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Abstract: Open-celled porous NiAl intermetallics with adjustable pore characteristics and mechanical properties were successfully
prepared by using spherical carbamide as space-holders via combustion synthesis. Examinations of macroscopic and microscopic
morphologies as well as the quasi-static compressive test for the resultant materials were carried out. Depending on the volume
fraction and particle size of the carbamide, the porosity and pore size of the porous NiAl intermetallics can be controlled freely in a
range of 57.57%—84.58% and 0.4—2.0 mm, respectively. Furthermore, quasi-static compressive tests indicate that the mechanical
behavior of the present porous materials is in good agreement with the Gibson-Ashby model.
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1 Introduction

It is well known that NiAl intermetallics have
excellent characteristics of both ceramics and metals due
to the mixture of metallic and covalent bonds [1-2], so
porous NiAl intermetallics can be used for applications
in extremely severe environments, such as in thermal
barrier coatings at high temperature and filter materials
in corrosive environments [3—4]. Combustion synthesis,
also known as self-propagating high-temperature
synthesis (SHS), is an attractive method to produce
porous NiAl intermetallics [5—8]. MORSI et al [9]
obtained cylindrical porous NiAl intermetallics with
porosity of 60% through controlling the heat generation
during combustion synthesis. KANETAKE and
KOBASHI [3, 10] prepared Ni-Al foams by combustion
reactions and proposed possible formation mechanisms
of the pores. HUNT et al [11] fabricated porous NiAl
intermetallics using nanoparticle reactants through the
chemical process of SHS. The above methods, however,
do not allow independent control over pore size, shape
and connectivity. Furthermore, there is rare report about
the mechanical properties of porous NiAl intermetallics,
which is extremely important for engineering
applications and needs extensive investigation.

Based on the importance of pore structures and
mechanical properties, the present study aims to fabricate
open-celled porous NiAl intermetallics with adjustable
pore characteristics and mechanical properties using
spherical carbamide as space-holders via combustion
synthesis. Examinations of macroscopic and microscopic
morphologies as well as the quasi-static compressive test
for the resultant materials were also carried out. The
results and analysis are expected to be useful for the
development and applications of porous NiAl
intermetallics.

2 Experimental

2.1 Fabrication process

Pure Ni powder (particle size <75 pum, purity 99.5%)
and Al powder (particle size 75—150 pum, purity 99%)
were used as starting materials. Spherical carbamide
(CO(NH,),) particles with three particle sizes, i.e.
0.4—0.6 mm, 0.6—0.9 mm, 0.9—-2.0 mm, were prepared as
space holder particles. In order to guarantee the uniform
distribution between Ni and Al powders, they were
thoroughly mixed according to equiatomic ratio before
the addition of the carbamide particles. The Ni powders,
Al powders and carbamide particles with a chosen
size were weighted using an electronic balance with a
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resolution of 0.01 g. They were blended together in a
stirrer at a rotation speed of 80 r/min for 10 min. The
volume fraction of carbamide particles varied from 50%
to 80% with a gap of 5%. The well mixed mixture was
uniaxially compressed under a pressure of 200 MPa into
green compact. The green compact was heat treated at
300 °C for 1.5 h in a vacuum furnace to remove the
carbamide particles. Finally, the preheated compact was
ignited at one end by ignition reagent (Ti powders). Once
ignited, combustion wave could self-propagate along the
axis to the other end of the compact in a very short time,
then the porous material was synthesized.

2.2 Characterization

Phase identification of the products was analysed by
X-ray diffraction (XRD). Optical microscopy and
scanning electron microscopy (SEM) were used to
characterize the pore morphologies of the resultant
materials.

The specimen density was determined from its mass
and physical dimension, and the porosity (p) of the
porous material was calculated as

p=1-£ (1)
Po

where p and p, are the density of the specimen and its
corresponding theoretical density, respectively.

To evaluate the mechanical properties of the porous
materials, quasi-static uniaxial compressive tests were

! on a

performed at an initial strain rate of 107 s
universal material testing machine at room temperature.
The dimensions of all the specimens for the compressive

tests were d 20 mmx20 mm.
3 Results and discussion

3.1 Phase identification

Both the melting point and decomposition
temperature of carbamide are below 200 °C [12] and the
carbamide should be removed after the preheating
process and have no influence on the phase composition
of the products. To prove this assumption, phase

identification was carried out by XRD as shown in Fig. 1.

It is observed that only the desired NiAl phase was
detected in the products although the volume fraction of
carbamide particles is different from that of the
corresponding green compacts, indicating that the
reaction between Ni and Al powders is sufficient and
independent on the carbamide particles.

When Ni and Al powders were mixed according to
equiatomic ratio, all the possible reactions between Ni
and Al during combustion synthesis can be described by
the following equations [2]:
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Fig. 1 XRD patterns of product with volume fraction of
carbamide particles in corresponding green compacts: (a) 50%;
(b) 60%; (c) 70%; (d) 80%

Ni+A1:%NiA13 +§Ni (2)
. 1. .
. 1. 2
Ni+ Al = Ni;AL+ Al 4)
Ni+ Al = NiAl 5)

Among the above reactions, the Gibbs free energy
of the formation of NiAl phase is the lowest [2]. So the
NiAl phase is the most possible final product according
to the thermodynamic principles, which is consistent
with the XRD patterns shown in Fig. 1.

3.2 Pore characteristics

Figures 2 and 3 show the typical macroscopic and
microscopic morphologies of porous NiAl intermetallics,
respectively. Homogeneous distribution in NiAl matrix
of interconnected pores can be clearly seen. The pores
virtually inherit the shape and size of the carbamide
particles, suggesting that the morphology and size of
pores can be controlled by selecting an appropriate
carbamide particle. However, the cell walls are rough
and dispersed with a number of micro pores, which
forms numerous channels between neighbouring cells, as
shown in Figs. 3 and 4.

Besides the morphology and size of pores, the
porosity of porous NiAl intermetallics can be also
adjusted by varying the volume fraction of carbamide
particles in green compacts. As seen in Fig. 5, the actual
porosities of the specimens are 57.57%, 67.39% and
79.35% corresponding to the carbamide volume fraction
of 50%, 60% and 75%, respectively. It can be seen that
the actual porosity is not in accordance with the designed
porosity (the carbamide fraction), and
the difference decreases with increasing volume fraction

volume
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4 mm

Fig. 2 Photos of cross sections in porous NiAl intermetallics
with porosity of about 67.39% and different pore sizes of
0.4—0.6 mm (a), 0.6—0.9 mm (b) and 0.9—2.0 mm (c)

Fig. 3 SEM image of porous NiAl intermetallic with porosity
of 67.39% and pore size of 0.9-2.0 mm

of the carbamide particles, as shown in Fig. 6.

There are a number of micro pores on the cell walls,
which is responsible for the difference between the actual
and designed porosities. The initial pores in green
compacts as well as the gases volatilization during
combustion synthesis are the primary sources of the
micro pores [3, 10, 13]. Compared with Ni and Al
powders, carbamide particle is softer and easier to

Fig. 4 SEM image of micro pores on cell walls of porous NiAl

intermetallics

2 mm

Fig. 5 Photos of cross section in porous NiAl intermetallics
with pore sizes of 0.6-0.9 mm and different porosities of
57.57% (a), 67.39% (b) and 79.35% (c)

deform, and the density of green compacts can be
improved by the corresponding deformation of the
carbamide particles accordingly. The higher the volume
fraction of the carbamide particles, the denser the
green compacts, and the less the initial pores and
volatilization of the gases during combustion reaction.



WU lie, et al/Trans. Nonferrous Met. Soc. China 21(2011) 1750—1754 1753

o0
L
.

oo
=
T

o

751 .
= o
=70F -
Z o
5 65+ -
A =]
60 .
i o — Actual porosity
551 . = — Designed porosity
50 1 1

50 55 60 65 70 75 80
Volume fraction of carbamide/%

Fig. 6 Actual and designed porosities of porous NiAl
intermetallics

These are the reasons for the difference between the
actual and designed porosities decreases with increasing
volume fraction of the carbamide particles.

3.3 Compressive properties

The nominal stress—strain curves of porous NiAl
intermetallics are shown in Fig. 7. To understand the
detailed stress—strain curves at lower scale, an inner
figure of curves at lower strain is also presented. It is
apparent that all stress—strain curves consist of typical
three regions, i.e. elastic, plateau and densification
regions [14]. However, the plateau region is not smooth
but serrated, suggesting the brittle nature of the
specimens. This serrated plateau reflects the brittle
deformation mode, i.e. brittle fracture of the cell walls
after the yield [12]. As mentioned above, the cell walls
are not sound but dispersed with a number of micro
pores. These defective regions will transform to cracks
due to stress concentration upon loading. As the
compression proceeds, cracks quickly spread and get
connected, resulting in collapse of the cell walls and
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Fig. 7 Nominal stress — strain curves of porous NiAl
intermetallics (pore size 0.6—0.9 mm) with different relative
densities

consequently in the drop of the stress. When the
compression is carried on, the broken cell walls squeeze
together and thus the stress increases again until the next
fracture occurs. The repeated collapse and squeezing of
the cell walls are responsible for the serrations in
the plateau region [12]. In spite of the serrated curves,
the increase of plateau stress is very slow and the
densification does not begin until a strain of 0.65 is
reached. This means that the present porous NiAl
intermetallics are excellent in impact absorption
applications.

From Fig. 7, it can be seen that the compressive
strength, i.e. the peak stress, decreases with decreasing
relative density. The relationship between the relative
stress o/op, and the relative density p/p, is analyzed
[15-16] assuming that the edge collapses when the
compressive force exceeds the fully plastic moment of
the cell edges. The relationship is given as [16]:

0'1: Clp! po)’*l1+(p/ po)'"?] (6)
0

where o is the collapse stress of a porous metal; gy is the
yield stress of the cell wall material; p is the density of
the porous metal; p, is the density of the cell wall
material and C is a constant. If Eq. (6) is applied to the
porous NiAl intermetallics, the dependence of ¢ on
(plpo)’*[1+(p/po)"*] should yield a straight line, which is
demonstrated by the experimental results shown in Fig. 8,
indicating that the compressive behavior of the porous
NiAl intermetallics can be understood by the
Gibson-Ashby model.

Nevertheless, only limited data of quasi-static
compressive test are available, further work is needed to
clarify the effect of pore size, pore shape, as well as
strain rate on the mechanical properties of the porous
NiAl intermetallics.
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Fig. 8 Dependence of compressive strength on relative density
for porous NiAl intermetallics (pore size 0.6—0.9 mm)
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4 Conclusions

1) An open-celled porous NiAl intermetallics is
successfully prepared by replication of spherical
carbamide particles via combustion synthesis technique.

2) The porous NiAl intermetallics exhibit uniformly
distributed and The pores
virtually inherit the shape and size of the carbamide
particles. Depending on the volume fraction and particle
size of the carbamide, the porosity and pore size of the

interconnected  pores.

porous NiAl intermetallics can be controlled freely in the
range of 57.57%—79.35% and 0.4-2.0 mm, respectively.

3) The nominal stress—strain curve of porous NiAl
intermetallics consists of typical three regions, i.e. elastic,
plateau and densification regions. The serrated and quite
long plateau region demonstrates the brittle nature and
good energy absorption property of the materials.
porous NiAl
relationship between the compressive strength and
relative density can be explained by the Gibson-Ashby
model.

Furthermore, for intermetallics, the
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