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Abstract

Intermetallic-ceramic composites formed by the self-propagation high-temperature synthesis
(SHS) process have attracted much interest in research development since they offer low-cost
production and mechanical properties that have characteristically high performance. The
objective of this work was to study the effect of reactant compositions on the combustion
behaviour, microstructure and mechanical properties of the synthesized product of NiAI-TiC—
Al,03 composite. The reaction mechanism of the synthesized products was discussed based
on the observations of the combustion reaction and the microstructure characterization. The
results provided information on the relationship between the reactant composition,
microstructure and the properties of the products of NiAl-TiC—Al,03 composites formed by

the SHS process.
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1. Introduction

NiAl has been attractive as a potential candidate for high-temperature applications
due to its advantages such as high strength, low density, high melting temperature, and good
oxidation and corrosion resistance [1]. However, the application of single phase NiAl for
structural materials is still limited due to its lack of ductility at room temperature and
insufficient strength at high temperature. Inspired by the strengthening of master alloy [2],
many efforts have been made to balance NiAl properties such as using grain refinement to
improve its ductility at room temperature, and alloying or compositing for strengthening
when used in high-temperature applications.

Several studies for compositing NiAl were carried out using the addition of ceramics
such as carbide [3], boride [4], nitride [5], and oxide [6], or a single metal [7]. A study for
strengthening NiAl-Al;0s composites by grain refinement was carried out using mechano-
synthesis in ball milling. The crystal structure of synthesized NiAl and Al,03; was measured in
nanometer size of around 11-19 nm after 10 hours milling time, and 8 nm after being milled
for 60 hours [8]. TiB,—NiAl composites were synthesized by arch melting to study the
strengthening effect of TiB; dispersion in the NiAl matrix. Introduction of the rare earth
element Ce resulted in the refined grain size of TiB; [9]. An investigation on TiC-TiB—NiAl
composites reveals that the grain size of the synthesized products was reduced by increasing
the NiAl content [10]. A study on TiB>—Al,Os—NiAl composites synthesized by the SHS process
indicates that the higher content of TiB>—Al2Os produced more regular shapes and

homogenous distributions of TiB,—Al,Os particles in the NiAl matrix [11]. A study to improve



the tensile properties of NiAl at room and high temperature was conducted by alloying using
the strengthening mechanism for the Fe—Ni—AI-Cr heat resistant steels with the addition of
Mo. It was reported that the tensile properties and deformation of NiAl at room temperatures
were strongly dependent on the precipitate of NiAl. The alloy with optimum Mo content can
exhibit high strength at high temperature until 923 K [7]. NiAl/WC composites were produced
by thermal explosion reactions to study the tribological properties of the system at high
temperature. The results showed that the lowest friction coefficient and wear rate can be
achieved by adding 30 wt.% WC [12]. The fabrications of ceramic composites of NiAl
reinforced by TiB,/TiC and TiB>/TiN using the SHS process were conducted by C.L. Yeah et al.
Decreasing the NiAl from 70 to 40 mol% in the composite systems, the fracture toughness of
the composite with TiB,/TiC additions was improved from 4.2 to 5.8 MPa m%/2, and in the
range of 3.86-5.5 MPa m¥2 for the composite with TiB; and TiN reinforcements [13].
TiC/Nis(Al,Ti)-NiAl composites were synthesized by reactive hot pressing. TiC grains adhered
well to the Nis(Al,Ti)-NiAl alloys because TisAlC, materials tend to be out-diffused. The
composites exhibit superior mechanical properties at 1500 °C because of the elimination of
pores. Flexural strength and fracture toughness at room temperature and high temperature
were measured, and reached the greatest values at 800 °C [14].

Among the ceramic materials, TiC has attracted much interest as a reinforcement
candidate for NiAl since it offers great advantages such as high hardness, high melting
temperature, and high corrosion and wear resistance [15]. It has been reported that the
combination of high hardness and excellent stability of TiC at high temperature, together with
the strong atomic bonds of NiAl produces composites with an excellent wear resistance at
room and high temperature [3]. An alumina ceramic system with TiC—Al,03 has been reported

to improve the fracture toughness of individual ceramic materials, either TiC or Al,03[16]. L.Y.



Sheng et al. [17] fabricated NiAlI-TiC composite with dispersed Al,O3 oxides to form NiAl-TiC—
Al,03 composite using the SHS process and hot extrusion technique. It was reported that
NiAI-TiC-Al,O3 composite possess better mechanical properties at room temperature due to
a fine microstructure and pre-deformation caused by the hot extrusion.

During the last six decades, the SHS process has attracted a special interest to
synthesize refractory and hard materials such as intermetallic, ceramic and composite. When
compared with conventional methods, the SHS process has many advantages such as a
shorter processing time and a lower energy consumption [18]. In an SHS process, the reactant
powders are compacted and subsequently ignited to initiate the combustion processin a high
exothermic reaction. The heat released by the reaction of the front layer then propagates and
heats up the adjacent layers to the ignition temperature of the SHS process until a part or the
whole reactant is transformed into product. The ignition of the SHS process has also
developed using many different techniques, with non-contact methods such as laser and
microwave [19]. Recent studies showed that induction heating offers significant advantages
as a clean and efficient external heat source for use in combustion synthesis, owing to its
rapid heating characteristics. Induction heating was successfully used to ignite the
combustion synthesis of NiAl/Al>O3[6] and NiAl/TiC [3].

Although the SHS process offers significant advantages for the synthesis of NiAl and
NiAl based composites, the high porosity of the synthesized products is still problematic [20].
The material synthesized using the SHS process is often associated with a high level of
porosity, which can lead to only 50% of the theoretical density being achieved [21]. The
application of a porous product affects the oxidation resistance of coatings and therefore
cannot be tolerated since it can permit the infiltration of gas from outside to the base metal

to create an oxidation reaction. The porosity, however, is beneficial for some applications



such as biomaterials [22], ceramic foams [23], and a large number of filtration applications
[24]. Understanding the pore structure and its formation in synthesized product therefore
becomes one of the main challenges to produce a desirable product. It is worth mentioning
that the research on the SHS process of NiAl-TiC-Al,03 composite using induction heating
was very limited. LY. Sheng et al. [17] conducted the investigation of NiAlI-TiC-Al,03
composite from Ni, Al, Ti, C and TiO2 using the SHS process with hot extrusion, where the
punch used to extrude the reactant was heated using induction heating. However, the
combustion temperature of the SHS process was not monitored due to the limitations of the
experimental set up. It has been realised that a study of the combustion behaviour could
provide direct information to understand the reaction mechanism, which will help to control
the microstructure and improve the mechanical properties of the synthesized product [6].
The objective of this work was to fabricate NiAl-TiC-Al,O3 composite using Ni, Al, C
and TiO; as the raw materials, by using the SHS process and induction heating as the ignition
source. The research was focused on investigating the effect of reactant compositions on the
combustion behaviour, microstructure, and mechanical properties of the synthesized
products. In this work, TiO, were used to produce TiC since it is a low cost material and has
relatively high surface area to mass ratio owing to its fine particle size, compared to Ti powder
[25]. The method used to produce PAN-based CNF by Wu et al. reported in Ref. [26] may be
used as competitor to produce TiC as reported by Ref. [27]. However, this technique does not
offer the advantage of the SHS process described in the present work which is able to promote
the development of the optimum structure of the NiAl-TiC—AlO3 composites with less energy

requirement.

2. Material and methods



The powders used for the reactants in the SHS process were Ni carbonyl type-123 (4.5
um, 99.85%), Al (45 um, 99.7%), and C (1 um, 99.9%) supplied by William Rowland UK. The
TiO2 (0.3 um, 93-96%) used in this investigation was manufactured by Huntsman Tioxide UK.
The SEM micrographs of reactant powders are shown in Fig. 1. The reactants were prepared
by mixing two stoichiometric compositions of (1-x)(Ni + Al) and x(3TiO + 4Al + 3C), where x is
0, 10, 20, 30 and 40 wt.%. The composition of reactant was determined since the reactions
were expected to occur according to Eq. (1) and Eq. (2).

Ni + Al - NiAl (1)

3TiO2 + 4Al + 3C - 3TiC + 2Al,03 (2)

The starting materials were dry mixed using a ceramic mortar for approximately 30
minutes and dried in a carbolite furnace at about 100 °C for 1 hour to remove any moisture
contents. The powder mixture was weighed to produce 2 grams for each reactant and
subsequently cold compacted using a pressure of 200 MPa to form a pellet with a size of 16
mm in diameter. The resulting height of the pellet after compaction was approximately 3.3
mm. The SHS processes of the reactants were performed inside a glove box with an
atmosphere of argon with a gas flow rate of 15 I/min and a pressure of 13.8 MPa. Induction
heating was used to initiate the combustion reaction using an electric current of 300 A for all
processes, which is the highest available current of the equipment and provided the fastest
heating rate. When the SHS process started, the induction heating was turned off after
approximately 1 second. The ignition of the SHS process can be seen from the white glow of
the burnt sample accompanied by a sudden increase of the combustion temperature. The
combustion temperature was measured using a pyrometer with a temperature range of 540—
3000 °C and a response time of 2 ms. The data were recorded using a computer equipped

with Raytek DataTemp Multidrop software. The emissivity of all samples was assumed to be



0.82, which is similar to the emissivity of NiAl as the major content in the mixture. The
accuracy of the measurement at the temperature below 1100 °C was calibrated with a type K
thermocouple. A scanning electron microscope equipped with EDX analysis was used to
observe the microstructure of the synthesized products, while the phase identification was
carried out using XRD operated at 40 kV/200 mA with a scanning step of 0.02 deg and a
scanning rate of 4 deg./min. Prior to the SEM and XRD tests, the samples were polished and
etched using a standard procedure as mentioned in Ref. [28]. The mechanical property of the
synthesized products was evaluated using a Vickers microhardness indentation under a load

of 0.1 N for 15 seconds.







Fig. 1 Back Scattered Electron (BSE) images of reactant powders: (a) Al; (b) Ni; (c) C; and
(d) TiO2

3. Results
3.1. Phases of the synthesized products

Fig. 2(a—e) show the XRD patterns of the synthesized products prepared by (1-x)Ni/Al
+ (x)3TiO2/4Al/3C with x = 0, 10, 20, 30 and 40 wt.%, respectively. It can be observed in all
samples that no XRD peaks of the original reactants can be found indicating that the SHS
processes were completed. In Fig. 2(a), the XRD peaks confirm that the reaction product is
pure NiAl. In Fig. 2(b-e), the phase compositions of the synthesized products mainly contain
the composite systems of NiAl, TiC, and Al,Os, except Fig. 2(d) which includes the appearance
of NisAl; phase. In Fig. 2(b, c, and e), there are only three phases in the synthesized products
which consist of NiAl, TiC, and Al,0s. This demonstrates that the initial reactants have been

transformed thoroughly to the expected products. In Fig. 2(d), a small amount of NisAls phase



was found in the final product. According to the phase diagram of Ni—Al system [20], the

formation of intermediate phase NisAls can be formed during cooling below ~700 °C.
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Fig. 2 X-rays diffraction patterns of the synthesized products prepared by (1-x)(Ni/Al) +

x(3TiO2/4Al1/3C) with x: (a) 0; (b) 10; (c) 20; (d) 30; and (e) 40 wt.%

3.2. Combustion temperature

Fig. 3 shows the temperature profiles for the SHS reactions of the samples which are
composed of (1-x)Ni/Al + (x)3TiO2/4Al/3C with x equals to 10, 20, 30, and 40 wt.%. Since the
temperature measurement was only recorded using a pyrometer, the combustion
temperature could only be monitored starting from 813 K (540 °C) which is the lowest value
of the temperature range of the pyrometer. As can be seen in Fig. 3, all the samples produce
a temperature profile with a similar trend showing a typical combustion temperature of the

SHS process which consists of initial heating, combustion, and solidification [3][6][28]. The



ignition temperature, maximum combustion temperature and plateau are shown in Fig. 3.
The first stage showing a peak temperature of the combustion zone may be attributed to the
exothermic reactions ofNi/Al followed by TiC—Al,03, and the second stage showing a plateau
may correspond to the solidification of NiAl. This assumption was taken based on the reason
that, in the first stage, Ni/Al was synthesized first and the heat released by the NiAl was
subsequently used to ignite the reaction of TiO2/Al/C to form TiC—Al,Os3 resulting in a
simultaneous temperature increase. The high combustion temperature of the TiO/Al/C
reaction then maintained the melting of the NiAl for a period of time before cooling down
rapidly after full solidification. As reported by Zhu et al. [29] and Rahbari et al. [30] that the
ignition temperature of the SHS reaction of NiAl and TiO,/Al/C are 833 K and 1144 K,
respectively.

The effect of reactant compositions on the combustion behaviour, particularly the
ignition temperature, maximum combustion temperature and the length of the plateau
observed in Fig. 3 is given in Table 1. The ignition temperatures are increased with an increase
of the TiO2/Al/C content. The ignition temperature of the samples with compositions of 0, 10,
20, 30, and 40 wt.% of TiO/Al/C can be identified at approximately 813.3 K, 852.6 K, 1005.3
K, 1039.6 K, and 1133.4 K, respectively. This indicates that the ignition can occur at a
temperature below the melting point of Al (933 K), as the lowest melting point in the system.
It is worth mentioning that in most SHS processes for NiAl, the reaction is initiated by the
melting of Al which subsequently spreads into the solid element to produce ignition [31].
However, it is possible for a lower ignition temperature to occur, as reported by Makino et al.
[32] which showed that the ignition of NiAl can be 200 K lower than the melting point of Al
depending on the size ratio and the mixture ratio. They reported that the reduction of the

ignition temperature can be achieved by increasing the particle surface area of the reactant.



As noted from literary sources, Ignition occurs if the heat released by a reaction is greater
than that lost to the atmosphere [15][20]. The increase of the ignition temperature caused by
increasing the content of TiO,/Al/C may be explained as follows: (1) Increasing the content of
TiO/Al/C will absorb more heat released by the NiAl reaction which results in the increase of
the heat required to initiate the exothermic reaction of the system (2) increasing the content
of TiO2/Al/C will reduce the thermal conductivity of the sample due to the addition of low
thermal conductivity material TiO,, and results in a slower reaction rate of Ni/Al and (3)
increasing the content of TiO2/Al/C will reduce the contact between Ni and Al.

As expected, an increase in the TiO2/Al/C content increased the maximum temperature
of the combustion process. In this investigation, the maximum combustion temperature is
referred to as the maximum point in the combustion temperature profiles, which is shown in
Fig. 3. As given in Table 1, the maximum combustion temperatures of the first reaction for
the samples with 0, 10, 20, 30 and 40 wt.% of TiO,/Al/C are approximately 1900 K, 1911 K,
2093 K, 2135 K, and 2208 K, respectively. This result suggests that the maximum combustion
temperature for all reactions are below the melting point of TiC (3210 K) [33] and Al,03 (2325
K) [34]. The increase in the combustion temperature can be attributed to the increase of the
amount of TiO2/Al/C particles since the reaction to produce TiC—Al,Osfrom TiO,/Al/C is more
exothermic. An increase in the TiO,/Al/C content, however, can reduce the thermal
conductivity of the reactant which can reduce the degree of completion of the SHS reaction,
lengthen the ignition time, or even stop the initiation of the reaction. As can be seen in Fig. 3,
the ignition time is significantly longer with an increase in the TiO2/Al/C content. This is
because a lower percentage of TiO,/Al/C content had a higher content of the liquid NiAl in
the synthesized product which, in-turn, increased the thermal conductivity of the reactant.

Consequently, the higher thermal conductivity of the reactants improved the speed of the



reaction. Where the content ofTiO,/Al/C is higher, the ignition time is longer due to the lower
thermal conductivity. In the sample with 10 wt.% of TiO,/Al/C, the maximum combustion
temperature is approximately 1911 K, which is the same as the adiabatic temperature or the
maximum temperature in the SHS process of Ni/Al. The re-melting of the reaction product
NiAl will absorb the heat released by the TiO2/Al/C reaction. As a consequence, the
combustion temperature was reduced. It can be observed that the subsequent increase in
the content of TiO,/Al/C from 10 to 40 wt.% significantly increases the maximum combustion
temperature from 1911K to 2208 K. The reason for this may be explained by the fact that
when the content of TiOy/Al/C in the preforms is increased, the heat released by the
exothermic reactions of TiO2/Al/C per unit volume of the preforms is also increased.

It can be observed that increasing the TiO2/Al/C content reduces the duration of the
plateau owing to the reduction in content of the low melting product, NiAl. It can also be seen
that the temperature of the plateau for the different reactant compositions is almost the
same at about 1890 K, which corresponds to the solidification temperature of NiAl. The small

variance from the melting temperature of NiAl at 1911 K may be due to measurement error.
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Fig. 3 Temperature profiles of the SHS process of Ni/Al with 10, 20, 30, and 40 wt.%

TiO2/Al/C

Table 1 Data of combustion temperature profile

Weight percentage (wt.%) of TiO2/Al/C

0 10 20 30 40
Ignition 813.1 8526 10053  1039.6  1133.4
temperature (K)
Maximum 1900 1911 2093 2135 2208
temperature (K)
Duration of
4.59 32 29 1.7 0.85
plateau (s)

3.3. Microstructure
In order to verify the existence of the phases in the synthesized products as observed by
XRD, the microstructural distribution of the phases was characterized by SEM techniques. Fig.

4(a-e) shows the typical back scattered electron (BSE) images of the synthesized products



prepared by (1-x)Ni/Al + x(3TiO2/4Al/3C) with x = 0, 10, 20, 30 and 40 wt.%, respectively. In
Fig. 4(a), the microstructure of synthesized product prepared using pure Ni/Al shows a bright
and homogeneous structure. In Fig. 4(b—e), the microstructure of the synthesized products
prepared by x = 10, 20, 30 and 40 wt.% TiO2/Al/C, respectively, shows that the synthesized
products are comprised of bright areas, dark particles, and grey zones. To provide more
detailed information about the shape and size of the phases, the enlarged images of the
microstructures of the synthesized products with 10 and 30 wt.% of TiO2/Al/C, respectively
are shown in Fig. 4(b) and (d). The element compositions of the bright, dark and grey areas as
described in Fig. 4(b) were further characterized using an EDX technique at positions of A, B,
and C. The normalized data for the atomic compositions of the elementsis given in Table 2.
The element compositions in the spot A show that the bright area is composed of Ni and Al
with a weight percentage of 71.37 and 30.92, respectively. Quantification on the atomic
fraction indicates that the atomic percentage of Ni and Al points to a composition of 50.93
and 47.99, respectively. This result is nearly close to an atomic ratio of 1 and 1, which confirms
that the bright phase is NiAl. The element compositions in the spot B show that the dark
particle is mainly composed of 62.36 wt.% Ti. In the theoretical calculation of the weight
percentage, the weight fraction of Ti and C in the stoichiometric TiC is 79.94 and 20.06,
respectively. It is apparent that the difference of Ti content between the results obtained by
calculation and through observation is significantly large, which can be attributed to the
presence of Ni and Al. This is because the resolution of the electron beam, which is 5 pm x 5
Mm x 5 pm, could not precisely detect the element composition in the particle marked by the
spot B, which has a grain size of approximately 1-2pum (shown in Fig. 4(b)). By referring to the
XRD results in Fig. 2, it is likely that a high content of Ti at spot B indicates the phase of TiC.

The high magnification figure showing the shape and average grain size of a TiC particle (1



um) given in Fig. 4(b) is very consistent with the previous result as reported by Zhu et al. [3]
who synthesized NiAl-TiC using induction heating, and other works [14][10]. However, the
TiC in Ref. [3] was obtained using Ti and C as the reactants, while the result from the present
study reveals that TiC can be synthesized with TiO,/Al/C. This therefore suggests that TiC can
be produced using low-cost material (TiO2). The formation of TiC with a fine grain size can be
attributed to the fast cooling during synthesis since there is insufficient time for the formed
crystals to grow [35]. The weight fraction of the spot C indicates that the grey area represents
a high content of Al and O. The atomic fraction of Al and O is 34.85 and 64.99, respectively.

By referring to the XRD in Fig. 2, the spot C indicates the formation of Al;0s.
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Fig. 4 Back Scattered Electron (BSE) images of NiAl-TiC—Al.O3; composites prepared by

Ni/Al with: (a) 0; (b) 10; (c) 20; (d) 30; and (e) 40 wt.% of TiO2/Al/C



Table 2 Chemical compositions in at.% of the spot A, B and C in Fig. 4(b)

Spectrum (0] Ne Al P Ti Ni Total
A 47.99 0.49 0.59 50.93 100
B 5.117 11.53 70.30 13.05 100
C 64.99 34.85 0.15 100

The SEM micrographs shown in Fig. 4(b-e) reveal that the synthesized product is a
composite with NiAl phase as the matrix and fine TiC particles as the dispersed phase.
However, the distribution of TiC particles is inhomogeneous and concentrated along the NiAl
grain boundary, which is in line with the results reported in Ref. [36]. In addition, Zhu et al.
[3] who investigated the combustion synthesis of NiAI-TiC prepared from elemental powders
showed that a high concentration of TiC appeared at the NiAl grain boundary illustrating that
NiAl is synthesized before TiC is formed. Further synthesis of TiC then melts the NiAl causing
some TiC to be embedded in the NiAl. In the case where there is a higher content of ceramic
addition, as shown in Fig. 4(b-e), TiC and Al,03 particles prefer to be segregated in the shell
of pores. This result is consistent with that obtained by L.Y. Sheng et al. [17] who investigated
the SHS process of NiAlI-TiC—Al,03; composite using hot extrusion. They reported that TiC and
Al,O3 particles mostly appeared in the surface of the cavity formed after the SHS reaction.
Comparing the product microstructures in Fig. 4(b) and (d), it can be seen that the morphology
of the phases is significantly affected by the TiO2/Al/C content. An increase of the TiO2/Al/C
content from 10 to 30 wt.% changes the shape and size of the TiC particles. The shape of the
TiC particles changes from rectangular/hexagonal/tetrahedron to spherical, in addition, the
size of the TiC particles is increased from about 1-2 micron to 2-3 micron. The increase of TiC
size can be attributed to its nucleation and growth after reaction since TiC has a higher melting

temperature than that of NiAl and Al;03.This finding is in close agreement with previous work



done by Hu [14]. In this work, however, the increase of the TiO,/Al/C contents also affects the
shape of Al,Ozaltering it from a cluster to a more distributed shape in the form of a line along
the NiAl matrix, which can be attributed to the self-diffusion of Al,O3 [11]. In particular, the
existence of liquid NiAl allows the Al,Os to rise to the surface due to its lower density [35].

It can also be seen in Fig. 4(a) that the microstructure of the pure NiAl is significantly
dense. An increase in the content of TiC-Al,Ozin the composite system, as shown in Fig. 4(b—
e), increases the porosity of the synthesized products. The highest density of the composites
can be found in the sample with 10 wt.% TiO,/Al/C. This result suggests that the presence of
a large amount of intermetallic phase NiAl in the composites can be used to improve the
density of the product. Increasing the content of TiO2/Al/C from 20 to 40 wt.% increased the
porosity of the synthesized products. A higher fraction of pores can be found in the higher
ceramic content. The reason for the increased porosity with an increase in the TiC-Al;03
content can be related to the temperature profile as shown in Fig. 3. It was shown that the
maximum combustion temperature for all reactions is above the melting point of NiAl and
below the melting point of TiC and Al,Os. This result indicates that the formed NiAl was in the
liquid state, while the TiC and Al,Os; formed during the reaction were in a solid state.
Therefore, an increase in the TiC and Al;Os content increases the presence of solid phases
and reduces the liquid content during the synthesis process in the composite resulting in a
higher porosity in the final products. As shown in Fig. 3, the amount of NiAl content was linked
with the length of the plateau in the profile of the combustion temperature. Considering that
a higher amount of NiAl could generate denser products, the existence of NiAl therefore not
only became the ignition agent for the SHS reaction of TiC—Al,O3 systems, but also served as
the diluents and binder. Besides pores, microcracks were also observed in the sample with a

high TiC-Al,Os content. The formation of cracks in the composite system produced by the SHS



process can be attributed to the intrinsic stress generated by the mismatch of thermal

expansion coefficients between the different phases during cooling [37].

3.4. Mechanical properties

The microhardness of the synthesized products prepared by Ni/Al with various
compositions of TiO2/Al/C is shown in Fig. 5. The addition of TiC-Al,O3 content on the NiAl
increases the hardness of the synthesized products. It is clearly shown in Fig. 5 that the
increase in microhardness of the synthesized products is proportional to the addition of
TiO2/Al/C (the synthesis of TiC and Al,03). A liniear equation to describe the increase of the
hardness (HV) as a function of the weight fraction of TiO2/Al/C (x) may be displayed as HV =
7.43x + 337, with 0.95 confidence level. The microstructure and phase analysis shown in
sections 3.1-3.3 suggest that an increase in the product microhardness can be attributed to
the higher volume fraction of TiC and Al,Os particles in the products. Fig. 6(a-e) shows the
typical photo micrograph of the Vickers indentation test conducted on the synthesized
product with 0, 10, 20, 30 and 40 wt.% TiO,/Al/C. Following examination of the indentation
in the sample no crack was observed, even when the indentation was made at the area with
a high concentration of ceramic particles. This indicates that a considerable improvement in
the hardness of synthesized products containing a high content of ceramic particles can be

achieved, without a reduction to their toughness.
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Fig. 6 Impressions of Vickers indentation in the samples with (a) 0, (b) 10, (c) 20, (d) 30 and

(e) 40 wt. %TiO2/Al/C

4. Discussion

The temperature profilesof Ni/Al and TiO2/Al/C reactions are essential to study the reaction mechanism
of the systems. Although the reactants were prepared with a stoichiometric ratio of Ni/Al and
3TiO2/4Al/3C with different weight percentages, they were subsequently mixed together into Ni-Al-
TiO2>—C systems. However, when the reactions are complete it is reasonable to assume that the synthesized
products will be composed of NiAl, TiC, and Al.O3 with different weight ratios. As described in Eq. (1)
and Eq. (2), during the synthesis reaction of Ni-Al-TiO2—C systems, it is assumed that two reactions will
occur: Ni + Al — NiAl and 3TiOz + 4Al + 3C — 2Al203 + 3TiC. The reaction in the Ni-Al-TiO2-C
systems may occur firstly by an increase in the temperature of the sample due to the heat supplied by
induction heating. Al is melted first as it has the lowest melting point compared to the other reactants
(Tmelt Al =934 K, Tmelt Ni = 1728 K) [31].The molten Al then encircles the Ni, C and TiO: particles.
Following the melting of the aluminium, it is initially more favourable for the exothermic reaction of
Ni/Al to occur. This is due to the ignition of Ni/Al reaction which can be initiated at or below the melting
point of Al [31][32]. In addition, Ni atoms are easier to preheat using induction heating due their high
magnetic permeability compared to C and TiO2. As suggested by Ping Zhu et al. [31], there are three
stages which occur in the combustion reaction of Ni/Al systems. The first stage is initiated after a third of
the aluminium is melted. The temperature will increase from the melting point of Al to the decomposition
of the intermediate phase NiAlsz at 854 °C (1127 K). In this period, the reaction mechanism is the
dissolution of solid Ni in the liquid Al. Other intermediate phases such as Ni2Als and NisAls can also be
formed at this stage. In the second stage, the reaction is still the dissolution of Ni in the liquid Al which
occurs from 854 °C to 1300 °C (1573 K). The third stage is dominated by the exothermic reaction of
Ni/Al. In this stage, the reaction rate is very high and the temperature increases sharply to achieve its
maximum value. After the Ni/Al reaction is complete, the heat released by the formation of NiAl becomes
the ignition agent to initiate further reactions in the TiO2/Al/C system to form TiC-Al.O3 phases.
According to Moore et al. [21] and Sharifi et al. [38], the SHS process of TiO2/Al/C systems involves two
reactions: the metallothermic reduction of the oxide (TiO2) to form an elemental Ti, and the reaction

between Ti and C to form TiC. These reactions are described in equations. (3) and (4). These are known



as thermite reactions as they are strongly exothermic and spontaneous. The heat of formation (AHy) for

different systems is given in

Table 3, where the negative signs indicate that the reactions are exothermic. Since the
combustion temperature of a TiO2/Al/C reaction is sufficiently high, the heat released by TiC—
Al>Os reactions can then maintain the synthesized NiAl in the liquid form causing TiC particles
to insert into the NiAl melt [3]. The addition of TiC and Al,03 contents into the NiAl increases
the combustion exothermicity of the systems. As given in Table 3, the reaction of TiC + Al,03
(AH = -1074.7 kJ/mol, Tad = 2325 K) is approximately nine times greater than the enthalpy
reaction of NiAl (AH = -118.4 kJ/mol, Tad = 1912 K). The thermodynamic calculation of

adiabatic temperature is given in

Reactions AHs (kJ/mol) Ref.
Ni + Al > NiAl -118.4 [34]
4Al + 3TiOz - 2Al,03 + 3Ti -521.2 [38]
Ti+C > TiC -184.5 [34]
3TiO; + 4Al + 3C = 3TiC + 2Al,03 -1074.7 [38]
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Fig. 7. An increased content of TiO,/Al/C increases the adiabatic temperature of the
systems starting from 12 at.% of TiO,/Al/C. The adiabatic temperature will level off at 2325 K
as the melting point of Al,Os. The addition of TiO2/Al/C content in the range of 12 and 30 at.%
with the reduced content of NiAl can then strengthen the exothermicity of the reaction, which
is in accordance with that as obtained by Yeh et al. [13].

4Al + 3TiO; > 2A1,0; + 3Ti (3)

Ti+C->TiC (4)

Table 3 Heat of formation at 298 K for different systems

Reactions AHs (kJ/mol) Ref.
Ni + Al > NiAl -118.4 [34]
4Al + 3TiOz - 2Al,03 + 3Ti -521.2 [38]
Ti+C->TiC -184.5 [34]
3TiOz + 4Al + 3C = 3TiC + 2Al,03 -1074.7 [38]
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Fig. 7 Effect of TiO2/Al/C additions on adiabatic temperature of NiAl/Al>Os/TiC reactions



5. Conclusions

The self-propagation high-temperature synthesis (SHS) process was successfully
used to produce NiAl-TiC—Al,O3 composites using Ni/Al with TiO,/Al/C as additives. The
profile of the combustion temperature demonstrates that two stages of reactions exist in the
SHS process, corresponding to the exothermic reaction of NiAl followed by TiO2/Al/C system
and the formation of NiAl and TiC-Al,Os. The addition of TiO2/Al/C contents into Ni/Al
increases the combustion exothermicity of the systems which increased the maximum
reaction temperature. As the content of TiO,/Al/C increases, the porosity of the synthesized
product is increased since their resulting products, TiC and Al,03 particles remain as solids
during the process. However, the higher content of the TiC and Al;0s in the composite system
improves the hardness of the synthesized product. Increasing the TiO2/Al/C content from 10
to 30 wt.% affects the shapes and distribution of Al,0zand TiC. The synthesized Al,03 changes
from fine cluster to needle like shaped particles distributed along the boundary of the NiAl
matrix. The size of the TiC particles increases from about 1-2 pm to 2-3 pm due to its
nucleation and growth after the reaction.
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