in the Ni–Ti–C system with ∼48 �m C
particle may occur via a carburization process, where a TiCx layer
firstly forms around the C particle and most of C atoms have to
diffuse through the product layer to further form TiC. Neverthe-
less, it is important to notice that it is a theory speculation and is
insufficient to determine the SHS mechanism if only from the com-
parison of the activation energy value. Therefore, an analysis about
the microstructure evolution in the quenched sample during SHS
reaction is carried out to validate the SHS mechanism.

4.2. Phase constituents of different regions
Fig. 2 shows the X-ray microdiffractometer results of the phase
constituents in the different regions. As indicated in Fig. 2(a), the
phases in the unreacted region are composed of Ni, Ti and C. The sec-
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Fig. 3. (a) The representative microstructures at the centre of the preheated region, (b) the magnified microstructures of the marked region in (a), and (c) the microstructure
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f the interface between the preheated and t combustion regions.

nd spot is chosen at the boundary between the unreacted region
nd preheated region. XRD results show that a few Ti2Ni appear
n the products at the boundary, besides unreacted Ni, Ti and C, as
hown in Fig. 2(b), which suggests that the solid diffusion reaction
rstly occurs between Ni and Ti. The third spot is chosen at the cen-
re of the preheating region. The products at this position consist
f a large number of Ti2Ni, a few Ni4Ti3 and unreacted Ti, as shown
n Fig. 2(c), which suggests that the main reactions occurred in the
reheated region correspond to the formation of Ni–Ti interme-
iate phases. In addition, the intensity of Ti2Ni increases greatly,
ompared with that in the second spot. Fig. 2(d) indicates the XRD
atterns of the products at the boundary between the preheated
nd combustion regions. As can be seen, a few TiC are detected in
he products at this position, besides a large number of Ti2Ni and
few NiTi and Ni4Ti3. Actually, the Ni–Ti liquid over the eutectic

emperature between Ti2Ni and Ti could be formed at this region
ccording to the Ni–Ti phase diagram [30], which can be clearly
bserved in the microstructural evolution in the latter paragraph.
herefore, some of Ni–Ti compounds are formed during the solid-
fication. Fig. 2(e) indicates the XRD patterns of the products in
he combustion region. As indicated, the amount of TiC is much
igher than that in the fourth spot, but numerous Ni–Ti phases can
till be detected in this region, which suggests that the SHS reac-
ion is being in progress. The sixth spot is chosen at the boundary
etween the combustion region and fully reacted region. Compared
ith the XRD results in the combustion region, the intensity of TiC

ncreases while those of Ni–Ti intermediate phases decrease, as

hown in Fig. 2(f), which suggests that the main reaction occurred
n this region corresponds to the formation of TiC ceramic. Fig. 2(g)
hows the XRD results of the fully reacted region. It can be observed
hat the final products only consist of TiC and Ni with only a small
amount of NiTi intermediate phases, which indicates that the SHS
reaction is nearly complete.

Despite the fact that some phases might be omitted due to
the limitation of examination spots, a general plot of the SHS
reaction mechanism in the Ni–Ti–C system can be established.
The reaction sequence can be described as: (1) Ni + Ti + C → (2)
Ti2Ni + Ni + Ti + C → (3) Ti2Ni + Ni4Ti3 + Ti + Ni + C → (4) the forma-
tion of Ni–Ti liquids → (5) the formation and precipitation of TiC.

4.3. Microstructural evolution

At the unreacted region, C particles are surrounded closely by
the Ni and Ti particles which touch with each other very well.
Fig. 3(a) shows the representative microstructure at the centre of
the preheated region. XRD results on this region indicate that the
phases consist of a large number of Ti2Ni and a few Ni4Ti3, as well
as some unreacted Ni, Ti and C. As can be seen in Fig. 3(a), numerous
Ni–Ti phases which are different from individual Ni and Ti particles
morphologically can be observed. In addition, some unreacted Ni, Ti
and C particles are surrounded by these Ni–Ti intermediate phases.
However, the Ti2Ni and Ni4Ti3 phases cannot be readily distin-
guished from the SEM photograph. Fig. 3(b) presents the magnified
microstructures of the marked region in Fig. 3(a). It can be clearly
observed that the Ni particle is being consumed by forming Ni–Ti
intermediate phases. EDS results indicate the average Ni/Ti atomic
ratio in these intermediate phases is about 38:62, close to the com-
position of Ti2Ni, which suggests that the solid reaction between

Ni and Ti firstly occurs to form Ti2Ni, as shown in Fig. 3(b). The
aforementioned results suggest that although the reaction formed
TiC between Ti and C cannot be progressed at this stage due to
diffusion limitation despite that it possesses lower �G◦ [31].
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ig. 4. (a) The typical microstructures, (b) EDS-line analysis at the centre of the co
articles and (e) the typical microstructure of the fully reacted region.

Fig. 3(c) shows the typical micrograph of the interface between
he preheated and combustion regions. The development of Ni–Ti
ompounds can advance the liquid formation since the eutectic
emperatures between Ni–Ti intermetallic compounds and Ti are

uch lower than the melting points of Ti, Ni and C. As a conse-
uence, some Ni–Ti liquids begin to appear at this stage, as can be
een in Fig. 3(c). XRD results on this position indicate the products
ainly consist of a few TiC, Ti2Ni, Ni4Ti3 and NiTi during solid-

fication, as well as unreacted C. In fact, the formation of these
i–Ti liquid phases is of vital importance since it greatly improves

heir contact with the C particle and reduces the atomic diffu-
ion distance for the subsequent reaction. Once formed, the Ni–Ti
iquids will spread and surround the C particle, which led to a sig-

ificant increase in the contact area between Ti and C particle.
ubsequently, the reactions between Ti and C can occur to form
iCx layer around the C particle, as will be discussed in the latter
aragraph.
tion region, (c) and (d) the magnified morphologies of TiCx layer formed around C

Fig. 4(a) exhibits the representative microstructure at the cen-
tre of the combustion region. It can be observed that the C particle
is surrounded by the Ni–Ti liquids. In order to verify whether the
TiCx layer exists or not, the EDS-line analysis is carried out and the
results are shown in Fig. 4(b). As indicated, relatively high concen-
tration of Ti and C simultaneously distribute around the C particle,
and there is a long distance along the line where both Ti and C dis-
tribute largely, as marked in Fig. 4(b), which suggests that the TiCx

layer does form and exist around the C particle. Fig. 4(c) and (d)
indicates the magnified morphologies of TiCx layer formed around
C particle. Obviously, some nearly spherical fine TiC particulates
distribute around the C particle, and just these particulates con-
struct into the TiCx layer. Nevertheless, a few Ni liquid are displaced

together with the formation of TiCx layer and reside among the gap
in the TiCx layer. Just these Ni liquids provide an easy route for the
transfer between Ti and C. Due to the higher diffusivity of C (com-
pared with Ti), C atoms on the surface of remnant C particle can
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issolve into the Ni liquid. With the help of Ni liquid, these C atoms
asily diffuse through the TiCx layer into the Ni–Ti liquids to form
i–Ti–C liquids, and TiC precipitates out of the liquids once the
i–Ti–C liquids become supersaturated. Actually, with the help of
i liquid, it is easier for this process in the present study to occur,
ompared with that of the diffusion of C through solid TiC in the
eported results [27–29]. Therefore, the apparent activity energy in
he present study is a little lower than those reported values. Gen-
rally, the stoichiometry (x) of TiCx layer is much lower than 1.0
ue to the participation of fewer C atoms, and therefore the break-

ng temperature of unstable TiCx layer is relatively low according
o the phase diagram [30]. Subsequently, the heat generated from
he forming TiC reaction that C atoms diffusing through the TiC
ayer dissolve into the Ni–Ti liquid to form TiC can make the unsta-
le TiCx layer break up easily. After that, the new TiCx layer can
e formed between the spreading Ni–Ti liquids and C particle. This
rocess corresponding to the breaking up of the primary TiCx layer
nd subsequent formation of the new TiCx layer cannot stop until
ll the C particles are consumed completely. And the final products
onsist of large numbers of TiC particles without residual C particle,
s shown in Fig. 4(e).

On the basis of the calculation of activation energy and the above
bservation made in this study, the SHS reaction mechanism of the
i–Ti–C system with the coarse C particle can be determined to
e a mechanism of the diffusion of C through the TiCx layer with
he help of the Ni liquid. Actually, the great disparity about the
HS mechanism in the Ni–Ti–C system with different C particles
an be attributed to the difference in the size of C particles. The
ne C particle leads to an increase in the contacting area between
i–Ti liquids and C particle, which can improve the surface reac-

ion rate greatly. In addition, it is much easier and quicker for fine
particle to dissolve into Ni–Ti liquids completely, compared with

he coarse C particle. Therefore, the Ni–Ti–C liquids can be formed
uickly during a shorter time. And further, the reaction of forming
iC occurs fast, which is consistent with our previous study where
nly one combustion wave was found [20]. In contrary, it is rela-
ively difficult for the coarse C particle to dissolve into the Ni–Ti
iquids quickly and completely. On the other hand, the coarse C
article can lead to the decrease in the contacting area between
i–Ti liquids and C particle. Nevertheless, some reactions forming
iC can occur firstly due to the relatively high activity of C atoms
n the surface of the coarse C particle, which contributes to the
ormation of TiCx layer around the coarse C particle. Most of the
ther C atoms have to diffuse through the TiCx layer into the Ni–Ti
iquids to form TiC. Therefore, the formation rate of TiC is lowered
ignificantly and two different combustion waves were found in
ur previous study [20], where the first wave corresponded to the
ormation of Ti2Ni and the second one was the formation of large
umbers of TiC. In addition, due to the low reaction rate compared
ith fine C particle, the combustion temperature was much lower

han fine C particles.

. Conclusion

The liquid firstly formed in Ni–Ti–C system should be Ti–Ni liquid

which evolved from the eutectic reaction between Ti2Ni and Ti,
regardless of coarse or fine C particle.
Two different mechanisms domain the formation of TiC with
coarse and fine C particles. For the fine C particle, the formation

[

[

mpounds 509 (2011) 7060–7065 7065

of TiC is controlled by a mechanism of dissolution, reaction and
precipitation. For the coarse C particle, a TiCx layer can be formed
firstly and the formation of TiC is controlled by a mechanism of
the diffusion of C through a TiCx layer with the help of the Ni
liquid.

• The reaction pathway for the coarse C particles can be
described as: (1) Ni + Ti + C → (2) Ti2Ni + Ni + Ti + C → (3)
Ti2Ni + Ni4Ti3 + Ti + Ni + C → (4) the Ni–Ti liquids over the eutectic
temperature between Ti2Ni and Ti → (5) the formation of TiCx

layer → (6) the diffusion of C through the TiCx layer to form the
supersaturated Ni–Ti–C liquids with the help of Ni liquid → (7)
formation and precipitation of TiC. The heat generated from the
forming TiC reaction can make the unstable TiCx layer break up.
However, the new TiCx layer can be formed again at the interface
between the spreading liquid and C particle. The process cannot
stop until all the C particles are consumed completely.
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