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Simultaneous synthesis and densification of NiAl and Ni3Al from elemental powders of Ni
and Al was investigated. Combustion synthesis was carried out under the uniaxial
compressive pressure and preheating of die. It was shown that both the compressive
pressure and preheating of die strongly affect the density, the grain size and the hardness
of NiAl and Ni3Al product. A high relative density of NiAl and Ni3Al products as much as
99.8% was achieved under compressive pressure of 275 MPa and preheating temperature
of 600◦C. C© 2002 Kluwer Academic Publishers

1. Introduction
The intermetallic compounds of NiAl and Ni3Al have
received considerable attention recently as a material
for high-temperature application. Its properties provide
a desirable combination of a high melting temperature,
excellent oxidation resistance, increasing flow stress
with increasing temperature, and a relatively lower den-
sity than commercial nickel-based superalloy [1–3].

Many processing methods have been used to fabri-
cate NiAl and Ni3Al compounds, including powder pro-
cessing, casting, and self-propagating high temperature
synthesis [4–6]. SHS of the methods offers several ad-
vantages, including the use of elemental powders, short
processing times, and energy saving. On the other hand,
the problem such as porosity has prohibited the wide
spread use of combustion method. In order to reduce the
porosity of Ni3Al, optimizing reaction sintering param-
eters, including particle size, heating rate, atmosphere
and pressure was investigated [7–9].

In this work, to produce dense material of NiAl and
Ni3Al during combustion synthesis, the use of uniaxial
pressure and preheating of die is demonstrated. And
mechanical properties of NiAl and Ni3Al products are
also presented and discussed.

2. Experimental procedure
The material used in this work were 99% pure
aluminium powder and 99% pure nickel powder with a
sieve classification of −325 (∼44 µm) obtained from
Chang-Sung co. (South Korea) and NiAl powder with
a particle size of 10 µm as diluent obtained by crush-
ing combustion-synthesized NiAl product using ball
mill. The powder were mixed to give the two dif-
ferent stoichiometric composition, (Ni : Al = 1 : 1) and
(Ni : Al = 3 : 1). The powder mixtures were then poured

into a cylindrical steel die after being coated with a thin
layer of boron nitride along areas of contact with the
powder. The die was preheated at the temperature rang-
ing from 200◦C to 600◦C using preheating furnace un-
der 1atm pressure of Ar gas. As soon as the powder mix-
ture was ignited by tungsten ignition coil, the hydraulic
rams were applied to the desired pressure ranging from
0 MPa to 275 MPa at set preheating temperature.

The relative density and porosity of the synthesized
sample was measured using the Archimedes method
and image analyzer. The product samples were pol-
ished and etched using a solution of HNO3(33.3 vol%),
CH3COOH(33.3 vol%) and HCl(33.3 vol%). The grain
size was determined from the micrographs using the
linear-intercept technique [10]. Analysis of the prod-
ucts was made through x-ray diffraction, and mi-
crostructural analysis was made by optical microscopy.
Vickers microhardness (under 400 g force) was made
on the synthesized NiAl and Ni3Al samples.

3. Results and discussion
3.1. Effect of preheating and pressure

on densification
NiAl and Ni3Al compounds were synthesized from ele-
mental powder of Ni/Al and 3Ni/Al stoichiometric ratio
respectively by pressure-assisted combustion. These
phase was confirmed by analysis of XRD pattern. Op-
tical micrographs of the NiAl with compressive pres-
sure during combustion without preheating of die are
shown in Fig. 1. The sample Fig. 1a without a com-
pressive stress shows structure with large pore and
porosity of about 50%. Fig. 1b and c with compres-
sive stress show much less porosity and smaller pore
as compared with the sample without compression
Fig. 1a. The variation of porosity of NiAl and Ni3Al
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Figure 1 Optical micrographs of NiAl products with compressive pressure during combustion without preheating: (a) Without Pressure; (b) 135 MPa;
(c) 275 MPa.

products with compressive pressure without preheat-
ing of die is shown in Fig. 2. The porosity of NiAl
and Ni3Al decreases with the imposition of compres-
sive stress. And the porosity of NiAl is lower than that
of Ni3Al at the same compressive pressure. The nickel
aluminides compound formation generates heat, which
further accelerates the reaction, and lead to extensive
liquid formation. The liquid quickly spreads throughout

the structure, and compound formation continues until
the reactants are consumed [11]. It is considered that the
aluminum involved in the combustion reaction leaved
considerable porosity unless the applied pressure is
high enough to plastically deform the structure. Hence,
higher liquid contents achieved with greater aluminum
concentration of NiAl system show rather higher
porosity at low applied pressure as shown in Fig. 2.
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Figure 2 The variation of porosity of NiAl and Ni3Al products with
applied pressure without preheating.

Figure 3 Optical micrographs of NiAl products with preheating temperature and compressive pressure during combustion: (a) 200◦C, 135 MPa;
(b) 200◦C, 275 MPa; (c) 400◦C, 135 MPa; (b) 400◦C, 275 MPa; (e) 600◦C, 135 MPs; (f ) 600◦C, 275 MPa.

Also, the deviation of the porosity between NiAl and
Ni3Al decreased as the applied pressure increased.
This means that the liquid more actively spreads into
the pores with deformation of structure and provides
an interconnected liquid structure. However, it is hard
to obtain near full density without preheating of die. It
is considered that this is ascribed to the fact that contact
with steel die under pressure apparently suppresses
the self-sustaining reaction due to an enhanced heat
transfer from sample to steel die by heat conduction. To
reduce heat loss through steel die, the die is preheated at
the temperature ranging from 200◦C to 600◦C. Optical
micrographs and variation of porosity of the NiAl
product with preheating temperature and compressive
pressure during combustion are shown in Figs 3 and 4
respectively. Porosity of NiAl decreases with increas-
ing of compressive stress and preheating temperature.
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Figure 4 The variation of porosity of NiAl product with preheating tem-
perature and compressive pressure.

Figure 5 The variation of porosity of Ni3Al product with preheating
temperature and compressive pressure.

Figure 6 Optical microstructures of NiAl products with various preheating temperature at compressive pressure of 135 MPa: (a) Without preheating;
(b) 200◦C; (c) 400◦C; (d) 600◦C.

This result from preheating effect suggests that the for-
mation of a high-temperature liquid associated with a
self-sustaining reaction is a major factor for densifi-
cation. The variation of porosity of Ni3Al with pre-
heating temperature and compressive pressure is shown
in Fig. 5. The observed trend is similar to that of
NiAl. A high relative density of NiAl and Ni3Al prod-
uct as much as 99.8% was achieved under compres-
sive pressure of 275 MPa at preheating temperature of
600◦C.

3.2. Effect of preheating on grain size
Optical microstructures of NiAl products with various
preheating temperature are shown in Fig. 6. The grain
size noticeably increases with preheating temperature.
The variation of grain size of NiAl and Ni3Al with pre-
heating temperature is shown in Fig. 7. The grain size
linearly increases from about 5 µm to about 25 µm
with preheating temperature. The variation of grain size
with preheating temperature can be explained as follow.
Phase transformation consists of nucleation and grain
growth which depend on supercooling. And supercool-
ing also depends on preheating temperature. Therefore
it is considered that variation of grain size is ascribed
to degree of supercooling associated with variation of
preheating temperature. The effect of compressive pres-
sure on grain size is shown in Fig. 8. Compressive stress
has little effect on grain size. The effect of NiAl dilu-
ent content on the grain size of NiAl product is shown
in Fig. 9. The grain size decreases with an addition of
NiAl diluent due to the fact that combustion tempera-
ture decreases with increasing of diluent.
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Figure 7 The effect of the preheating temperature on the grain size of
NiAl and Ni3Al products under compressive pressure of 135 MPa.

Figure 8 The effect of compressive pressure on the grain size of NiAl
and Ni3Al at preheating temperature of 400◦C.

Figure 9 The effect of diluent content on the grain size of NiAl product
under compressive pressure of 135 MPa at preheating temperature of
400◦C.

3.3. Mechanical behavior
The variation of Vickers micro-hardness of NiAl and
Ni3Al products with preheating temperature and com-
pressive pressure is shown in Fig. 10. Vickers hardness
of NiAl and Ni3Al increases with increasing of pre-
heating and compressive pressure. This result is closely
related to the fact that the porosity of NiAl and Ni3Al
decreases with increasing of preheating and compres-
sive stress.

Figure 10 The variation of Vickers hardness with preheating tempera-
ture (applied pressure: 280 MPa, punch speed: 2.0 cm/sec).

4. Conclusion
Our results have clearly demonstrated that compressive
pressure and preheating of die strongly affect the den-
sity, the grain size, and the hardness of NiAl and Ni3Al
products. A high relative density of NiAl and Ni3Al
products as much as 99.8% was achieved under com-
pressive pressure of 275 MPa and at preheating temper-
ature of 600◦C. Vickers hardness of the NiAl and the
Ni3Al products was closely related to porosity of these
products with preheating temperature and compressive
pressure. The hardness of NiAl and Ni3Al products in-
creased with increasing of preheating temperature and
compressive pressure.
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