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bstract

TiC/Ni3Al composites have been obtained in situ by laser ignited self-propagating high-temperature synthesis (LISHS) of an intimate mixture
f compacted powders of elemental C, Ti, Ni and Al. Ignition temperature (Tig) and combustion temperature (Tc) are investigated; the effects of
i Al content on density, phase composition, microstructure of the reaction products and particle size of the synthesized TiC were studied. The
3

esults show the density of the products varies with Ni3Al content, and a maximum value of density appears at 50 wt.% Ni3Al; TiC and Ni3Al are
he two stable phases after SHS, TiC particle size decreases with the increasing of Ni3Al content, however, the decreasing of grain size is unobvious
hen Ni3Al content is over 60 wt.%.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Self-propagating high-temperature synthesis (SHS) of inor-
anic compounds has a number of essential advantages over
omparable methods of intermetallic synthesis. These advan-
ages include:

Low power input.
Self-cleaning of the synthesized product (resulting from com-
bustion).
SHS results directly in the creation of a powder [1–4].

The method is based on the use of the heat released dur-
ng exothermic reactions in order to preheat raw materials
nd to obtain a self-sustained system. Reaction is started
y the use of a laser and after ignition the reactions pro-
eed as a reaction front with linear speeds of 1–100 mm/s

hrough the compacted raw materials in powder form. Temper-
ture in the reaction front is related to the reaction synthesis,
ompaction of the raw materials, specific surface and other
rocessing parameters [7] and reach up to a few thousands
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f degrees. The procedure has a low energy consumption
ue to the high productivity and the very simple equipment
nvolved. Hereafter we refer this process as laser igniting
elf-propagating high-temperature synthesis (LISHS). Fig. 1
hows schematics of the combustion synthesis using the SHS
rocess.

Ni3Al phase is an intermetallic with excellent corrosion and
xidation resistance in a wide range of temperatures owing
o formation of a stable surface alumina oxide layer and
trongly stable chemical and phase stabilities up to high tem-
eratures close to their melting points [5–8], and TiC is a
eramic with high melting point, extreme hardness, low density,
oderate fracture toughness, and high resistance to oxida-

ion and corrosion [9–11] and a very good wettability with
i3Al [12]. Therefore, considerable effort has been made to

nvestigate the combustion synthesis of TiC/Ni3Al. Mei et al.
13] investigated the mechanism of combustion synthesis of
i–C–3Ni–Al system; Keskinen et al. [14] studied the mechan-

cal and high-temperature properties of TiC/Ni3Al; Zhang et
l. [15] investigated the cyclic thermal shock characteristics
f TiC/Ni3Al FGMs, and so on. Clearly, the above-mentioned

esults are based on the observation of mechanism of combus-
ion synthesis and of its products. Therefore, it is necessary
o study more carefully the effect of composition on products
ynthesized.

mailto:ldb@jlu.edu.cn
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Fig. 1. Scheme of combustion synthesis by the LISHS process.

The aim of our work has been to prove the feasibility of
btaining TiC/Ni3Al intermetallic cermets by LISHS and inves-
igate the effect of Ni3Al content on microstructure and phase
omposition of Ti–C–3Ni–Al reacting product so that the laws
f structure formation of the products should be understood,
hich should provide guidance for the alteration and control of

he structure of the product phases.

. Experimental procedures

The powders of Ni, Al, Ti and C (graphite) with a nominal
urity of 99.9, 98.6, 98.0 and 99.9%, respectively, and aver-
ge particle sizes of 30–60 �m in metals and 38 �m in carbon,
ere used for the preparation of the Ti–C–3Ni–Al mixtures.
eagent powder mixtures were prepared for the following the
asic reaction:

Ti + C) + y(3Ni + Al) → TiC + yNi3Al (1)

here y ranged from 25, 30, 40, 60 to 80 wt.%. First, the powders
ere mixed by dry milling with steel balls for 2 h and the blends
ere pressed into compacted samples. The length if the compact
as 65 mm, the width was 10 mm and the thickness was 10 mm,
perated at a pressure of 8 MPa to obtain the densities of 50%
heoretical density. A small hole was drilled in the bottom of
he compact, and a thermocouple pair (W–5%Re/W–26%Re)
as inserted into the hole and linked to an X–Y recorder. The

ompacts were ignited at one end by laser irradiation using 5 kW
O2 laser (HJ-4) with a fixed wavelength of 10.6 �m. The laser
rocessing parameters in this study are selected as follows: laser
ower 1.2 kW, rectangular laser beam 10 mm × 10 mm.

The samples obtained were sawn and polished with SiC
apers. The density of the sample was measured by the
rchimedes law with water medium. To guarantee the accu-

acy of the real densities, each sample was measured five
imes and the final density data were obtained by averaging
he five measurements. Therefore, except for the influence of

he finest surficial open pores, the data accuracy is accepted.
he microstructure and phase analysis of the composite of SHS
ere investigated by using field emission scanning electron
icroscopy (FESEM) (Model JSM-6700, Japan) equipped with

d
t
d
r

Fig. 2. Effect of y-value on Tig and Tc of Ti–C–3Ni–Al system.

nergy-dispersive spectrum and XRD (Model D, Max2500PC,
igaku, Japan).

. Results and discussion

.1. Reaction temperature

Fig. 2 shows the influence of y-value on ignition temperature
Tig) and combustion temperature (Tc). From Fig. 2, it can be
een that ignition temperature (Tig) hardly varies with increas-
ng y-value, which indicates that the ignition temperature has
othing to do with the chemical composition of the system.
t is worth noting that combustion temperature, Tc, decreases
lmost linearly with y-value increasing. This is attributed to
he decrease of the heat generated of system with increasing y-
alue because enthalpy of formation of intermetallic compound
i3Al (−37.5 kJ/mol) is smaller than that of TiC (−184 kJ/mol),

herefore, combustion temperature of system decreases. But the
xperimental measurements of Tc are lower than the correspond-
ng Tad, the reason for the discrepancy between the measured Tc
nd Tad can be explained as follows: (1) the combustion tempera-
ure measured by the thermocouple may be lower than the actual
ombustion temperature in the specimen, because the combus-
ion reaction rate is very fast and the combustion temperature
radient is very high during SHS while the response rate of the
hermocouple is limited; (2) the SHS process cannot be ideally
diabatic, thus heat loss due to heat flow from the reaction zone
o the surroundings is unavoidable, and the combustion temper-
ture is lower than the adiabatic combustion temperature; (3) the
eaction of Ti(s) + C(s) → TiC(s) is uncompleted.

.2. Density analysis

The sintered density, green density and porosity after sin-
ering with different y-value are given in Figs. 3 and 4. From
ig. 3, it can be seen that sintered density is smaller than green

ensity. This may be because there are large amounts of porosi-
ies in the sintered samples (as shown in Fig. 4). This porosity is
ue to the differences in specific volume between product and
eactants, the evaporation of impurities, and the expansion of the
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reference intensity and diffracted intensity, respectively. The
results are shown in Table 1. From Table 1, it can be seen that
xTiC and xNi3Al with y-value = 25% were calculated to be 82.6
Fig. 3. Green density and sintered density related to y-value.

as trapped in the porosity of the reactant compact. Furthermore,
ig. 3 also shows that sintered density increases before 50 wt.%
-value and then decreases with further increasing y-value. The
aximum value of the sintered density is up to 3.93 g/cm3 when

-value is 50 wt.%. The reason may be as follows: let us assume
i3Al is a filling phase, unconsidering the effect of sintering,

he increase of y-value induces that more filling phase will fill in
orosity, which increases density of products, porosity is occu-
ied completely just as y-value is 50 wt.% (as shown in Fig. 5),
herefore, density of products will emerge the maximum value
hen y-value is 50 wt.%. The reason for the decrease in sintered
ensity for value of y higher than 50% may be the lower con-
ent of liquid phase formed as a consequence of the decrease in
ombustion temperature.

.3. XRD results

Fig. 6 shows XRD patterns of TiC/Ni3Al composites syn-
hesized by the LISHS reaction with different y-value. It can be
een that TiC, Ni3Al, Ni and Ti phases are detected in the reacted

amples containing various y-value. This illuminates TiC and
i3Al are the two stable phases by laser ignited self-propagating
igh-temperature synthesis in Ti–C–3Ni–Al system. Further-
ore, it also can be seen that relative intensity of TiC peaks

Fig. 4. Porosity of product related to y-value.

a

F
(
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4

ig. 5. Effect of plot of V on y-value. V = (3Ni + Al) content (vol.%)–product
orosity (%).

nd Ni3Al peaks varies with different y-value. As the amount
f y-value increases, the intensity of Ni3Al peak is observed to
ncreases and that of TiC peak decreases, especially, at Fig. 6(f),
he Ni3Al(1 1 0) peak can clearly be seen, and then it appears to
iminish as the amount of y-value decreases, this indicates that
he increasing of y-value causes less Ti to react with the C to
orm TiC.

To reflect a clearer comparison, the percentage of synthetic
roducts in the master alloys synthesized by the starting mate-
ials with different y-value are roughly estimated based on
he intensity of Ni(2 2 2), Ti(2 2 2), TiC(2 0 0) and Ni3Al(1 1 1)
iffraction peaks by the following equation:

i = 1

(Ki/Ii)
∑n

i=1(Ii/Ki)
(2)

here xi, Ki and Ii are the percentage of synthetic products,
nd 5.7%, respectively. When y-value is raised to 80 wt.%, xTiC

ig. 6. XRD patterns of the materials fabricated by LISHS from
a) 75%(Ti + C) + 25%(3Ni–Al); (b) 70%(Ti + C) + 30%(3Ni–Al);
c) 60%(Ti + C) + 40%(3Ni–Al); (d) 50%(Ti + C) + 50%(3Ni–Al); (e)
0%(Ti + C) + 60%(3Ni–Al); (f) 20%(Ti + C) + 80%(3Ni–Al).
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Table 1
Effect of y-value on the percentage of synthetic products of TiC, Ni3Al, Ti and
Ni roughly estimated based on the intensity of Ni(2 2 2), Ti(2 2 2), TiC(2 0 0)
and Ni3Al(1 1 1) diffraction peaks

y-Value in starting
materials (wt.%)

The percentage of synthetic products

TiC Ni3Al Ni Ti

25 82.6 5.7 5.4 6.3
30 74.8 15.1 4.7 5.4
40 63.1 26.7 4.7 5.5
50 56.8 35.7 4.3 3.2
60 49.5 43.6 3.2 3.7
8

d
c
N

i
s
r
t

F
�

r

F
3

0 45.2 43.9 3.7 4.2

ecreases to 45.2% while xNi3Al increases to 43.9%. This indi-
ates that the amount of TiC synthesized decrease and that of
i3Al synthesized increase with the increasing of y-value.
To further develop an understanding of the LISHS reaction

n Ti–C–3Ni–Al system, the standard Gibbs free energy of the

ystem has to be taken into consideration. According to the XRD
esults, Ni3Al, TiC, Ni and Ti phases are detected as expected in
he products. As a result, it can be proposed that the following

3

T

ig. 8. Typical backscattered-electron micrographs of samples by LISHS reactions o
0 wt.%; (b) 50 wt.%; (c) 60 wt.%; (d) 80 wt.%.
ig. 7. Change of standard Gibbs free energy as a temperature for �G1 and
G2.

eactions may take place in the Ti–C–3Ni–Al system [16]:
Ni(s) + Al(s) → Ni3Al(s) �G0
1 = −175700 + 32.20T (3)

i(s) + C(s) → TiC(s) �G0
2 = −184800 + 12.55T (4)

f Ti–C–3Ni–Al system with a laser power = 1200 W using different y-value: (a)
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To evaluate the possibility of these reactions, the standard
ibbs free energy change has been calculated and is shown in
ig. 7 as a function of temperature. It can be observed that

he changes in standard Gibbs free energy of two reactions
re all negative, which indicates that the above reactions are
ll favorable. It is worth noting that �G0

2 is more negative for
he formation of TiC in the temperature range of interest, and
hus reaction (4) has a higher tendency for the formation of TiC
han the reaction (3). Therefore, it can be deduced that the final
quilibrium phases should consist of TiC. However, over the
elting point of aluminum, the reaction for Ni3Al formation

s more favorable, kinetically, and hence occurs initially. The
eat generated by the formation of the Ni3Al phase may sub-
equently initiate the reaction of Ti + C → TiC. Thus Ni3Al as
quilibrium phases is found in the final products. This results is
n agreement with X-ray result, indicating that the phase con-
titution of the composites consists of Ni3Al, TiC, Ni and Ti
see Fig. 6).

.4. SEM analysis

Fig. 8 shows the typical backscattered-electron micrographs
f the samples by SHS of Ti–C–3Ni–Al system with different
-value, because atomic number of Ni is bigger than that of Ti,
t can be deduced that bright areas are Ni-rich zone, and greyer
nes are Ti-rich zone. According to XRD patterns, the products
ynthesized consist of TiC, Ni3Al, Ni and Ti, as shown in Fig. 6,
n view of these results, it can be further confirmed that the bright
reas are Ni3Al phase of Ni-rich, the greyer ones are TiC phase
f Ti-rich. Furthermore, TiC phase of Ti-rich is surrounded by
i3Al phase of Ni-rich in the infiltration zone. This may be

eason that combustion temperature (Tc) is over melting point
f Ni3Al (1340 ◦C), as a results, Ni3Al phase keeps molten state
uring combustion process (as shown in Fig. 2). From Fig. 8,
e can also be seen that Ni-rich zone gradually increases and
i-rich zone gradually decreases with the increasing of y-value,

.e., the content of Ni3Al phase increases and that of TiC phase
ecreases.

As shown in Fig. 8, it can also be seen that the grain size of TiC
ynthesized decreases when y-value increases. This is attributed
o the decrease of the combustion temperature (as shown in
ig. 2) because grain grown of TiC is an exponential function
f the combustion temperature [17]. In addition, molten Ni3Al
hase serves as a diluent and might prevent the diffusion of Ti
nd C during the SHS reaction, which restrains the TiC crystals
rom further growth. However, it is be seen that the decreasing
f grain size is unobvious when y-value is over 60 wt.%. We

o not know why TiC grain size is not clear at higher Ni3Al
ontent (y > 60 wt.%). It may be because higher Ni3Al content
s beneficial from the growth of TiC, which compensates the
ffect of the decreasing of combustion temperature on TiC grain

[

[

Journal 140 (2008) 621–625 625

ize, leading to the unobvious variety of TiC grain size at higher
i3Al content. That will be our tast in our further study.

. Conclusions

TiC/Ni3Al composites have been successfully prepared by
ISHS reaction of Ni, Al, C and Ti powders. The results show

hat y-value has a significant effect on combustion temperature,
hase composition, the density of the products and the grain size
f TiC. When y-value increases, combustion temperature, the
rain size of TiC and the amount of TiC synthesized decrease and
he density of the products increases and then decreases, a max-
mum value of density appears at 50 wt.% y-value. Furthermore,
t can be seen that ignition temperature and the microstructural

orphology of the products are hardly dependent on the y-value.
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