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bstract

he aim of this work was to develop a new process for the synthesis of TiC and NiAl/TiC composite in which the combustion reaction was ignited
sing a high frequency induction heater. High density, two-layer TiC–NiAl composites were also produced using this process. Temperature profiles
uring synthesis were measured with an IR thermometer and a high resolution thermal image camera was used to monitor the reaction process. Phase
ransformation was investigated using XRD and SEM was used to characterize the microstructure of the synthesized composites. The mechanical

roperties of the products were evaluated by measuring hardness. The results show that the reaction was complete and that stoichiometric products
f NiAl and TiC were produced. The properties of NiAl/TiC composites were found to be functions of composition and processing parameters.
he reaction mechanism was analyzed using temperature monitoring, thermodynamic analysis and microstructure investigation.
2010 Elsevier Ltd. All rights reserved.

t
r
p
s
f
s
s
t
f
t
d
b
i
d

p
p
s

eywords: Combustion synthesis; Intermetallics; Carbide; Ceramic composite

. Introduction

The high wear resistance and excellent anti-oxidation per-
ormance of TiC have attracted wide research interest and, as

result, have boosted its application in the creation of bulk
omponents and coatings.1 Self-propagating high-temperature
ynthesis (SHS) is considered to be an economic method for the
ynthesis of ceramics and intermetallics, with the advantage of
roducing products of high purity owing to the inherently ele-
ated temperature of the SHS process.2–5 Yeh et al. have studied
he effects of TiC particles on the combustion behaviour in NiAl
ynthesis.6 However, the porosity of TiC fabricated via the SHS
rocess has restricted its application. In order to overcome this
roblem, Gao et al. investigated the possibility of increasing the
ensity of TiC using a NiAl/TiC composite. The results showed
hat the density was significantly improved and the four-point
ending strength was as high as 670 ± 80MPa.7

Although positive results on utilizing SHS for the production

f dense NiAl/TiC composite have been obtained in the past, the
ensification mechanism was not clear and no detailed informa-
ion on process control was available. The reaction sequence for

∗ Corresponding author. Tel.: +44 2085478103; fax: +44 2085478103.
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he powder mixture is important since two separate exothermic
eactions are needed to form NiAl and TiC. To obtain a com-
rehensive understanding of this issue, Curfs et al. conducted a
eries of studies relating to the synthesis of NiAl/TiC.8 Results
rom the early studies showed that TiC and NiAl were the only
ynthesized products and analysis of the results showed that the
ynthesis started with TiC and was followed by the slow forma-
ion of NiAl.8 However, this conclusion is contrary to evidence
rom the same author’s later research into the combustion syn-
hesis of NiAl, which showed that NiAl was formed with the
isappearance of Ni.9 This discrepancy was investigated further
y Ren et al. who found that the TiC was surrounded by solid-
fied NiAl crystal but the sequence of the reaction could not be
etermined from the experimental results.10

Recently several new techniques such as field-active self-
ropagating combustion,11 high energy laser,12 and solar
ower13 have been introduced to initiate the combustion synthe-
is. However, induction heating has not been directly utilized for
he ignition of combustion synthesis. When compared to other
gnition sources induction heating is a fast and clean process
hat requires less complex equipment but has special require-
ents concerning the properties of the raw materials. In this
tudy, induction heating was directly used to ignite the com-
ustion reaction of Ni, Al, Ti and C powder compacts for the
ynthesis of NiAl/TiC composite. The synthesis mechanism

dx.doi.org/10.1016/j.jeurceramsoc.2010.06.002
mailto:t.zhang@kingston.ac.uk
dx.doi.org/10.1016/j.jeurceramsoc.2010.06.002
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Fig. 1. Morphology o

Fig. 2. Schematic diagram of
f raw materials.

experimental setting up.
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Table 1
Raw materials.

Materials Supplier Particle size Purity %

Nickel powder INCO® Carbonyl
Ni Type 123

4.5 �m 99.85

Aluminium powder AlPOCO® 15 �m 99.7
Titanium powder William Rowland 48 �m 98
C
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3.2. Combustion reaction under induction heating

The full temperature profiles for the samples of Ni/Al and
Ti/C mixtures are presented in Fig. 4. The average heating rates
arbon black William Rowland <1 �m 99

f NiAl/TiC composite and two-layer NiAl/TiC will also be
iscussed.

. Experimental details

The chemical compositions and particle sizes of the relevant
aw materials are listed in Table 1 and the morphologies of all
owders are shown in Fig. 1.

The experimental samples were organised into two groups:
ingle-layer and two-layer. In the single-layer group all powders
n the designated composition were fully mixed and compressed
nto one pellet. Ni and Al powders in the stoichiometric mole
atio 1:1 were wet mixed together with 5 wt%, 10 wt%, 15 wt%
nd 20 wt% of Ti/C (1:1 mole ratio) in acetone. The mixture
as placed in an oven at 80 ◦C for 1 h to vaporize the acetone.
he powder mixtures were then cold compressed in a steel die
f 16 mm diameter at a pressure of 100 MPa. Each compacted
ellet weighted approximately 1 g. In the two-layer group, the
ame powder preparation method was used for the Ni/Al and
i/C mixtures which were then compressed separately, each

ayer weighing approximately 0.5 g. The Ni/Al pellet was placed
nder the Ti/C mixture.

A VarioCAM® high resolution thermal imaging camera
as used to investigate the behaviour of the powder mix-

ure under induction heating and to monitor the combustion
ropagation. A setting of 50 frames per second was used for
emperature monitoring. IRBIS®3 professional software (by
nfraTec) was used for the data analysis. Two infrared ther-
ometers, Raytek® Raynger MX (temperature range 0–910 ◦C)

nd Raytek® Marathon MM (temperature range 540–3000 ◦C)
ere chosen to monitor the complete temperature profiles dur-

ng synthesis. The data recording times were set at 0.1 s and
.01 s, respectively. A schematic diagram of the experimental
et-up is shown in Fig. 2. The induction heating equipment used
n this study was manufactured by Cheltenham Induction Heat-
ng Limited (model EH-2.0) with maximum power of 2 kW. A
elix shaped coil was selected for the test and the frequency was
xed at 387 KHz.

The crystalline structure of the raw materials and the sintered
roducts was characterized by X-ray diffractometry (SIEMENS
500) using Cu K�. Samples were mounted in epoxy resin

nd polished for microstructure observation which was under-

aken using scanning electron microscopy (SEM, Zeiss 50). The

icro-hardness test was conducted at 0.01 N loading for 10 s. At
east five tests were performed for each sample.
Fig. 3. The X-ray spectra of products.

. Results and discussion

.1. Synthesis of NiAl and TiC composites

Compacted samples with 5–20 wt% of Ti/C were heated by
nduction heating as described in Section 2. Intensive combus-
ion was observed in the 5 wt%, 10 wt% and 15 wt% samples,
ut no combustion reaction was observed for the mixture with
0 wt% of Ti/C. To verify the reaction products, X-ray diffrac-
ion tests were carried out on both the green compacts and the
eated samples. The X-ray spectra for the 5–15 wt% of Ti/C
amples are shown in Fig. 3. The X-ray spectra revealed that
iAl and TiC were the only phases existing in the products with
o raw materials being present in the spectra. For the sample
ith 20 wt% of Ti/C, the spectrum was the same as that of the

aw material, indicating that no combustion reaction took place
fter heating. This result implies that only NiAl/TiC compos-
tes with a TiC content of less than 15 wt% can be successfully
ynthesized by induction heating.
Fig. 4. Temperature profile of samples during synthesis.
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Fig. 5. Thermal images and temperature profiles during

efore ignition commenced for the 5 wt%, 10 wt% and 15 wt%
amples were 109.2 K/s, 72.2 K/s and 50.6 K/s respectively indi-
ating that heating rates decrease with increased Ti/C content.
or the 20 wt% sample there was no sharp increase in temper-
ture which is consistent with the XRD test result discussed
reviously.

The effect of Ti/C content on the heating rate can be explained
y the mechanism of induction heating and the physical prop-
rties of the materials used. The electrical efficiency under
nduction heating η can be described as:

= 1

1 + (D1/D2)
√

ρ1/μrρ2
(1)

here D1 and D2 are respectively the effective coil inside diam-
ter and the diameter of the sample, ρ1 and ρ2 are the electrical
esistivities of the coil and the sample; and μr is the relative mag-
etic permeability of the sample. Eq. (1) shows that the electrical
fficiency will reduce when the relative magnetic permeability
s reduced. Since Ti and C powders are non-electromagnetic

aterials, the addition of Ti/C will reduce the relative mag-

etic permeability of the compacts. As a result, an increase in
he quantity of Ti/C will decrease the electrical efficiency thus
esulting in a reduction of the heating rate. However, due to a
ack of data on the properties of the compressed compacts, the

n
i
r
r

hesis: (a) 5 wt% TiC; (b) 10 wt% TiC; (c) 15 wt% TiC.

eal efficiency values cannot be quantified. Further discussion
n the combustion reaction will be given in Section 3.2.

In order to monitor ignition and combustion propagation,
hermal images were recorded during heating and combustion
eaction. Fig. 5 shows the thermal images for the samples with
wt%, 10 wt% and 15 wt% Ti/C. To aid the analysis of com-
ustion propagation, temperatures at five points in the direction
f combustion propagation were also recorded and are given in
ig. 5. To provide complete coverage of the entire sample, the
ve points were positioned on the surface at intervals of 3 mm.

Prior to ignition (time zero in Fig. 5 and before the sharp
ise illustrated in Fig. 4), the thermal images showed that there
as a temperature difference in the compressed samples which

educed when the content of Ti/C was increased. When the Ti/C
ontents were increased from 5 wt% to 15 wt%, the tempera-
ure difference reduced from 150 K to 30 K. This difference is
ue to the nature of induction heating which relies on induced
lectrical current within the material to produce heat. When an
lternating current is supplied to the coil near to the sample, a
orresponding current Iw is induced in the sample which does

ot distribute itself uniformly but concentrates at the outer ring
n a phenomenon known as the skin effect. The current density
eaches maximum at the outer ring of the workpiece and falls
apidly towards the centre. As a result, the outer ring was heated
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Fig. 6. Microstructure of NiAl/TiC samp

ore quickly than the centre. The temperature distribution in
he sample is also affected by heat transfer in the components.
ince Ti and C are non-electromagnetic materials, their addi-

ion will reduce the relative magnetic permeability, μr of the
ompacts resulting in an increase in the skin depth (proportional
o 1/μr

0.5) and a corresponding reduction in the heating rate at
he outer ring. As shown in Fig. 4, the increase of Ti/C con-
ent reduces the heating rate of the components and hence a
onger time will be required for heat to propagate within the
ample. Thus, these two joint effects, non-uniform heating and
eat transfer within the components, will reduce the temperature
ifference within the compacts during heating. The temperature
ifference of 20 K at the inner area (2 mm away from the outer
ing) was not considered significant when compared with that of
00 K for the whole area prior to the commencement of ignition.
eanwhile, the temperature at the ignition position (outer ring)
as approximately 120 K higher than that of the central area. It

hould be noted that the temperature distribution was not fully
ymmetrical about the axis of the disc because the magnetic field
as not concentric owing to the shape of the coil.
For all of the reacted specimens the combustion wave

ropagation was completed within 0.06 s. The combustion prop-
gation model, however, varied slightly with different Ti/C
ontents. For the 5 wt% and 10 wt% samples, the combustion
tarted at the outer position and then split into two wave fronts

ropagating around the periphery. The 15 wt% sample also
gnited at the edge but continued with one combustion front
hich spread into the entire sample until the propagation was

ompleted. This behaviour occurred for two reasons: (a) there

w
i
b

A) NiAl rich area and (B) TiC rich area.

as a higher energy concentration at the outer ring for the sam-
le with a lower Ti/C content; (b) for the 15 wt% sample, the
eating time prior to ignition was longer than that of the other
wo samples and hence the temperature distribution was more
ven. This can be clearly seen in Fig. 4 for the temperature curves
f the five points on the samples.

The temperature profiles shown in Fig. 5 can be used to esti-
ate the combustion propagation velocity. Using the measured

imension of the sample, the combustion propagating veloc-
ty was estimated to be approximately 0.2–0.3 m/s. Another
oticeable feature of Fig. 4 is that the maximum combustion
emperature increases with increasing content of Ti/C. For the
wt% Ti/C sample, the maximum combustion temperature was
bout 1950 K, whilst that of the 10 wt% and 15 wt% samples
xceeded 2100 K.

In the cooling stage after reaching peak temperature, each
ample maintained a short temperature plateau at about 1920 K,
hich is close to the melting temperature of NiAl (1911 K).
herefore, these plateaux indicated the solidification of NiAl.
he duration of the plateau increased from 3.5 s to 6 s as the Ti/C
ontent increased from 5 wt% to 15 wt% as a result of the higher
iquid content owing to the raised combustion temperature.

.3. Microstructure and synthesis mechanism for TiC
The microstructure of the synthesized NiAl/TiC composites
as observed using SEM, in back scatter mode, and is presented

n Fig. 6. In back scatter mode, the matrix phase, NiAl, appears
righter than the TiC phase. The distribution of TiC phase was
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NiAl without Ti/C addition, the hardness of 5 wt% Ti/C sample
increased by approximately 50%. For the 15 wt% Ti/C sample
the hardness increased to 526 ± 15 HV which is an increase of
62% on the non-Ti/C addition sample.
Fig. 7. Fracture surface of 5 wt% TiC and 15 wt%

eterogeneous. It was concentrated at the NiAl boundary which
ndicates that NiAl was synthesized before the formation of TiC.
uring the synthesis of TiC, the heat generated by the reac-

ion can further melt NiAl. Therefore, some TiC particles were
mbedded in NiAl. Further discussion for the formation mech-
nism is given in Section 3.6. Fig. 6 also shows that with the
ncrease of Ti/C content, pore sizes were reduced. The 15 wt%
i/C sample was almost fully densified. These results can be
xplained by studying the thermal history during synthesis. As
hown in Fig. 4, by increasing the content of Ti/C from 5 wt%
o 15 wt%, the peak temperature increased from 1950 to 2100 K
nd the time during which the temperature remained above the
elting point of NiAl (1911 K) increased from 3.5 s to 6.0 s.
he consequence was to increase the liquid content, reduce

he viscosity and provide a longer time for liquid flow. These
oint effects contributed to the densification of the synthesized
roducts.

By comparing the morphologies of TiC particles and the
aw materials together with the temperature monitoring results
Fig. 4), the synthesis mechanism of TiC by combustion can
e derived. The average particle size of TiC, as shown in
igs. 6 and 7, was less than 1 �m, which is close to the par-

icle size of carbon powder (average 1 �m) but is much smaller
han the particle size of Ti (48 �m). In addition, the fracture sur-
aces of the 5 wt% and 15 wt% TiC sample in Fig. 7 show that
iC particles were not only distributed at the NiAl boundary, but
lso embedded within the NiAl grains, which indicates that NiAl
s in liquid state when TiC is formed. The temperature monitor-
ng results (Fig. 4) show that as the Ti/C content increases the
emperature rises to above the melting point of Ti (1941 K). In
ddition there is a decrease in the heating rate near to the melting
emperature of Ti which indicates that the heat produced by the
i/Al reaction was absorbed by the melting of Ti. At the turning
oint, the temperature continued to rise owing to the combustion
eaction of Ti + C. Based on this analysis, the liquid synthesis
echanism should be the dominant synthesis route for TiC for-
ation. The crystal morphology of each TiC particle was regular

ubic and the size was increased slightly when the Ti/C content

as increased. However, the temperature duration near to the
elting temperature of Ti is very short (less than 1 s) which pre-

ented the growth of TiC particles. As a result, the particle size
f TiC formed in this process was less than 1 �m.
specimen. Both were taken from TiC rich area.

The fracture surfaces shown in Fig. 7 were taken from a TiC
ich areas to show the fracture behaviour and the morphology
f TiC particles. In the 5 wt% Ti/C sample, the dominant frac-
ure mechanism was NiAl transgranular fracture. Because of its
verage sub-micron particle size, the TiC obstructed the fracture
ropagation. In the 15 wt% Ti/C specimen, although the NiAl
ransgranular fracture was the main fracture mechanism, cracks
long the TiC boundary were also observed. This result suggests
hat, with increased TiC content, the hardness of the compos-
tes should rise, however, continued addition of TiC may result
n reduced ductility. The results also show a tendency for TiC
article size increase as its content increased, which is a direct
esult of combustion temperature as shown in Fig. 4.

Micro-hardness testing was conducted on the samples, and
he results are given in Fig. 8. There is an obvious ten-
ency that the increase of TiC content elevated the hardness
f the synthesized NiAl/TiC composite since the hardness of
iAl synthesized under the same experimental conditions was

pproximately 324 HV which is much lower than that of TiC
about 3000 HV). Due to the non-homogeneous distribution of
iC phase, the hardness of 5 wt% Ti/C and 10 wt% Ti/C sam-
les fluctuated between slightly fluctuant, namely 459 ± 37 HV
nd 511 ± 29 HV, respectively. Compared with the value of
Fig. 8. Micro-hardness of NiAl/TiC composites.
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Fig. 9. Thermal images of two-layer sample during combustion reaction.

Fig. 11. Microstructure of two-layer product: (a) two-layer product; (b) TiC ric
Fig. 10. XRD pattern of two-layer products.

h area; (c) NiAl rich area; (d) EDX at positions A and B as shown in (a).
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.4. Synthesis of two-layer composite

.4.1. Combustion reaction
The research work described in Section 3.1 has shown that the

ombustion reaction of Ti + C ignited by the reaction of Ni + Al
nd TiC can be synthesized to form a NiAl/TiC composite pro-
ided that the content of TiC is limited to 15 wt% with this
gnition setting. To produce composites with a higher TiC con-
ent, a compressed Ti/C disc was placed on top of a compressed
i/Al disc and then heated using the induction heating described

n Section 2.
A preliminary test showed that the Ti/C mixture was insuffi-

iently heated through induction heating indicating that, in the
wo-layer case, the upper layer receives heat from Ni + Al layer.
ince the combustion temperature of Ti + C is extremely high
3210 K), and the reaction rate is very rapid, it was difficult
o accurately record the combustion temperature. As a result,
emperature monitoring using the thermal image technique was
nly conducted at the heating stage for the two-layer synthesis.
he results are given in Fig. 9. Unlike the mixed pellet reaction

n Fig. 5, there were two combustion propagations in the two-
ayer product synthesis. Starting from 0 s the first combustion
ropagated from left to right and completed after 0.10 s, this
as followed by the onset of the second propagation at 0.12 s.
he second combustion propagated in the same direction as the
rst and completed at 0.16 s. The thermal images also indicated

hat the second combustion temperature was much higher than
he first one. Since the thermal image was taken on the surface
f Ti/C compact, the temperature on the Ni/Al could not be
ecorded.

The test showed that combustion reaction was successfully
erformed as expected. The combustion reaction of Ti + C
as ignited by the combustion of Ni + Al. The synthesized
roduct was cut through the centre and the cross-section was
xamined using XRD. Fig. 10 shows the XRD pattern of the
wo-layer product. It shows that TiC and NiAl were success-
ully synthesized and no raw materials remained in the final
roduct.

.4.2. Microstructure
Fig. 11a shows the back scatter microstructure of the two-

ayer product. The upper layer comprised the Ti + C pellet and
he base layer the Ni + Al mixture. The interface between the
wo layers was dense and no pores were observed. Both layers
ontain bright and dark areas, suggesting that there was a mixing
etween the two layers during the combustion reactions. Fig. 11b
nd c shows the microstructure of the upper and base layers,
espectively. EDX analysis (Fig. 11d) shows the brighter area
as Ni/Al and dark area contained Ti/C and Ni/Al, strengthening

he conclusion. The mixing between NiAl and TiC was clearly
ue to the melting of Al, Ni, NiAl and Ti since the combustion

emperature of Ni/Al is higher than the melting temperature of
l and Ni and combustion temperature of the second reaction

Ti/C) was much higher than the melting temperature of NiAl
nd Ti.

F
a
t
t

ramic Society 30 (2010) 2781–2790

.5. Thermal dynamics analysis for the NiAl/TiC system

The temperature monitoring results given in Fig. 4 show
he reaction temperature for the NiAl/TiC system is a function
f Ti/C content. This function can be determined via thermo
ynamic calculation. In the experiment, the X-ray spectra results
howed the synthesis was complete and all the raw materials
ere fully consumed. The products contained only two com-
ounds NiAl and TiC. Therefore, the reactions can be simplified
s (data reference14,15):

i + Al → NiAl + 118.5 kJ

i + C → TiC + 183.8 kJ

In addition, the reaction velocity was fast (<0.2 s), which
mplies that the reactions can be treated as adiabatic. From
nergy conservation, the enthalpy change for the heating and
ombustion reaction can be described as:

i

niH(Ri) =
∑

j

mjH(Pj) (2)

here Ri, Pj refer to the appropriate reactants and products,
espectively, and ni, mj are the stoichiometric coefficients of
he reactants and products. In this study, prior to combustion,
he whole compacted sample was heated by induction heating
o different temperatures, thus the preheating energy should be
dded into the calculation. The preheating temperature (temper-
ture before ignition) varies with composition and is not uniform
ue to the nature of induction heating. To simplify the calcu-
ation, a uniform temperature was used since the calculation is
nly to demonstrate the effect of Ti/C contents. To sum up, three
ssumptions were applied to estimate the maximum combustion
emperature Tad, as listed below:

All of the raw materials were consumed and the products
contain NiAl and TiC only;
the combustion reaction was adiabatic;
all pellets were preheated uniformly prior to ignition.

The same method as described by Munir et al.5 was used to
alculate Tad using the data given in Table 2. At 1911 K, the
olid to liquid phase transition for NiAl will start and the phase
ransition enthalpy is 57.6 kJ/mole. Based on the literature,16 in
he temperature range 1000–3290 K, the heat enthalpy of TiC
an be described as:

TiC(solid) = 43.27T + 4.54446T 2

2
+ 2.0214T 3

3

−0.0203272T 4

4
− 1.701881

T
+ 184.0960 (3)

here T = temperature (K)/1000.
The combustion temperature can be calculated using Eq. (2).
ig. 12 shows the calculated Tad as a function of Ti/C content
nd preheating conditions. Since there is no reliable data for
he thermal properties of liquid NiAl above 1911 K, Eq. (3) for
he solid state was used to continue the calculation (Table 2).
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ig. 12. Calculated combustion temperature as a function of Ti/C content and
reheating temperature.

he curves above 1911 K are presented in the figure using a
ashed line. The results show that the preheating has a signifi-
ant effect on Tad, when the addition of Ti/C is below 18 wt%.
ithout preheating, the combustion temperature of all the mix-

ures remained at 1911 K until the Ti/C content was increased to
pproximately 18 wt% since below this weight fraction NiAl
ill not fully melt. With preheating to 500 K, the minimum

equirement to fully melt NiAl is reduced to 13 wt% Ti/C. Above
his weight fraction Tad will increase linearly with Ti/C content.
f the preheating temperature was increased to 700 K, the mini-
um requirement for Ti/C to fully melt NiAl was further reduced

o 6.5 wt%, which, in turn, could be further reduced to 0.9 wt%
hen preheated to 800 K. The test results in Fig. 4 show all
ellets were heated to above 700 K prior to ignition, therefore
he reaction product NiAl should be fully melted in the samples
ith 10 wt% and 15 wt% Ti/C and the combustion temperature

hould be higher than 1911 K. This calculated result correlates
ell to the measured temperatures given in Fig. 4.

.6. Reaction mechanism of the combustion synthesis

The intrinsically fast reaction velocity and elevated temper-
ture of the combustion synthesis limited the investigation on
he reaction mechanism. Previously, time-resolved XRD tech-
iques and “Quench” methods have been used to analyze the

ynthesis process. In the literature,8 the author utilized a time-
esolved XRD to investigate the combustion reaction for the
i/Al/Ti/C system. The XRD pattern showed that the disappear-

nce of elements started from Al, as it has the lowest melting

l
s
s
f

able 2
hermal properties of Al and Ni element (data reference14).

lement Phase Temperature of
transition (K)

Heat of transition
(kcal/g mole)

l Solid 931.7 2.57
Liquid 2600 67.9

I Solid � 626 0.092
Solid � 1728 4.21

i Solid � 1155 0.950
Solid – –
ramic Society 30 (2010) 2781–2790 2789

oint, followed by Ni, Ti and finally C. On the other hand, for the
ynthesized product the author claimed the TiC appeared simul-
aneously with the melting of Ti whereas the NiAl emerged in a
ater stage.

For the combustion synthesis of TiC, Khina et al.17 developed
diffusion control model (a “solid–solid–liquid” mechanism),
hich involves reaction kinetics and thermodynamics. The
odel was validated by structural analysis. However, the authors

oncluded that the model was not applicable for the synthesis of
iC. Instead they proposed a “solid–liquid” mechanism, which
uggests that the formation of TiC starts at the dissolution of car-
on into liquid titanium and is followed by the precipitation of
iC grains. This deduction is in good agreement with the results
resented in the literature,8 TiC occurs when Ti is melted.

The time-resolved XRD tests in the literature8 presented the
vidence that TiC appeared at 1.4 s while NiAl emerged at 4.2 s,
hus the author concluded NiAl formation was slower than that
f TiC. This conclusion is questionable because it ignored the
imitation of the XRD technique that it can only detect crystalline
hases. The later appearance of NiAl in XRD pattern may be
wing to a solidification period after combustion. As shown in
ig. 12, the combustion temperature will exceed the melting
oint of NiAl when Ti/C content is over 18 wt% even without
reheating. In the literature8 the raw materials were mixed in
ole ratio 1:1:1:1, equal to 41.14 wt% of Ti/C. With this amount

f Ti/C the reaction temperature was certainly higher than the
elting point of NiAl, regardless of the missing details of igni-

ion system in the literature.8 The fabricated NiAl would be fully
elted and the liquid NiAl phase could not be detected by XRD

ill the sample’s temperature cooled down to its crystallization
oint. Hence the later appearance of NiAl in XRD tests is not
ufficient to determine the reaction sequence.

In the experimental work for the two-layer NiAl/TiC com-
osite, two propagations were detected by the thermal images as
hown in Fig. 9. As previously stated, the Ti/C layer cannot be
dequately heated via induction heating so it may be concluded
hat the first combustion is the synthesis reaction of NiAl. The
ombustion temperature after the second reaction was above
300 K, which corresponds to the synthesis of TiC. Owing to
he melting of NiAl and heat loss to the environment through
onduction and radiation, the temperature detected was much

ower than the theoretical temperature for the adiabatic synthe-
is of TiC. The microstructure in Fig. 11 suggests that the product
ynthesized was a mutual infiltration of NiAl and TiC. The inter-
ace of the two layers was dense and no pores were observed.

a (cal/g mole) b (cal/g mole) c (cal/g mole) d (cal/g mole)

4.94 2.96 – –
7.0 – – –

4.06 7.04 – –
6 1.8 – –

5.25 2.52 – –
4.10 1.02 – −2.10
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his is because NiAl had melted at the boundary and spread into
he Ti/C layer during the formation of TiC. As shown in Fig. 12,
he heat generated by the formation of TiC should be able to pro-
ide sufficient heat to fully melt the synthesized NiAl. Hence the
eaction sequence may be stated as: Ni/Al mixture was heated
y induction heating and ignited; the released energy melted Ti
nd then initialized the combustion reaction of Ti/C, which is
ccompanied by the melting and flow of NiAl. The melting of
i leads to the formation of fine TiC grains whereas the melting
nd flow of NiAl results in fully densified TiC/NiAl composites.

. Conclusion

A new ignition process for the synthesis of TiC was developed
n this study. The combustion reaction was ignited using a high
requency induction heater. High density, multi-layer TiC–NiAl
omposites were produced using this method. The results show:

a) With addition of Ti/C 1:1 weight percentage 5 wt%, 10 wt%
and 15 wt%, the reaction products were pure NiAl and TiC.

b) To ignite the combustion reaction by induction heating for
the Ni/Al + Ti/C system, there is a limit for the content
of Ti/C above which the ignition will not start. The peak
temperature during reaction increases with increasing Ti/C
content.

c) NiAl can be fully melted in the NiAl/TiC composites during
combustion reaction. As a result, fully densified NiAl/TiC
composites can be produced. The hardness of synthesized
NiAl can be significantly improved by the addition of Ti/C.

d) The microstructure analysis, temperature measurements and
comparison with the literature suggest the formation of TiC
follows a liquid synthesis mechanism. The TiC was formed
after the melting of Ti, so that nanostructured TiC can be
produced.

e) The reaction sequence for the Ni/Al/Ti/C system can be
stated as: Ni/Al mixture was heated by induction heating

which ignited its combustion; the energy released melted Ti
and initialized the combustion reaction of Ti/C which lead
to the formation of TiC and it is accompanied by the melting
of NiAl.
ramic Society 30 (2010) 2781–2790
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