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The technique of Self-propagating High-temperature Synthesis (SHS) was used to prepare
NiAl from compacts using elemental powder mixtures in stoichiometric amounts under
vacuum and argon atmosphere. Considerable changes in the oxygen contents of the
specimen before and after the SH-synthesis were not observed. But, unusual occurrence of
an impurity phase was noticed in the product as second phase precipitate. The sparsely
distributed precipitates could be detected only in the Transmission Electron Microscope
and was characterized to be an oxide of aluminium (α-Al2O3) containing nickel oxide (NiO),
whose solubility in α-Al2O3 at room temperature has not been reported earlier. The
occurrence of this phase could be traced to the oxygen on the surface of the reactant
particles. C© 2002 Kluwer Academic Publishers

1. Introduction
Self-propagating High temperature Synthesis (SHS) or
Combustion Synthesis is a novel method of prepar-
ing advanced materials using the exothermic reaction
which was discovered by Merzhanov et al. [1] in 1967.
Chemical reactions that are sufficiently exothermic can
transform the mixture of the reactants spontaneously
into products when initiated and propagate through the
reactants’ mixture in the form of a combustion wave and
this is the basis of Self-propagating High temperature
Synthesis (SHS) or Combustion Synthesis process [2].
The final product is obtained progressively without re-
quiring any additional heat. Two variants of this process
are recognized, namely plane wave propagation (PWP)
mode and the thermal explosion (TE) mode. The plane
wave propagation mode involves initiating the reaction
by triggering or rapid heating of one end of the speci-
men and is driven by the exothermicity of the reaction.
In the thermal explosion mode, the compacted reactant
powders are heated up at a sufficiently high constant rate
until the ignition temperature is reached when the reac-
tion is initiated uniformly throughout the sample. Vari-
ous aspects of this process have been reviewed in great
technical details by Munir and Anselmi-Tamburini [3],
Moore and Feng [4] and more recently by Verma et al.
[5]. SHS is both efficient and attractive for the prepa-
ration of intermetallics like NiAl because it utilizes its
high heat of formation (118.4 kJ/mole) [6] and apart
from providing improved purity of the product it as-
sures the exactness of the product chemistry which is
very crucial but extremely difficult to achieve by other
conventional techniques. Besides, this is even more rel-
evant in the case of NiAl because of the fact that the

tensile ductility of the polycrystalline NiAl which is
unacceptably poor, can be significantly improved by
keeping the composition very close to the stoichiome-
try and purity of the alloy very high [7].

One of the major advantages of this technique is the
high reaction temperature that results in higher purity
of the products by volatilizing low boiling point im-
purities. This effect of self-purification during SHS is
discovered by Martirosayn et al. [8]. Merzhanov [9], in
a recent article has reviewed the studies of systematic
analysis of self-purification phenomena in the elemen-
tal systems by a number of Russian scientists. They
found reduction in the amount of the following impu-
rities after combustion: H2, O2, S, Na, K, Ca, Mg etc.
Crider [10] too mentioned about this purification ef-
fect and also noted the possibility of removal of oxide
films from the surfaces of metal particles by a reduction
process. Holt and Munir [11] have carried out spectro-
chemical analysis and shown a significant decrease in
the level of impurities as a result of combustion in Ti-C
system. Chang et al. [12] have shown that much of the
impurities namely aluminium, calcium, iron and sili-
con, are removed during the combustion synthesis of
TiC which illustrates the self-purifying effect of SHS
due to the high temperature generated by the reaction.
Kecskes et al. [13], however, have alerted that the self-
purifying nature of SHS gets limited if the powders con-
tain non-volatile contaminants and significant amounts
of these impurities (like iron in Ti-B and Ti-C systems)
may remain in the product. Moreover, SHS is likely to
remove the surface oxygen of aluminium particles as
they are capable of forming volatile suboxides in case of
combustion of aluminide system. Bloshenko et al. [14]
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have discussed in detail the process of self-purification
of SHS products of oxygen impurities for both the fol-
lowing cases: (1). where impurity oxygen is present in
the form of an oxide film around the initial powders
(Mo + 2Si and Mo + B systems) and (2). where oxy-
gen is in solid solution in Ti particles (Ti + C system).
Although the above-mentioned advantages are well ac-
cepted in the literature, in some cases it may not be
completely unlikely to encounter impurity phases in the
combustion synthesized products even when the chem-
ical composition of the product does not change much
and remains well within the acceptable range of the in-
tended stoichiometry. In the present paper, the role of
oxygen impurity of metallic particles of 3N purity dur-
ing synthesis of NiAl from elemental powder mixtures
in thermal explosion mode of SHS is reported. The cur-
rent work presents possibly the first ever report of the
occurrence of this phase during SHS in Ni-Al system.

2. Experimental procedure
All the experiments were carried out both under vacuum
(10−5 mbar) and in argon atmosphere with high purity
Ni (99.9%) and Al (99.9%) powders, mixed thoroughly
in a tumbler ball mill to the stiochiometry correspond-
ing to B2 NiAl (50 : 50) compound and cold pressed in
a single-acting hydraulic press into cylindrical speci-
mens of 12 mm diameter and 6–8 mm height. No liq-
uid medium was used during mixing. The compaction
pressure was varied from 75 MPa to 150 MPa and the
resultant variation in initial green density was from 55%
to 65% of theoretical. Three different particle sizes of
nickel and one particle size of aluminium were used.
The details of the raw materials are given in Table I. The
reactions were carried out by SHS technique in thermal
explosion mode. The specimen, in which a thin 200 µm
diameter B-type (Pt-6Rh/Pt-30Rh) thermocouple was
embedded, was put into the cold furnace and the fur-
nace was started with a pre-programmed linear heat-
ing rate which varied between 5◦ C/min to 60◦ C/min.
The output from the thermocouple was collected on-
line a on strip-chart recorder. The microstructural char-
acterization of the product was carried out by optical
microscope, SEM and TEM. X-ray diffraction (XRD)
was done for phase analysis. EPMA was used for bulk
chemical analysis. The etchant used for optical mi-
croscopy and SEM had the following composition:
conc. HNO3 - 1 part, H2O - 2 parts. Specimens for
TEM were prepared by cutting 3 mm diameter disc from
200 µm thick slices of the synthesized product followed
by dimpling and ion-milling. Ion-milled samples were
subsequently jet-thinned to get rid of the ion-damaged
areas. Specimens were made from the products of all
the three different nickel particle sizes. Electron diffrac-

T ABL E I Properties of the initial reactant powders

Powder Nickel Aluminium

Symbol Ni 1 Ni 2 Ni 3 Al
Purity (%) 99.9 99.9 99.9 99.9
Size (d50) 10.94 µm 110.83 µm 129.57 µm 41.94 µm
Nature Agglomerate Agglomerate Agglomerate Atomized
Source Aldrich Indigenous Indigenous ALCOA

tion was carried out in a JEOL 2000 FX transmission
electron microscope. Composition analyses of the pre-
cipitates observed in TEM specimens were carried out
in a 200 kV Analytical Transmission Electron Micro-
scope (CM 200, Philips) by using the Energy Dispersive
X-ray Spectroscopy (EDAX system). No other spectro-
scopic techniques of better accuracy like EPMA could
be used because of the small size of the precipitates.
Oxygen analysis of all the reactant powders and the
product were carried out by inert gas fusion method.

3. Results
3.1. Thermal explosion
A typical time-temperature profile of a powder com-
pact containing Ni 1 powder during thermal explosion
is shown in Fig. 1. The combustion behaviour has been
found to depend on the particle size of nickel. Dur-
ing all the rates of heating, the compacts containing
Ni 1 behaved similarly and the combustion tempera-
ture always exceeded the melting temperature of NiAl.
The coarse nickel powders result in low combustion
temperature and incomplete conversion at lower rates
of heating. However, beyond a threshold rate of heat-
ing namely 35◦ C/min, the combustion temperature is
found to exceed the melting point of the product for all
the three varieties of nickel powders (Ni 1, Ni 2 & Ni 3)
essentially signifying total conversion.

3.2. Microstructure
The products show dendritic microstructures as the
combustion temperature is more than the melting point
of the product. Dendrites are found to be much finer
in the case of products from Ni 1 which is fine nickel
powder. No second phase precipitates are detected in
optical microscope or SEM. Fig. 2 displays the typical
microstructure of the combustion synthesized product.
XRD result shows that the products are (Fig. 3) single-
phase B2 NiAl in all the cases and no other phase is
noticed.

3.2.1. Second phase precipitate
Interestingly, the microstructure seen in TEM reveals a
second phase precipitate in NiAl matrix (Fig. 4). In spite
of the fact that the combustion reactions were carried

Figure 1 A typical time-temperature profile. Tig is the ignition temper-
ature, Tc is the combustion temperature and Tcr is the temperature of
crystallization of NiAl.

1190



Figure 2 Dendritic microstructure of the product.

Figure 3 XRD plot showing single-phase NiAl.

out under vacuum or argon atmosphere a very small
amount of these precipitates was always noticed. The
amount of this phase is found to be below the detection
limit of XRD. The precipitates show a variety of shapes
that include nearly spherical, cuboidal, ellipsoidal and
oblate forms and are found both at the grain boundaries
and within the grains. In some cases clusters of pre-
cipitates are also observed. Size of the precipitates was
measured from the transmission electron micrographs
without any stereological correction. They are found to
be within a range of 0.33 µm to 1.83 µm. This is a
measure of the maximum possible length of the precip-
itates. One particularly interesting observation is that
the size of the initial nickel particles does not show any
perceptible influence on the size or the amount of the
precipitates. Even though the coarsest nickel powder is
approximately 13 times bigger than the finest one, both
of them are found to form the second phase precipi-
tates of similar size range and in comparable amount.
Results are in essence the same both under the vacuum
and in the argon atmosphere. However, though the pre-
cipitate occurs in very small quantities; it is worthwhile
to characterize these in terms of its chemistry and crys-
tal structure. The details of the analysis have been de-
scribed elsewhere [15] but a summary of the relevant
information is included here.

TABLE I I A typical set of EDS data from a precipitate

No. of assay
Element
(at.%) 1 2 3 4 5

O 71.8 70.5 67.6 71.2 69.3
Al 27.6 29.0 31.7 28.3 30.1
Ni 0.6 0.5 0.7 0.5 0.6

TABLE I I I Structural details of the precipitate

Point Space α-angle α-angle
group group cH (Å) aH (Å) (◦, 3-layer) (◦, 6-layer)

3̄m R3̄c 12.84 4.855 87 56.65

Chemical analysis reveals that this phase is very rich
in oxygen and has only a little nickel in it (Fig. 5).
Table II displays a typical dataset of EDS analysis from
a single precipitate. A number of such precipitates were
analyzed. Fig. 6 shows the corresponding spectra of the
B2 NiAl matrix. EPMA analysis of the NiAl matrix was
used for the k-factor correction for Ni/Al and the theo-
retical values of k-factor given by Zaluzec model [16]
for O/Al and O/Ni were used. The composition thus
corrected is as follows: O : 70.08 at.%, Al : 29.34 at.%
and Ni : 0.58 at.%. It does not match with any of the
literature-reported values of oxides occurring in this
system [17]. Furthermore, the precipitates have shown
a remarkable uniformity of chemistry from one to the
other irrespective of the nickel particle size.

Crystallographic analysis was carried out to iden-
tify this phase using both parallel and convergent beam
electron diffraction techniques. This phase was found
to have the same crystal structure as α-Al2O3 but lattice
parameters were different. The results of the analysis
are tabulated in Table III. It is recognized to be a solid
solution of NiO in Al2O3 containing 2.85 mole % NiO.
Figs 7 and 8 show the selected area diffraction patterns
of some major zone axes from the B2 NiAl matrix and
the precipitate phase respectively.

3.3. Result of oxygen analysis
Table IV displays the result of the oxygen analysis of
the reactant powders and the products of combustion
synthesis. The average oxygen content found in the
product is 0.1 wt% or 100 ppm. Ni 3 shows the max-
imum oxygen content. It is observed that there is lit-
tle change in the oxygen contents before and after the
synthesis reaction. Since, the combustion temperature
always exceeded the melting temperature of NiAl, it
may be surmised that the oxygen dissociation pressure
of the oxide inclusion in the product was much lower
than the superincumbent oxygen partial pressure at the
NiAl melting point.

TABLE IV Oxygen analysis of the reactant powders and the product

Specimen Ni 1 Ni 2 Ni 3 Al Product

Avg. O2 Content (wt%) 0.1 0.06 0.1 0.1 0.1
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Figure 4 TEM micrograph showing the precipitates.

Figure 5 EDS spectra of the precipitate. Figure 6 EDS spectra of the matrix.
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Figure 7 SAD patterns of the matrix and their keys: (a) & (b). [001],
(c) & (d). [111].

4. Discussions
The rapid rise of temperature of the specimen, attain-
ment of a very high peak temperature and occurrence of
only NiAl phase in the product—all collectively point
to the fact that the condensed phase synthesis reaction
occurred in the combustion mode. The results further
reveal the occurrence of a second phase oxide precip-
itate in the present case. During SH-synthesis of NiAl
this is normally not expected firstly because the process
results in rapid rise to a very high temperature when the
impurities are expected to volatilize off to give rise to

Figure 8 SAD patterns of the precipitate of the following zone axes along with their corresponding keys: (a) & (d). [0001], (b) & (e). [011̄0] (double
diffracted reflections are indicated by crosses) and (c) & (f). [1̄21̄0].

purer products and secondly because the reactions were
carried out in pure argon and in vacuum using high pu-
rity raw materials. The oxygen that were there in the
raw materials and the residual oxygen and moisture in
the atmosphere within the reaction chamber are the two
possible sources of oxygen for the precipitates. The
solubility of oxygen in elemental aluminium is very
low. M. Van Lancker [18] reported it to be less than
0.067 at.% in melt and between 0.00025 and 0.0005
at.% in solid state. Solubility of oxygen in solid nickel
below the eutectic temperature of 1440◦C is also low
and is approximately 0.05 at.% [19]. Most of the oxygen
normally comes from the particle surface that contains
oxide or suboxides of the corresponding metal. Subox-
ides of aluminium namely, AlO and Al2O are volatile
[9, 20] whereas nickel surfaces are known normally to
be covered with NiO which is not volatile [21]. More-
over, aluminium can react with the residual oxygen and
moisture present in the atmosphere during the course
of the reaction. The results of the thin-film experiments
carried out by Prabriputaloong and Piggot [20] in the
temperature range of 700◦–800◦C are extremely rele-
vant in this matter. They performed the experiments in
quite similar conditions of vacuum (5 × 10−6 torr) and
argon atmosphere. They observed that argon back fill-
ing considerably reduced the amounts of oxygen and
nitrogen in the reaction chamber but not that of water
vapour. Aluminium reportedly reacted with the resid-
ual oxygen and water vapour to give rise to Al2O that
remained in the gas phase, according to the following
equations:

4Al + O2 = 2Al2O (1)

2Al + H2O = Al2O + H2 (2)
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Both the reactions were found to be thermodynamically
feasible even at the very low partial pressures of oxy-
gen and water vapour present in the work. So, similar
kind of reactions are very likely to have occurred in the
present experiments as well. Nevertheless, a number
of different processes must have taken place concur-
rently. There would be volatilization of both (1). the
surface oxides associated with the aluminium particles
and (2). the oxygen-deficient one mentioned above that
formed during the course of heating up to the ignition
point. At the same time, part of the oxygen will remain
in solution with molten aluminium since its solubil-
ity is more in the melt. On the other hand, the oxide
layer present on the surface of nickel particles would
get reduced by aluminium giving rise to Al2O3. Zhu
and Abbaschian [22] showed that this reduction can be
both in solid state and liquid state. But, considering the
isolated nature of the precipitates the latter seems to
be more likely. This reduction reaction can even melt
Al2O3 since it is highly exothermic [23]. Doty and Ab-
baschian [24], in fact, utilized this to form alumina-
reinforced NiAl composite by reactive hot compaction
of a mixture of aluminium and partially oxidized nickel
particles. Nevertheless, the amounts of oxygen associ-
ated with the nickel particles in the current case are
quite low. However, in the case of thermal explosion,
the reaction temperature reaches the melting point of
the product NiAl within less than one second of reach-
ing the ignition point. So, there can be kinetic restric-
tions as well to any of the processes mentioned above.
The resultant effect is that the second phase may result
from (i). the reduction of NiO with or without associ-
ated melting and solidification of Al2O3 and diffusion
of nickel in it; and (ii). the precipitation from molten
NiAl during solidification since the solubility of oxy-
gen is more in the melt and very low in the solid state.
Interestingly, there has been no significant change in the
overall oxygen content on conversion from the reactant
to the product.

Moreover, the particle size of the nickel powders does
not show any influence on either the size of the precipi-
tates or the total volume percent of the same as indicated
earlier. The similar amount of oxygen content in all the
three types of nickel particles may be responsible for
that. But, the only way nickel particles of sizes differ-
ing by approximately thirteen times can have similar
amount of oxygen, if the coarse nickel particles are
porous agglomerates of fine particles.

The issue of not detecting the presence of the pre-
cipitate by XRD can be explained in terms of the low
volume fraction of the same. If we assume that the
precipitates are spherical and their average diameter
is one micron, then 0.1 wt% oxygen corresponds to
0.0053 vol% of precipitate in the product. The density
of the precipitate is taken as 4 gm/cc. This volume frac-
tion is well below the detection limit of XRD.

Besides, this study shows experimental evidence of
the room temperature solubility of NiO in Al2O3 which
is not reported in the literature [17]. The only other
report about nickel containing alumina was made by
Hutchings and Loretto [25]. They observed that oxi-
dation of nickel-rich NiAl (60 at.% Ni) gave rise to an

aluminium oxide layer containing approximately 5 at.%
nickel, though the figure was only accurate to within a
factor of two. More recently, Zalar et al. [26] reported
about the formation of a thin layer of Al2O3 containing
a small but unspecified amount of NiO during oxidation
of Ni50Al50 multilayer.

This study puts forward one more issue which is
important from the point of view of the purity of the
combustion-synthesized products: Though it has been
suggested that combustion synthesis can definitely re-
duce the impurity levels through removal of volatile
and gaseous phases, the possibility of forming oxide
precipitates of one or more components cannot be to-
tally ruled out even when the reactions are carried out
under vacuum or inert atmosphere, especially in the
case of intermetallic synthesis where metallic powders
are handled. The formation of an oxide impurity phase
and oxygen analysis results suggest that it is difficult
to reduce oxygen content in the SH-synthesis of the
intermetallics NiAl where a liquid formation starts at
low temperature (640◦C). This issue of the difficulty
involved in achieving self-purification in terms of oxy-
gen impurity was rightly pointed out by Merzhanov [9].
The oxygen content at the particle surface might form
oxides or get dissolved in the molten product and pre-
cipitate on cooling. So far, it has not been highlighted
in the literature possibly because of lack of TEM in-
vestigation. Even, in the current system, the presence
of the oxide could be traced only by a TEM as it was
below the detection limit of XRD.

5. Conclusions
SHS in the thermal explosion mode is a convenient
method for synthesis of NiAl. Although SHS is known
for removal of impurities and generation of purer prod-
ucts, a small quantity of a second phase precipitate,
identified to be a solid solution of NiO in Al2O3 was
observed in combustion synthesized NiAl. The surface
oxygen on the reactant powder particles which is ex-
pected to end up evaporating as volatile suboxide under
low partial pressure of oxygen, appears to be responsi-
ble for its origin. The evidence of the retention of oxy-
gen as sparsely distributed impurity oxide precipitates
could be noticed only through TEM. In addition, since
the alumina-rich side of the NiO-Al2O3 pseudo-binary
phase diagram does not show any solubility of NiO in
Al2O3 at room temperature, further investigation needs
to be carried out to resolve the issue.
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