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Densification behaviour of the TiC—Ni system formed by self-propagating high-temperature

synthesis (SHS) were studied to develop the structural metal-matrix composites. The

composites were prepared by two routes: (1) consolidation during the SHS reaction, and (2)

consolidation process after the SHS reaction. The final phases of the stoichiometric reactant

mixture of titanium and graphite with 50 wt % nickel produced by simultaneous combustion

reactions, were titanium carbide in a nickel-rich solid solution containing carbon and

titanium. The density of the products was relatively low, with a value of 90% theoretical

density. In the second approach, liquid infiltration and liquid-phase sintering were applied

for the titanium carbide—nickel mixture. Densification rates were reduced due to the excess

carbon in the combustion products of titanium carbide. The densities of the liquid-phase

sintered samples were more than 97% theoretical density.
1. Introduction
Self-propagating high-temperature synthesis (SHS) is
a combustion process characterized by an exothermic
heat release sufficient to propagate a combustion front
through the powder compact, completely consuming
the reactant powders once ignition is achieved. It has
the advantages of high-purity products, potential for
non-equilibrium products and no high-temperature
furance process. One of the major drawbacks in the
SHS products is the highly porous nature of the prod-
ucts. This porosity in the products can be the result of
the contribution from one or more of the following
factors: the existing porosity in the reactants, the dif-
ference in the molar volume between reactants and
products, gas evolution during the combustion reac-
tion and thermal migration of vacancies [1]. In order
to produce a dense material, some type of densifica-
tion process must be included in the fabrication pro-
cess to make a structural metal matrix composite.
There are two methods for obtaining dense combus-
tion products: (1) consolidation during the self-
propagating high-temperature synthesis reaction, and
(2) consolidation processing in a second step after the
self-propagating high-temperature synthesis reaction.
The former is attractive because it combines the syn-
thesis and the densification into a one step process.

Maksimov et al. have studied the TiB -Fe system

2

[2]. This work considered the possibility of reacting
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elemental titanium, amorphous boron, and carbonyl
iron by the combustion region to form titanium bor-
ide—iron composites. The synthesis conditions were
chosen so that after passage of the combustion front,
the product would consist of a large quantity of tita-
nium diboride grains in the melt. The density of the
final products could be increased by decreasing the
combustion temperature and by subjecting the react-
ants to a thermal vacuum treatment prior to ignition.
By lowering the melting point of the product phase,
finely dispersed titanium diboride (&1 lm) in an iron
matrix was obtained. Taeoka et al. [3] fabricated
TiB

2
—Al composites through the combustion syn-

thesis reaction of Ti—B—Al. The finely dispersed tita-
nium diboride was synthesized by reacting a mixture
of titanium, aluminium and amorphous boron pow-
ders. The grain size of the titanium diboride formed
was less than 0.5 lm, which became smaller as the
amount of aluminium increased. They observed that
titanium diboride formed in the mixture of Ti—Al—2B;
aluminium diboride was not produced during the pro-
cess of combustion propagation, which suggested that
titanium diboride decomposed at a high temperature
by a reaction with aluminium, lowering the temper-
ature behind the combustion front. One outstanding
work to obtain dense self-propagating high-temper-
ature synthesis products was carried out by Holt and

Munior [4]. They studied Ti—C—Ni—Al system and
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obtained a combustion product with 99% theoretical
density by rapidly heating a mixture of elemental
titanium, carbon, nickel and aluminium powders in
a graphite die up to the ignition temperature of about
800 °C, and applying mechanical pressure during the
combustion reaction. However, it should be noted
that this method has shown problems with undersir-
able phases, due to complex reactions among the
initial reactants. Dunmead et al. [5] reported that
TiC—Ni cermets were formed using combustion syn-
thesis. The spherical titanium carbide was observed in
a nickel matrix. By measuring the apparent activation
energies from the relation of the combustion front
velocity and combustion temperature, they proposed
that the formation of titanium carbide in a nickel
matrix took place by two mechanisms. (1) At high
temperature, a solution and precipitation mechanism
was predominant, and (2) at low temperature, a carbu-
rization mechanism was dominant. They suggested,
that it was not clear whether the combustion reaction
was self-propagated throughout the entire sample, be-
cause the nickel matrix acted as a diluent in the com-
bustion reaction between titanium and carbon,
although titanium nickel intermetallics have a small
exothermic heat of formation.

The second method, although it is not a one-step
process, seems to control the microstructure and
phases of the final products effectively. Liquid-phase
sintering and liquid-infiltration methods are low-cost
fabrication processes that are effective in obtaining
highly dense materials [6, 7]. During this process, the
surface free-energy of a particulate system is reduced
at an elevated temperature in the presence of a liquid
phase. The reduction of free energy is manifested in
densification and changes in grain size and shape. The
difference between the liquid-phase sintering and the
liquid-infiltration method is that infiltration is a two-
step variant of liquid-phase sintering. Infiltration
starts with a preformed rigid compact usually formed
by solid-state sintering. Liquid is introduced into
a solid skeleton from the external reservoir, and filling
the pores with the liquid phase relied on capillary
forces [8]. The resulting microstructure lacks pores
and appears similar to other liquid-phase sintered
materials. Because the final products of self-propagat-
ing high-temperature synthesis reaction are porous
skeletons, they are used as a preformed rigid compact.

Hence, in this study, two different densification pro-
cesses were considered: (1) simultaneous combustion
reaction and consolidation, and (2) combustion reac-
tion followed by liquid-phase sintering. In the first
approach, emphasis was placed on examining the final
phases of the combustion products because the added
matrix materials act as a diluent, and complicated
reactions are expected during a combustion reaction.
In the second approach, emphasis was in the effect of
the residual carbon on the densification of titanium
carbide nickel composites during liquid-phase sinter-
ing because non-stoichiometric titanium carbide, with
an amount of carbon remaining inside, was formed
in the combustion reaction [9]. The possibility
of fabricating metal-matrix composites by combining

the self-propagating high-temperature synthesis
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method with a liquid infiltration method was also
considered.

2. Experimental procedure
Titanium, nickel and graphite powders were examined
to ascertain the densification behaviour of the com-
bustion products. The titanium powders and nickel
powders were less than 325 mesh in size and 99.5%
and 99.9% pure, respectively (Aesar, NH, USA). The
graphite powders were less than 1 lm diameter
(Aldrich, WI, USA). These powders were handled in
fume hoods and in a glove box to minimize exposure
((0.1 p.p.m. hydrogen and (0.2 p.p.m. oxygen).
Stoichiometric amounts of titanium powders and
graphite powders were weighed on an electron bal-
ance inside a glove box. Each titanium and graphite
mix were mechanically blended by a ball mill in
n-hexane solution, maintaining the stoichiometric
compounds. After blending the mixture for 1 h, the
sample was dried 12 h in a vacuum atmosphere. The
matrix powders were blended into the titanium graph-
ite mixture by a blender in an inert argon atmosphere
prior to the self-propagating high-temperature syn-
thesis reaction. The reactant mixture was usually com-
pressed at 28 kPa by a hydraulic press. The resulting
compact was preheated up to 300 °C in an electrical
furnace before ignition. The ignition was carried out in
an inert argon atmosphere ((0.2 p.p.m. oxygen).
A low-power arc ignition source was supplied for only
a short time, about 1 s, to prevent significant addi-
tional preheating effects on the sample. While the
reaction front was propagating, the combustion tem-
perature of the reactant was measured with a Capintec
two-wavelength infrared optical pyrometer. In addi-
tion, the temperature profiles were monitored by
a high-temperature tungsten—rhenium thermocouple
attached to a chart recorder. The composition of the
final product was analysed with an X-ray diffrac-
tometer (Rikoku 100). The details of the experimental
apparatus have been presented elsewhere [10].

For liquid-infiltration of nickel matrix into titanium
carbide, titanium carbide skeleton and nickel green
compact were prepared by self-propagating high-tem-
perature synthesis reaction and cold compaction of
nickel powders, respectively. The carbon content in
the skeleton was analysed with a carbon/sulfur de-
terminator (LECO CS-244). The accuracy of this in-
strument is specified at 0.002 wt% C for carbon con-
tents up to 5.0 wt%. The green compact had a size of
1.25 cm]2.5 cm]0.5 cm and a density of greater
than 60% theoretical density. A high temperature
resistance furnace was used for the infiltration process
at the temperature of 1420, 1450 and 1500 °C for 10,
120 and 180 min. After liquid-phase sintering, the
densities of the metal-matrix composites were deter-
mined with a helium gas autopycrometer (Micro-
meritics, autopycrometer 1320). Microstructural anal-
ysis was performed with an optical microscope. Speci-
mens for the optical metallography were prepared by
sectioning, mounting, grinding through a series of
emery papers ending with 600 grit, and polishing with

6 and 0.25 lm diamond pastes followed by a final



Figure 1 Block diagram for the fabrication process of metal-matrix
composites.

polishing using 0.05 lm alumina powders. The sam-
ples were then etched with Murakami’s solution
(K

3
Fe(CN)

6
:NaOH :H

2
O"10 g : 10 g : 100 ml). Fig. 1

is the block diagram of the fabrication processes of
metal-matrix composites with combustion product,
titanium carbide.

3. Results and discussion
3.1. Phase identification of SHS products
In order for a one-step fabrication process of metal
matrix composites by SHS reaction to be feasible, the
combustion front should propagate well. Propagation
of the combustion wave depends on combustion tem-
perature, which is experimentally controlled with the
addition of a third element into the combustion reac-
tion and preheating of the reactants [11]. Both of
these factors, adding a third element and preheating,
significantly influence the velocity and temperature of
the combustion wave. Accordingly, the measurement
of the wave velocity and the combustion temperature,
together with preheating and the amount of added
elements can provide useful information for determin-
ing the feasibility of the one-step process for a given
system. Table I shows the maximum combustion tem-
perature and average propagation rates for the vari-
ous compositions of the reactant powder mixtures.

As shown in the table, the combustion reaction does
not self-propagate for the mixture of titanium and
graphite with the addition of 50 wt% nickel with
a low arc source (500 W) for a short time (1—2 s).
However, the combustion reaction was ignited with
a high arc source (3 kW) even for the sample with
50 wt% nickel addition. This means that the combus-
tion reaction for the system with nickel addition needs

additional heat to sustain the self-propagation high-
TABLE I Composition of reactant powder mixtures, measured
average maximum temperatures, and average propagation rates

Specimen Composition (mol %) ¹
.!9

(°C) Velocity
number (mm s~1)

Ti C Ni

1 80.0 20.0 0.0 2638 9.8
2 72.8 18.2 10.0 2245 4.2
3 40.0 10.0 50.0 1982 3.0

Figure 2 X-ray diffraction pattern of the SHS product formed by
the simultaneous reaction with a high-power ignition source (3 kW):
the initial stoichiometric mixture of titanium and graphite contains
50 wt% Ni.

TABLE II Lattice constants of TiC
x
—Ni composites formed by

self-propagating high-temperature synthesis with a high-power arc
source

Specimen Ni content Lattice constant (nm)
number in reactant

(wt%) TiC
x

Ni matrix

1 0.0 0.43276 —
2 10 0.43277 0.35395
3 30 0.43279 0.35614

temperature reaction. Fig. 2 shows an X-ray diffrac-
tion pattern for the combustion product of titanium
and carbon containing 50 wt% nickel. This pattern
shows that the product involves titanium carbide,
graphite and nickel, but no trace of free titanium and
titanium nickel intermetallic phases remaining after
the combustion reaction. Compared with the standard
nickel pattern, peak broadening and the phase shift in
the nickel spectra were observed in the figure. Lattice
constants for the titanium carbide and nickel phases
were calculated from X-ray diffraction data, and the
results are given in Table II.

Although the absolute value of the lattice parameter
determined by X-ray diffraction data has relatively
low accuracy, the lattice parameter of the titanium
carbide observed was 0.432 79 nm, which was very
similar to the value of the product without nickel
addition: however, the lattice parameter of the nickel
matrix was 0.035 614 nm, which was increased with

respect to pure nickel, 0.035 210 nm. This result can be
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explained by the solubility of carbon or titanium in
nickel. From the equilibrium phase diagram of the
nickel—carbon system, the maximum solubility of car-
bon in nickel is 2.6 mol% at 1316 °C, and the max-
imum solubility of titanium in nickel is 10.3 mol% at
1306 °C [12]. Because the combustion temperature
was at least 1600 °C, as shown in Table I, which was
above the eutectic temperatures of nickel—carbon and
nickel—titanium systems, large amounts of carbon and
titanium atoms were able to dissolve into nickel dur-
ing the combustion reaction. Considering the
isoparametric contour for nickel solid solution of
a Ni—Ti—C system at 1260 °C [13], the lattice para-
meter of nickel solid solution increases up to
0.35 544 nm which is below the observed value,
0.35 614 nm. This may suggest that the observed
nickel phase is c-phase (nickel-rich phase). Singleton
and Nash reported that the change of lattice para-
meter of nickel with carbon content is as follows,
a
0
"3.524#0.0074 mol% C [13]. Because the ratio

of carbon to titanium in the carbide formed by SHS is
observed to be 0.84, unreacted carbon should exist in
the nickel phase. If every carbon atom is dissolved into
nickel, the corresponding atomic per cent of carbon in
nickel is 13.8 at % which is beyond the maximum
solubility of carbon in nickel. Accordingly, the gamma
c-phase is assumed to be saturated with carbon. Ac-
tually, the c-phase may contain a maximum amount
of carbon due to the fast-moving combustion front
and fast cooling rates. With this assumption, the lat-
tice parameter of nickel saturated with carbon is
0.35432 nm, which is also below the observed value.
Hence, it can be concluded that both carbon and
titanium existed in the nickel matrix. This causes
a peak broadening and phase shift for nickel peaks, as
shown in Fig. 2.

3.2. Densification of TiCx—Ni composites
during liquid-phase sintering

Fig. 3 shows micrographs of TiC
x
—50 wt% Ni com-

posites liquid-infiltrated at 1500 °C for 3 h. Fig.
4 shows micrographs of TiC

x
—50 wt% Ni composites

which were liquid-phase sintered at 1500 °C for vari-
ous times. The titanium carbide particles were irregu-
larly round and were separated from each other by the
nickel matrix. Coarsening of carbide grains was ob-
served after sintering at 1500 °C for 3 h. In order to
describe quantitatively the microstructural changes,
contiguity, volume fraction of carbide phase and
carbide particle distribution were measured. The aver-
age carbide diameter increased from 4.18 lm to
7.18 lm after liquid-phase sintering at 1500 °C for 3 h;
however, contiguity of the samples decreased from
0.21 to 0.16. It is clear that as the sintering time
increases, carbide grains grow and contiguity de-
creases. Compared with the initial titanium carbide
size, the average diameter of the titanium carbide after
liquid-phase sintering becomes smaller than the value
of the initial carbide size (11.4 lm) before liquid-phase
sintering. This means that titanium carbide dissolves
into nickel during the solution—precipitation stage of

liquid-phase sintering.
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Figure 3 Micrograph of TiC
0.87

—50 wt% Ni liquid-infiltrated at
1500 °C for 3 h.

Figure 4 Micrographs of TiC
0.87

—50 wt% Ni liquid-phase sintered
at 1500 °C for (a) 10 min, and (b) 3 h.

To study the densification behaviour of a TiC
x
—Ni

compact during liquid-phase sintering, the absolute
density was measured by a helium gas autopyc-
rometer. Fig. 5 shows the initial stage of densification
of TiC —50 wt % Ni compacts versus sintering tem-
x
perature for three different concentrations after



Figure 5 Densification of TiC
x
—50 wt% Ni after sintering at each

temperature for 10 min. (d) TiC
0.79

—50 wt% Ni, (m)
TiC

0.87
—50 wt% Ni—1.08 wt%, (j) TiC

0.84
—50 wt % Ni—1.34 wt%.

Figure 6 Densification of TiC
x
—50 wt% Ni versus sintering time at

1500 °C. (d) TiC
0.79

—50 wt% Ni, (j) TiC
0.84

—1.34 wt%
C—50 wt% Ni, (m) TiC

0.87
—1.08 wt% C—50 wt% Ni, (])

TiC
0.87

—1.08 wt% C—50 wt% Ni (infiltrated).

10 min at each temperature. It was observed that
higher sintering temperatures are required to obtain
an equivalent degree of densification as the carbon
content in nickel is increased. Fig. 6 shows the effect of
sintering time on the sintered density of TiC

x
—Ni com-

posites. The densities of the liquid-phase sintered
sample were 94%—97% theoretical density. The cor-
responding liquid-phase infiltrated sample was about
94% theoretical density, slightly less than that of
a liquid-phase sintered sample.

Although systems with a high solubility, such as
TiC—Ni, are often able to obtain a full density in
approximately 20 min [13], densities of only 90%
theoretical density were obtained after approximately
1 h for the samples with high carbon contents. These
indicate that the densification rates are faster for sys-
tems with lower carbon content. This sintering behav-
iour can be explained with the composition change

and the wettability change due to the additional car-
TABLE III Constant temperature solidus equilibra [15, 16]

Binary Temp. Ternary Temp.
equilibrium (°C) equilibrium (°C)

L/c 1455 L/(c#d) 1307
L/(c#C) 1328 L/(c#d#C) 1270
L/(c#TiNi

3
) 1304 L/(c#d#TiNi

3
) 1295

L/(TiNi
3
) 1380 (L#d)/TiNi

3
1390

L/(TiNi
3
#TiNi) 1120 L/(TiNi

3
# 1120

TiNi#d)
L#TiNi 1310 (L#d)/TiNi '1275
(L#TiNi)/Ti

2
Ni 984 (L#TiNi#d)/ 1050

Ti
2
Ni

L/(Ti
2
Ni#b) 942 (L#d)/(Ti

2
Ni#b) 980

bon. Liquid-phase densification of titanium car-
bide—nickel composites is strongly dependent upon
the composition of the system [15]. In this study,
titanium carbides were prepared through the combus-
tion reaction, and these titanium carbide-nickel com-
posites contained unreacted carbons. Therefore, the
sintering mechanism can be better understood
through an examination of a titanium—nickel—carbon
ternary system.

The Ti—Ni—C pseudo-ternary phase diagram was
studied by Stover and Wulff and others [15, 16]. The
ternary diagram is complicated by a number of inter-
metallics in the titanium—nickel system and a wide
composition range of the carbide. Stover and Wulff
measured a slight increase in the lattice parameter of
carbide melt in the presence of nickel alloy and re-
ported that the solubility is not above a fraction of an
atomic per cent [15]. Ternary eutectics occur on either
side with TiNi or with carbon. Table III lists various
isothermal reactions determined by Stover and Wulff,
where c is the nickel-rich solution, and d is a carbide
phase. Each of the titanium—nickel intermetallics is in
equilibrium with a d carbide phase. The equilibrium
composition slightly changes with the carbon content
of the carbide. The solubility of nickel in titanium
carbide is not known to have been determined.

The carbon analysis of the titanium carbides from
this study indicated the approximate compositions,
TiC

0.84
(17.4 wt % C, 45.6 at% C), TiC

0.87
(17.9 wt%

C, 46.5 at % C) and TiC
0.79

(16.5 wt% C, 44.1 at%
C), because the total carbon contents of
TiC

0.84
—50 wt% Ni—1.34 wt% C, TiC

0.87
—50 wt%

Ni—1.08 wt% C and TiC
0.79

—50 wt % Ni are 32.7, 30.1
and 28.6 at% C, respectively. The densification
behaviour for three compositions is shown in Figs
5 and 6. The changes in carbon content result in
different equilibrium phase relationships for these
samples. These changes can directly influence liquid-
phase sintering behaviour. Hence, the excess carbon
effect on the densification behaviour during liquid-
phase sintering can be discussed on the basis of the
titanium—nickel—carbon phase relationship. Fig. 7
shows the trace of liquidus lines for the compositions
A and C, to illustrate the liquid formation during
liquid-phase sintering [17]. The composition of
TiC —50 wt% Ni—1.34 wt% C is in the region of
0.84
ternary C#c#d (point A in Fig. 7). Upon heating,
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Figure 7 Schematic liquidus line traces with increasing temperature
for the compositions of TiC

0.84
—50 wt% Ni and TiC

0.84
—50 wt%

Ni—1.34 wt% C (note, both triangles have different magnitudes).

liquid will form in equilibrium with carbon and a car-
bon-rich titanium carbide, d (L"C#c#d), at the
ternary eutectic temperature of 1270 °C. Above
1270 °C, e.g. at ¹

1
, the composition of the liquid

moves away from the ternary eutectic point (1270 °C)
towards the quasi-binary eutectic point (L"c#d at
1307 °C). As this occurs, the d-liquid tie line moves
across the phase diagram from left to right, eventually
including the initial composition (point A) at a tem-
perature of ¹

2
(1307 °C'¹

2
'¹

1
'1270 °C) where

no more c-phase exists. If the composition of d-phase
is relatively constant with temperature, the composi-
tion of the liquid moves along the d-liquid tie line
towards the d-phase, as melting of the d-phase occurs
[17]. At 1500 °C, the composition of the liquid reaches
the 1500 °C isotherm on the d-liquidus surface. The
composition of TiC

0.84
—50 wt% Ni (point C in Fig. 8)

is in the region of the c—d quasi-binary.
Under equilibrium conditions, this composition is

expected to form a liquid at the quasi-binary eutectic
point (L"c#d at 1307 °C). As the temperature in-
creases, the composition of the liquid moves from the
quasi-binary eutectic point towards the initial com-
position at point C [17]. In each case the amount of
liquid is given by the lever rule applied to the bulk
composition in the d-liquid-phase field at 1500 °C. The
1500 °C isotherm for the Ti—Ni system is unknown.
However, the angle of the 1500 °C d-liquidus contour
with respect to the C—Ti binary over the composition
range from point A to point C, can be estimated by
drawing d-liquidus isotherms based on the Ti—C bi-
nary and the Ti—C—Ni ternary equilibrium phase dia-
grams. The eutectic points of carbon—titanium carbide
and titanium carbide are 2776 and 1650 °C respective-
ly [2], and a quasi-binary eutectic point between c and
d and ternary eutectic point involving graphite occur
at 1307 and 1270 °C, respectively [12]. The d-liquidus
surface is the surface including these eutectic points.
To simplify drawing d-liquidus contours, the effects of
the ternary equilibria and binary equilibria with tita-

nium nickel compounds other than TiNi

3
were as-
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Figure 8 Schematic liquidus isotherms for the d-liquid region.

sumed negligible in the composition range of A and C.
Fig. 8 shows the d-liquidus surface and the corres-
ponding d-isotherms. The L"d#C and L"d#c
liquid boundary curves were drawn. Points m and
n are the ternary eutectic point (1270 °C) and quasi-
binary eutectic point (1307 °C), respectively. As carbon
content increases, the composition moves from Point
x to Point y. As shown in Fig. 8 the 1500 °C d-liquidus
isotherm is expected to be a downward slope running
through points s and p, lying at an angle intermediate
between the C—Ti binary and the Ti—Ni binary. The
compositions of liquid for the initial compositions of
A and C reach points s and p at 1500 °C in Fig. 8,
respectively. If this is true, the amount of liquid in
composition A is always less than that in composition
C at 1500 °C. Hence the presence of excess carbon in
equilibrium with the liquid and carbide phases should
greatly inhibit densification.

The wettability change due to the excess carbon can
also influence the liquid-phase sintering behaviour,
especially the first and second stages of liquid-phase
sintering, because the surface free-energy of a partic-
ulate system is varied at a high temperature in the
presence of a liquid-phase during liquid-phase sinter-
ing. Wetting at high temperatures is an extremely
complicated phenomenon in which chemical reactions

between different phases play an important role [18].



TABLE IV Contact angles of titanium carbide-alloy system
[14, 18—22]

Substance Metal or alloy Temp. (°C) Contact
(wt%) angle (deg)

TiC Ni 1450/H
2
(1 atm) 17

TiC Ni 1450/vacuum(10~3 Pa) 30
TiC Ni 1400/vacuum(10~3 Pa) 32
TiC Ni 1400/vacuum(10~3 Pa) 22
TiC

0.49
Ni 1400/vacuum(10~3 Pa) 0

TiC Ni—2 wt%C 1400/vacuum(10~3 Pa) 80
TiC Ni—10 wt% Mo 1450/vacuum(10~3 Pa) 0

The wettability of titanium carbide by nickel in vari-
ous atmospheres was studied by Humenik and Perikh
[19]. They measured contact angles of 17°, 30°, and
32° for nickel on titanium carbide at 1450 °C in hydro-
gen, a vacuum (10~5 torr), and helium, respectively.
The wetting angle, h is also strongly dependent upon
carbon content in titanium carbide. Ramqvist [20]
reported that the contact angle varied from h"22°
for TiC

1.0
to a wetting condition of h"0° for

TiC
0.49

. It was found that more stable carbides led to
a higher liquid—solid interfacial energy and thus poor
wetting. This means that the dissolution of non-
stoichiometric titanium carbide, TiC

x
, into nickel re-

sults in a change of the wetting angle. The carbon
content in the liquid phase increases with the dissolu-
tion of titanium carbide and the addition of carbon.
Exner et al. [18, 21] studied the dependence of titanium
carbide dissolution on carbon concentration in nickel,
where the solubility of carbide in the liquid phase
decreased with carbon content in the liquid. Table IV
shows literature values for the contact angles of TiC

x
alloy system. Carbon in nickel and carbon in TiC

x
influence the contact angle. An addition of 2 wt%
carbon in nickel increased the contact angle from 22°
for pure nickel in titanium carbide, to 80° at 1400 °C in
vacuum. Similarly, increasing the carbon in TiC

x
re-

sults in an increase in the contact angle. The increased
contact angle leads to the reduction of the interpar-
ticle force acting on solid particles separated by
a liquid bridge. Interparticle force plays an important
role in the densification during liquid-phase sintering.
Considering the three stages of liquid-phase sintering,
such as (1) a rearrangement stage, (2) a solution—pre-
cipitation stage, and (3) a coalescence stage, generally
[23], rapid densification occurs with the formation of
a liquid phase during the rearrangement stage. Liquid
flow, under the surface force, causes rearrangement of
solid particles. For the titanium carbide—nickel sys-
tem, it is known that an initial shrinkage occurs be-
cause the solid titanium carbide is highly soluble in the
liquid nickel [22—25]. Because the dissolution of tita-
nium carbide is reduced due to the excess carbon
content in nickel, poor wettability is introduced. Ac-
cordingly, reduction of interparticle force leads to low
densification, especially during the initial stage of den-
sification. This is support for the low densification
rates of TiC

x
—Ni composites with excess carbon, as

shown Figs 5 and 6, being related to the reduction of
TiC Ni—10 wt% Ti 1450/vacuum(10~3 Pa) 25
interparticle force due to the poor wettability. There-
fore, the existence of excess carbon, which originated
from the SHS product, results in a retarding of the
densification of the TiC

x
—Ni composites.

4. Conclusions
Densification behaviour of the TiC—Ni system formed
by self-propagating high-temperature synthesis reac-
tion was studied to develop fabrication processes of
the structural metal-matrix composites. The following
points summarize the main findings of this study.

1. TiC
x
—50 wt% Ni composites were made

through simultaneous self-propagating high-temper-
ature synthesis reaction. The final phases of the prod-
ucts were titanium carbide and nickel-rich solid
solution for the initial stoichiometric mixture of tita-
nium and graphite containing 50 wt % nickel. There
were no traces of free titanium nor titanium—nickel
intermetallic phases remaining after the reaction.

2. The addition of nickel during a combustion reac-
tion of titanium and carbon resulted in decreases of
the combustion temperature and combustion rate.
From the micrographic observations, the morpholo-
gies of the titanium carbide particles were predomi-
nantly round and the grains were separated from each
other by the nickel matrix.

3. For the composites prepared with a self-
propagating high-temperature synthesis reaction fol-
lowed by liquid-phase sintering and liquid-infiltration,
the existence of excess carbon, which originated from
the SHS product, results in a decrease of the sintering
rate because of the poor wettability and the reduced
amount of liquid phase during liquid-phase sintering.

4. The densities of the liquid-phase sintered sam-
ples were more than 97% theoretical density. The
corresponding liquid-infiltrated sample was 95% the-
oretical density, slightly less than that of liquid-phase
sintered samples.
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