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Effect of NiAl content on phases and microstructures of
TiC—TiB,—NiAl composites fabricated by reaction synthesis
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Abstract: TiC—TiB,—NiAl composites were fabricated by self-propagating high temperature reaction synthesis(SHS) with Ti, B4C,
Ni and Al powders as raw materials. The effects of NiAl content on phase constituents and microstructures were investigated. The
results show that the reaction products are composed of TiB,, TiC and NiAl. The content of NiAl increases with the adding of Ni+Al
in green compacts. TiB,, TiC and NiAl grains present in different shapes in the matrix, TiB, being in hexagonal or rectangular shapes,
TiC in spherical shapes, and NiAl squeezed into the gaps of TiC and TiB, grains. With the increase of NiAl content, the grains of
TiC-TiB,—NiAl composites are refined, their density and compressive strength are improved, and the shapes of TiC grains become
spherical instead of irregular ones. Finally, the fracture mechanism of the composites transforms from intergranular fracture mode to
the compounded fracture mode of intergranular fracture and transgranular fracture.
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1 Introduction

TiC—TiB, composites possess a series of advantages
such as high hardness and melting point, preferable
electrical high wear and corrosion
resistance, fine impact resistance and high temperature
stability [1]. Hence, they are very promising
high-temperature structural ceramic materials which can
be applied as heat components [2], cutting tool material
and mold [3,4], protective cathodes for
Hall-Heroult cells [1] and gas thermal spraying material
[5].

So far, many methods about preparing TiC—TiB,
composites such as reaction sintering(RS) [6], spark
plasma sintering(SPS) [7,8], high-energy ball milling [9],
directional solidification [2] and combustion synthesis
[10,11], have Dbeen reported. Among them,
self-propagating high-temperature synthesis technology
(SHS) (i.e. combustion synthesis) has been regarded as
the most convenient one because of its high efficiency,
energy conservation, high quality products, and simply
experimental equipment.

However, the higher brittleness of the TiC-TiB,

conductivity,

armor,

composites limits their application. In addition, because
of the high melting point, high covalent bond
coordination and the low self-diffusion coefficient of
TiC-TiB,, it is difficult to obtain the dense materials
[12,13]. In order to improve their density and toughness,
many researchers proposed to add metal, ceramic or
intermetallics into TiC—TiB,[14—17]. By adding Ni/Mo
into TiC-TiB,, the TiC and TiB, particles showed
equiaxed and prismatic morphologies respectively and
distributed uniformly, and also the hardness and fracture
toughness of the composites were improved significantly
[14]. ZHU et al [17] prepared TiC—TiB,/Cu composites.
The morphology and the size of TiC and TiB, particles
changed with the addition of Cu. With the increase of Cu
content, TiB, changed from long strips to short rods and
the aspect ratio decreased gradually. The morphology of
TiC grains became regular and closed to torispherical or
spherical in shapes. The sizes of TiC and TiB, particles
decreased from 5—8 pm to 1-3 pm.

NiAl compounds that belonging to long range order
intermetallics possess the advantages of high melting
point, low density, good oxidation resistance and heat
conduction performance, and can be widely used as
high temperature structure material and coating material
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[18,19]. Many reports involved the fabrication of NiAl
intermetallics and their composites, such as porous NiAl
intermetallics with pressureless sintering reaction [20,21],
NiAI-TiC—Al,O; composites by vacuum sintering [22]
and high energy ball milling [23]. In particular, many
researchers focused on SHS method by which NiAl [24],
NiAl-Al,O;5 [25], TiC—-NiAl [26], (TiB,~ALO3)/NiAl
[27] and ZrB,/TiB,—NiAl [28] have been obtained.

Based on the above analysis, adding NiAl
intermetallics into TiC—TiB, to synthetize TiC—TiB,—
NiAl composites could be a prospective way to improve
the properties. Up to now, few reports about
TiC—TiB,—NiAl composites and their microstructures
have been publicated. In the present work,
TiC-TiB,—NiAl composites are prepared by SHS with Ti,
B,C, Ni and Al as raw materials, and the effects of NiAl
content are phase  constitutions,
microstructure morphologies, compressive strength and
fracture mode of the products.

analyzed on

2 Thermodynamic calculation of TiC—TiB,—
NiAl

In this experiment, Ti, B4C, Ni and Al powders
were used as raw powders to produce TiC—TiB,—NiAl
composites by SHS, and the phase composition in the
products could be changed by varying the mole ratio of
the reactants. But the mole ratios of Ti to B4C and Ni to
Al are fixed to 3:1 and 1:1 respectively. During the
synthesis process, the possible comprehensive reaction in
the mixture may act as the following expression:

3Ti+B,C+X(Ni+Al)—> TiC+2TiB,+xNiAl

where X represents the mole ratio of NiAl (x=0, 1, 2 and
3). The possible sole reactions are as follows:

3/4Ti+1/4B,C—> 1/ATiC+1/2TiB, (1)
5/6Ti+1/6B,C—>1/6TiC+4/6TiB )
1/2Ni+1/2A1—>1/2NiAl 3)
3/4Ni+1/4A1—>1/4Ni;Al (4)
1/2Ti+1/2A1—>1/2TiAl 5)
1/4Ti+3/4A1—> 1/4TiAl, (6)
1/2Ni+1/2Ti—> 1/2NiTi (7)
3/4Ni+1/4Ti—> 1/4Ni;Ti (8)

According to the thermodynamics data and
calculation formula [29], the standard mole enthalpies
and Gibbs free energy of a Ti—B4C—Ni—Al system
calculated in this study are shown in Fig. 1. Figure 1(a)
indicates that reactions (1)—(8) are thermodynamically
feasible (AG<0), and Fig. 1(b) indicates that all reactions
are exothermic (AH<O0). In comparison of reactions from
(1) to (8) comprehensively, reactions (1), (2) and (3)

have the thermo-dynamical priority. Compared reaction
(1) with (2) which maybe occur in Ti—B4C, the
thermodynamic feasibility of reaction (1) is much larger
than reaction (2). Thus, the Ti—-B,C—Ni—Al system may
react along the paths of reactions (1) and (3), and their
final products would be composed of TiC, TiB, and NiAl
as expected.
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Fig. 1 Change of standard Gibbs free energy (a) and standard
molar enthalpy (b) in possible reactions of Ti—B4C—Ni—Al
system at different temperatures

Table 1 shows the calculated T,4 in different groups.
The T,q values of all the groups are higher than 1800 K,
indicating that all the mentioned reactions could
spontaneously maintain once ignited [30], namely, the
SHS in the mixture could occur.

Table 1 T4 of Ti—-B,C—Ni—Al system with different contents of

Ni-Al
Group 3Ti+  3Ti+B,C+  3Ti+B,C+  3Ti+B,C+
B.C  I(Ni+Al) 2(Ni+Al) 3(Ni+Al)
T./K 3193 3193 2972 2769

3 Experimental

The raw powders of Ti, B4C and Ni, Al and their
specifications are shown in Table 2. After being weighed,
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the powders were mixed for 1 h in a three-dimensional
mixing machine to ensure their homogeneity. Then the
mixtures were put into a home-made mold to shape the
samples into cylinders of about d20 mmx20 mm at a
pressure of 170 MPa. The compacts were preheated at
300 °C for about 30 min in a drying oven, and then taken
out, ignited with a live tungsten wire ring to initiate the
SHS reaction.

Table 2 Specification and origin of raw powders

Powder Purity/% Size/um Origin

Enterprise group

Ti 99 38-50 .
chemical reagent Co., Ltd
Forward boron
B4,C 99 7-10 .
carbide eases Co., Ltd
Ni 99.5 18 E.nterprise group
chemical reagent Co., Ltd
Al 995 50-75 Enterprise group

chemical reagent Co., Ltd

The compressive strengths of the samples were
measured by an electronic universal testing machine
(Model WDW3100) and their relative densities were
tested by the Archimedes drainage method. Part of the
pieces were ground into powders to undergo phase
constitution analysis by an X-ray diffraction instrument
(XRD, model D/Max 2500PC Rigaku, Japan). The
morphologies of the fracture and microstructure were
observed by scanning electron microscopy (SEM, Model
KYKY2800B). The polished surface of the specimen
was subjected to electron probe microanalysis (EPMA,
model JXA—-8230) to analyze the microstructure and
element distribution.

4 Results

4.1 Phase analysis

Figure 2 shows the XRD results of the products.
The reaction products consist of only TiC and TiB,
phases in the Ti—B4C system with no Ni+Al, without Ti,
B4C or intermediate phases such as TiB. When adding
Ni+Al into Ti—B,4C system, NiAl phases emerge besides
the TiC and TiB, phases, while other compounds such as
NizAl, TiAl and NiTi phases do not exist in the
productions. With the increase of Ni+Al content, the
relative intensity of the NiAl diffraction peaks increase
apparently, but the phase components keep the same as
TiC, TiB, and NiAl, which corresponds with the
thermodynamic calculation.

4.2 Microstructure analysis

Figure 3 shows the microstructure of the products. A
number of pores exist in TiC—TiB, composites and the
relative density is about 60% (see Fig. 3(a)). After the
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Fig. 2 XRD patterns of products with different contents of
Ni+Al in 3Ti+B4,C system: (a) 3Ti+B4C; (b) 3Ti+B4C+
1(Ni+Al); (¢) 3Ti+B,C+2(Ni+Al); (d) 3Ti+B,C+3(Ni+Al)

addition of NiAl, the number of the pores decreases and
the density is improved significantly (see Figs. 3(b)—(d)).

Figure 3(a) shows that TiC—TiB, composites are
constituted by two different phases: one in dark grey
color and in hexagonal or rectangular shapes with the
size of 3—5 pm, and the other one in light grey color and
in irregular shapes which distributed in the gaps of the
dark grey particles. Figures. 3(b)—(d) show that the
microstructure of TiC—TiB,—NiAl composites consists of
three phases. Besides the dark grey and light grey phases
in Fig. 3(a), another bright white phase appears, and it
exhibits good wettability with the former two. The grains
of the three phases are closely packed together. The dark
grey phases present the same hexagonal or rectangular
shapes in Fig. 3(a), but the light grey phases change to
spherical particles instead of irregular ones. The bright
white phases seem to have a higher plasticity compared
with the other two phases and their grains fill in the gaps
between the dark and light grey grains perfectly. With the
increase of NiAl content, the sizes of both dark and light
grey grains become small, in other words, the grains are
refined. In Fig. 3(d), the sizes of dark and light particles
decrease to 1—2 pm.

EPMA images and elements distribution of
TiC-TiB, composites are shown in Fig. 4. Figure 4(a)
shows the microstructure of TiC—TiB, composites at
high magnification. It shows the regular dark grey and
irregular light grey grains clearly. Figure 4(b) shows that
element B is mainly distributed in dark grey areas with
hexagonal or rectangular shapes. Figure 4(c) reveals that
element C is mainly distributed in light grey areas with
irregular shapes. Element Ti exists in both the dark and
light grey areas but contains a greater proportion in the
light grey areas. According to the XRD results, the
reaction products of Ti—-B4C are only TiC and TiB,.
Consequently, it can be deduced that the dark grey
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Fig. 3 SEM images of TiC—TiB, and TiC—TiB,—NiAl composites: (a) TiC—2TiB,; (b) TiC—2TiB,—~1NiAl; (¢) TiC—2TiB,—2NiAl;

(d) TIC—2TiB,~3NiAl

Fig. 4 EPMA image (a) and elements distribution (b, ¢, d) of TiC—TiB, composites (color and brightness represent intensity of

corresponding element)

particles in hexagonal or rectangular shapes are TiB,, and
the light grey phases with irregular shapes filling in the
gaps of TiB, grains are TiC. Figure 5 shows the
microstructure and the elements distribution of
TiC-TiB,—NiAl composites. Figure 5(a) shows the

microstructure  of  TiC—2TiB,—INiAl at  high
magnification. The hexagonal or rectangular dark grey
grains, spherical light grey grains and bright white grains
which represent three different phases can be seen clearly.
Figures 5(b) and (c) show that the distribution of elements
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Fig. S EPMA image (a) and elements distribution (b, c, d, e, f) of TiC—TiB,—NiAl (color and brightness represent the intensity of

corresponding element)

B, C and Ti keeps the same contour as Fig. 4. Elements
Ni and Al are mainly distributed in the bright white areas
with irregular shapes. Combined with XRD results, the
dark grey and light grey phases are TiB, and TiC
respectively, and the bright white phases with irregular
shapes in the gaps of TiC and TiB, are NiAl
Furthermore, after the adding of NiAl, the shapes of the
light grey phases alternate from the amorphous to the
spherical, which have not been reported in previous
publications.

4.3 Compressive strength and fracture analysis

The results of the compressive strength of
TiC—TiB,—NiAl composites are shown in Table 3. Since
the process of the SHS reaction was free of pressure,
there are a number of pores in TiC—TiB, composites, and
the maximum porosity reaches 40% approximately,
according to Table 4. It can be safely concluded that the

addition of Nit+Al, i.e the formation of NiAl, improves
the compressive strength and density of TiC—TiB,
composites. And with the increase of NiAl content, the
compressive strength and density of TiC—TiB,—NiAl
composites are increased gradually.

Table 3 Compressive strength of TiC—TiB,—NiAl composites
TiC— TiC— TiC— TiC—

Group . . . . . . .
2TiB, 2TiB,—INiAl 2TiB,—2NiAl 2TiB,—3NiAl
Strength/
33.32 44.28 48.32 51.06
MPa

Table 4 Relative density of TiC—TiB,—NiAl composites
TiC- TiC- TiC- TiC-

Group . . . . . . .
2TiB, 2TiB,~INiAl 2TiB,—2NiAl 2TiB,—3NiAl
Relative
. 59.96 62.96 66.93 69.96
density/%




Hong-zhi CUI, et al/Trans. Nonferrous Met. Soc. China 24(2014) 346—353 351

The fracture morphologies of the composites are
shown in Fig. 6. TiC-TiB, composites mainly perform
intergranular fracture occurring at the boundary of TiB,
and TiC (see Fig. 6(a)). The surface is rather flat without
any plastic deformation, and the fracture reveals the
original morphology of grains. Some regular pits which
may be formed by the extracting of TiB, particles could
be observed clearly. However, after the adding of Ni+Al,
the products of TiC—TiB,—NiAl composites perform both
intergranular and  transgranular  fractures.  The
intergranular fracture still takes place at the boundary of
TiB, and TiC, while the transgranular fracture mainly
happens in NiAl grains. Notable cleavage patterns with
part of lacerate traces are observed on NiAl grains (see
Fig. 6(d)). The marked characteristics mean a
pronounced change of fracture mechanism from the
intergranular one to the transgranular one with the
forming NiAl in TiC-TiB, composites. The above
tendency is more evidently with the increase of NiAl in
TiC—TiB,—NiAl composites.

5 Discussion

During the SHS process, a huge amount of heat
was released instantly, and the gas existing in the
interspace of raw powders or adsorbed on their surfaces
expanded and escaped from the products simultaneously.
This may result in the formation of pores and even small
cracks in the production, especially in the case of
pressureless.

e " Ap e ‘
Fig. 6 SEM images showing fracture surface of TiC—TiB, and TiC—TiB,—NiAl composites: (a) TiC—2TiB,; (b) TiC-2TiB,—1NiAl,
(c) TIC—2TiB,~2NiAl; (d) TiC-2TiB,~3NiAl

The calculated T,4 of Ti—B4C system is 3193 K and
it is as high as the melting point of TiC which is the
highest one among TiC, TiB, and NiAl. So after reaction,
TiC grains would nucleate and grow up prior to TiB, due
to their higher melting point and the faster diffusion rate
of C eclement. TiB, has the C32 type structure of
hexagonal system and small plane growth style. The base
surface (0001) prefers to grow along [0001] direction. In
this way TiB, particles tend to form hexagonal and
rectangular shapes [31]. TiC shows perfect plasticity at
high temperature [1], and would be squeezed into the
gaps of TiB, grains and in irregular shapes with the
growing of TiB, grains. If adding Ni+Al into Ti—B,4C, the
T.q of reaction decreases. But, it is still much higher than
the melting points of Ni, Al and NiAl. During the
reaction of Ti+B4C+Ni+Al, Ni and Al which have lower
melting point could melt and surround Ti and B,C
particles. This would provide liquid channels for the
diffusion of elements, especially for B and C that come
from the decomposition of B4C. As a result, the reaction
rate in Ti+B4C+Ni+Al mixture and the formation rate of
TiC, TiB, are accelerated. During the reaction, and at the
temperature between the melting point of TiB, (3193 K)
and NiAl (1912 K) [29], TiB, grains begin to nuclear and
grow. Owing to the high thermal conductivity of NiAl,
the cooling rate in TiC-TiB,~NiAl composites is
accelerated and the subcooling degree is also
enlarged. This can improve the nucleation rate of TiC
and TiB,, and be beneficial to get fine TiC and TiB,
particles.

o YL I - »
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Furthermore, the existence of NiAl liquid would
provide the more free or less stiff space for the growth of
TiB, grains. The boundary of TiB, grains can extend into
the liquid NiAl instead of squeezing into the plastic TiC.
In this way, the spherical TiC grains could maintain their
shapes of the spherical integrallty. As time goes by, NiAl
would solidify and fill in the intervals of TiB, and TiC
grains, forming the denser composites. Besides, NiAl
phases with the better ductility [32] also consume more
crack propagating energy during the fracture of
TiC—TiB,—NiAl composites compared with pure
TiC-TiB,. The refined TiC and TiB, particles, higher
density, better ductility of NiAl accompanied by the
adding of Ni+Al, make contributions to improve the
compressive strength of the TiC—TiB,—NiAl composites.
And this was not mentioned in previous article about the
fabrication and microstructure of TC—TiB,.

6 Conclusions

1) TiC-TiB,—NiAl composites were prepared by
SHS with Ti, B4C, Ni, Al powders as raw materials. TiB,
showed hexagonal or rectangular shapes; TiC grains
changed to spherical shapes from the irregular shapes
which distributed in the gaps of TiB, grains in TiC-TiB,
composites; NiAl showed irregular shapes filling in the
gaps between TiC and TiB, grains.

2) By adding Ni+Al and forming NiAl phases with
high thermal conductivity, the cooling rate was
accelerated and the subcooling degree was enlarged in
the reacting system. This refined the size of both TiC and
TiB, particles and increased the density and compressive
strength in TiC—TiB,—NiAl composites.

3) The fracture of TiC—TiB,—NiAl composites
followed a mixed fracture of intergranular and
transgranular modes. Intergranular fracture occurred at
the boundary of TiC and TiB, grains, while transgranular
fracture was found mainly in the NiAl grains.
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