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A significant amount of work has been published on the
combustion synthesis of nickel aluminides including ther-
mal explosion and SHS type of ignition, [1-4]. In the SHS
of nickel aluminides, nickel and aluminum powders are
mixed in the desired composition and pressed into a
compact, which is then ignited at one end, usually with the
aid of a tungsten-heating coil (Fig. 1). An exothermic
reaction proceeds converting the nickel and aluminum
powders into the desired intermetallic compound, and rai-
ses the compact temperature to the maximum combustion
temperature.

The elemental powders are normally turbula or rotator
mixed prior to compaction. On the other hand, recently,
mechanical activation of elemental powders prior to SHS
(mechanically activated SHS (MASHS)) has also been
conducted [5-9]. In MASHS the powders are mechani-
cally alloyed by ball milling under certain conditions that
do not give rise to reactions between the elemental
powders. In this process nanostructured elemental pow-
ders are generated prior to SHS. The process has a
number of advantages including the production of a
nanostructured product phase; however the resulting
product is reported to contain high levels of porosity
attributed to entrapped gas during the mechanical alloying
process [10]. In the present paper, the concepts of the
theory of plasticity of porous bodies are employed to
assess the influence of mechanical alloying (MA) on the
theoretical yield stress of Ni—-Al powder compacts (for
nickel particle sizes of 815 and 3-7 um). The effect of
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MA (low-energy mechanical mixing) on SHS character-
istics are reported, together with the influence of degas-
sing-MA-SHS sequential order on resulting product
porosity, which may possibly have implications for
MASHS in general. Powders of nickel (Novamet Inc.,
USA) and aluminum (—325 mesh, average particle size
~11 um, Atlantic Engineers, USA), were mixed in the
composition of NizAl. Two sample compositions were
produced, each with a different nickel particle size (3-7
and 8-15 um, respectively). For each composition, mix-
ing was conducted over two stages. First, the powders
were gently mixed for 1.5 h using a powder rotator mixer.
Second, approximately 5-6 g of Ni/Al powders were
separately mechanically alloyed (low-energy mechanically
mixed) in hardened steel vials, using twenty tungsten
carbide balls (diameter 3 mm) at 240 rpm for 27 h.
Specimens that have just been mixed using the powder
rotator without MA are referred to in this paper as have
undergone rotator mixing. Powders that were rotator
mixed followed by MA for 27 h are referred to as MA
27 h. Each powder was then uniaxially pressed into
rectangular specimens of dimensions shown in (Fig. 1).
Zinc stearate lubricant was mixed in acetone and applied
to the inner walls of the hardened steel compaction die
used. All powder compacts were vacuum degassed at
150 °C for 10.5 h. A K-type thermocouple was inserted at
half height into the specimen to monitor the temperature—
time profile during the reaction. Specimens were then
reacted in an SHS reactor under an argon atmosphere
(three specimens were used for each particle size and
mixing sequence, and average combustion temperatures
were then reported). The top of the specimens were
placed at a distance approximately 2-3 mm beneath the
tungsten coil, which was subsequently subjected to
750 W. Each powder mixture (mechanically alloyed and
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Fig. 1 Schematic of SHS experimental setup 3 0

rotator mixed) was also separately uniaxially pressed into
discs of diameter 8 mm and height 2-3 mm at four dif-
ferent compaction pressures (three specimens were com-
pacted at each pressure and results averaged), to analyze
its compaction behavior and calculate the compact yield
strength. The density of green specimens was determined
by weighing and measuring the specimen dimensions
using digital micrometers and calipers. The porosity
content of the reacted specimens was determined using
image analysis. For microstructural characterization, re-
acted samples were cut centrally along their length,
ground and polished to 1 um diamond finish, with ultra-
sonic cleaning between polishing stages. Light and scan-
ning electron microscopy (secondary electron and
backscattered, Hitachi S-2700 & Amray 1830 1) were
used to characterize the microstructure and determine the
phase distribution. The theoretical yield stresses of the
compacts were calculated by combining experimental
compaction results and theory. The yield surface of a ri-
gid-plastic porous material is given by Eq. (1) [11]:

r.v 2
v + o Gy(l 0) (1)
where o, is the yield limit of a fully dense material (the-
oretical yield stress), i and ¢ are the bulk and shear moduli
of the porous material, 0 is the porosity (8 = 1-p, where p
is the relative density), p and t are the first invariant of the
stress tensor and the second invariant of the stress tensor
deviator, respectively.

For pressing in a rigid die, Eq. (1) leads to the following
expression which interrelates the axial stress o, theoretical
yield stress gy, and porosity 0:

Equation (2) was used as the basis for the analytical
approximation of the experimental data represented in
Table 1 (spring back effects where calculated and found to
be insignificant). The corresponding inverse regression
analysis enabled the determination of the theoretical yield
stress before and after mechanical alloying for both particle
sizes.

Table 1 is a summary of results obtained. It is clear that
for both rotator mixed and MA powders, the compact
theoretical yield stress increases with a decrease in Ni
particle size. This is due to the corresponding decrease in
the average compact particle size.

The higher theoretical yield stress for the MA 27 h
samples compared to their rotator mixed counterparts for
both Ni particle size samples (3—7 and 8—15 pm) is due to
work hardening and a possible slight reduction in average
particle size especially for the 8-15 pm Ni samples.
Scanning electron micrographs of all powders used are
shown in Fig. 2.

A typical temperature—time profile is shown in (Fig. 3)
for the rotator-mixed Ni (8—15 pm)/Al powder compact.
Ignition is seen to occur at a temperature of ~400 °C, i.e.
the specimen at this point was preheated to this temperature
before the reaction wave had arrived. In fact without pre-
heating, it would not have been possible to obtain a self-
sustaining reaction for Ni3;Al. The ignition temperature was
approximately the same for all specimens investigated, and
the temperature—time profile did not significantly change
from one specimen to the other. A major requirement for
successful processing is that the aluminum (the lower
melting point phase) be continuous around the nickel par-
ticles throughout the microstructure prior to the reaction [4,
14] to facilitate the spreading of molten Al during the
reaction. Normally this is achieved by careful selection of

Table 1 Summary of compact

. . Nickel Compact theoretical Average combustion
theoretical yield stress and . . . o
. particle size yield stress (MPa) temperature (°C)
combustion temperature (um)
Rotator mixed MA 27 h Rotator mixed MA 27 h
3-7 220 233 1240 1203
8-15 195 213 1154 1195
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Fig. 2 Effect of mechanical
alloying on morphology and
distribution of nickel and
aluminum powders. Break up of
agglomerates is shown for the
3—7 um Ni sample following
MA (¢ and d)
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the particle size ratio of the two elemental powders (i.e. Ni
particle size would need to be ~2.4 greater than Al for the
NizAl composition to ensure continuous Al phase in
accordance with percolation theory). Nickel at the 3—7 pm
particle size has been known to agglomerate to sizes
~45 pm in diameter [4], which when mixed with Al of the
particle size presently used, can generate an interconnected
network of Al in the green compact prior to the reaction.
The interconnection of Al is expected however to be hin-
dered if the 8—15 pm Ni is used (which have minimal
agglomeration), possibly giving rise to inefficient reaction

Time (seconds)

characteristics. The decrease in combustion temperature for
the 3-7 pm after MA could be a result of some Ni
agglomerate break down (as seen in Fig 2c, d) and hence
some possible loss of Al interconnectivity. XRD analysis
on the reacted specimens revealed that they all consisted of
a multiphase microstructure including NizAl (major phase),
unreacted Ni & Al, Al3Ni, and Al3Nis. Therefore the
reaction did not go to completion for all specimens
investigated rotator mixed and mechanical alloyed. It
appears that under the current low-energy milling condi-
tions mechanical activation was not achieved, in the way
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Fig. 4 Porosity profile along
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typically known for MASHS, which is usually conducted
under more aggressive milling conditions.

The porosity profile along the central line of reacted
rectangular specimens from top (i.e. near the tungsten coil)
to bottom is shown in (Fig. 4). It can be seen that MA tends
to result in an increase in the level of SHS product porosity,
this is especially apparent for the 8—15 pm Ni compacts.
One of the possible reasons for porosity generation in SHS
is the presence of adsorbed water or low boiling point
impurities on the surface of powders prior to SHS. During
SHS the expansion of gasses can result in increased
porosity. It is not known why this is more apparent in the
8—15 pm Ni than the 3-7 pm. The degassing stage in this
paper was carried out on the green compacts (which were
previously pressed to ~74—-76% theoretical density). At this
density, the majority of pores are expected to be inter-
connected which should facilitate degassing. However, we
also carried out the exact experiment for the 8—15 pm Ni
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but instead of degassing the green compacts, we degassed
the as-received powders, prior to MA. The results are
compared for the 815 pm Ni in (Fig. 5), showing that
degassing-MA-SHS sequence can have a significant effect
on product porosity content. The porosity is considerably
reduced by simply degassing the powders prior to MA.
These findings may have significant implications for pro-
cesses such as MASHS.
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