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Abstract

The Ni-Al system contains five intermetallic compounds, out of which NiAl and Ni3Al have
received the vast majority of scientific and industrial interest over the past few decades.
Ni3Al is of major interest due to its unique properties, including a yield strength that
increases with temperature. The combustion synthesis (CS) process for producing Ni3Al
from elemental powders of nickel and aluminum offers a low thermal budget and rapid
processing, as well as purer products. This paper reviews the fundamentals of CS as applied
to Ni3Al and its composites, and focuses on research over the past 25 years, including
mechanically and electrically activated combustion synthesis and combined combustion
synthesis and bulk deformation processes to produce high-density products. Several new
directions are suggested for future research in the field.

Keywords: nickel aluminides; intermetallics; aluminides; Ni3Al; combustion synthesis;
SHS; reactive SPS; thermal explosion; self-propagating high-temperature synthesis

1. Introduction
Interest in intermetallics has been substantial over the past few decades [1]. This is

motivated by the unique properties that such materials can offer, which prompt serious
consideration for a myriad of applications. One method used in the fabrication of inter-
metallics is combustion synthesis (CS), which involves the exothermic reaction between
elemental powder constituents to produce intermetallic products in short processing times.
The approach offers several advantages beyond short processing times, including a lower
thermal budget and purer products [2]. Historical disadvantages include product porosity
and microstructural inhomogeneity, which can be detrimental to mechanical properties [3].
A comprehensive review of the processing of a myriad of high-temperature materials was
published in 1989 by Munir and Anselmi-Tamburini [4]. Over time, the approach has been
combined with other processes and effects to alleviate many of its disadvantages, including
extrusion [5], forging [6], mechanical activation of powders [7], and electric fields [8]. A
comprehensive review outlining the diversity of such approaches has been published by
the author [9], and in another review, the effect of electric field in Combustion Synthesis
was discussed [10].

The Ni-Al system contains five intermetallics: NiAl, Ni3Al, NiAl3, Ni2Al3, and Ni5Al3.
Of these, NiAl and Ni3Al have attracted the vast majority of scientific and industrial atten-
tion due to their unique properties, including high-temperature strength, wear resistance,
oxidation resistance, and corrosion resistance. In its basic form, the combustion synthesis
of Ni-Al bulk materials involves mixing elemental powders of nickel and aluminum in
the intended stoichiometric composition, compacting, and igniting the powder compact to
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promote the combustion synthesis reaction. Some recent research has examined the pro-
duction of intermetallic powders via combustion synthesis. For example, recently, rounded
Ni-Al powders were produced through combustion synthesis processing with the aid of
CaCO3 and Ca(OH)2 additives [11]. The objective was to produce spherical intermetallic
powders suitable for additive manufacturing. As far as the production of bulk Ni3Al and its
composites via combustion synthesis processes, significant research was initially conducted
to determine the effects of fundamental processing parameters on the reaction products
and the process, including nickel and aluminum particle size and their relative size ratios,
green density of the reacting powder compact, reaction atmosphere, reaction temperature,
ceramic reinforcement loading, and Ni3Al-composite functionally graded materials [12–14].
Recently, the processing, properties, and applications of nickel aluminides were reviewed;
however, there was very limited mention of combustion synthesis research [15]. It has
been more than 25 years since the author’s last comprehensive review of the combustion
synthesis of Ni-Al intermetallic materials [2]. Since then, significant research has been
published on the subject. Hence, it was felt appropriate to review the research in the area,
focusing on select research over the past 25 years. Recent combustion synthesis research on
the NiAl intermetallic compound has targeted coatings [16,17], composites [18,19], spark
plasma sintering and mechanical activation [20], and multilayer foils [21]. The Ni3Al com-
pound is, however, another important intermetallic with unique properties, including a
yield strength that increases with an increase in temperature [22], prompting its use as
a high-temperature tool material. As such, it is prudent to review recent research on its
production via combustion synthesis. This review, therefore, discusses the fundamentals
of combustion synthesis as they relate to the Ni3Al intermetallic and its composites, as
well as recent research in the field. Mechanical and electrical activation, combined with
combustion synthesis, are discussed, as is the combination of combustion synthesis with
bulk deformation processes, along with other research.

2. Background
2.1. Fundamentals of Combustion Synthesis of Ni3Al Intermetallic
2.1.1. Thermal Explosion vs. SHS

Before we consider recent research in the area, it is important to lay down the funda-
mentals of the CS process as they relate to Ni3Al and its composites. Under the banner
of combustion synthesis, two modes of ignition can be described. The first is where the
3Ni+Al powder compact is locally ignited to promote an exothermic reaction between the
Ni and Al powders, converting them into the intended intermetallic compound at that
location. This ignition could be carried out using a heated coil, an electric discharge, a
chemical oven, a laser, or other means. Since the reaction between Ni and Al powder to
form the product is exothermic, the released heat locally heats the next layer in the compact
to its ignition temperature, and the process continues in a self-propagating manner. In
other words, giving the process the name Self-propagating high-temperature synthesis (SHS).
In another ignition mode, the entire 3Ni+Al powder compact is uniformly heated to the
ignition temperature. Typically, heating the 3Ni+Al compact to the aluminum melting point
(660 ◦C), or more precisely, to the eutectic temperature of 640 ◦C, triggers the reaction. This
mode of ignition has previously been referred to as volume combustion [23], simultaneous
combustion [24], or thermal explosion (TE) [5]. Some of the main parameters or features
measured in combustion synthesis research include combustion temperature (for TE and
SHS), wave velocity (for SHS reactions), ignition temperature (TE), and product porosity
and homogeneity (TE and SHS). Some limited research was also conducted on recording
acoustic emissions during SHS processing, which were related to crack formation and self-
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oscillations of the reaction wave, in addition to chemical and phase transformations [25].
Figure 1 is a schematic describing both the SHS and thermal explosion modes of ignition.

 

Figure 1. Combustion synthesis: (a) SHS mode; (b) Thermal explosion mode.

Advantages of thermal explosion over SHS include higher combustion temperatures,
more uniform heating, and a lower possibility of obtaining inhomogeneous microstructures.
SHS would have the advantage of a low thermal budget, as the reaction occurs at lower
temperatures and is therefore more energy-efficient than TE.

2.1.2. Adiabatic and Combustion Temperatures

As mentioned, two of the fundamental parameters in this process are the adiabatic
temperature (Tad) and the combustion temperature (Tc). The adiabatic temperature can
be calculated theoretically using thermodynamic principles and represents the maximum
temperature achievable when the compact is fully reacted, assuming no heat loss to the
surroundings. The combustion temperature, on the other hand, is simply the experimentally
determined maximum temperature reached during the reaction. Here, heat can be lost to the
surroundings, or, if the reaction is incomplete, the amount of heat produced will be reduced.
Hence, in reality, Tc is typically less than Tad; however, there are cases where Tc exceeds the
theoretically predicted Tad. This can occur when the compact undergoes oxidation during
the process, which is intrinsically exothermic, thereby increasing heat generation. This was
demonstrated for the Ni+Al reaction in the thermal explosion mode [26]. In the SHS of
Ni-Al materials, the initial temperature of the compact (the preheat temperature) plays an
important role in determining the final adiabatic or combustion temperature. Obviously,
both Tad and Tc increase with the compact’s preheat temperature, due to its higher heat
content prior to the reaction.

If a 3Ni+Al compact is theoretically assumed to react without preheating, the calculated
adiabatic temperature would lie below the melting point of Ni3Al. This means the Ni3Al
should be produced in solid form. Adiabatic temperatures have been calculated for the
Ni-Al system by several researchers [27,28], and there are some discrepancies between
the reported findings, which could be due to the use of different thermochemical data
or to the failure to account for the percent molten aluminum or molten nickel at high
preheat temperatures. The melting point of Ni3Al is 1668 K, and if an SHS reaction were
to take place without preheating and at atmospheric pressure (with a heat of formation
of −153.1 kJ/mol [29]), the resulting adiabatic temperature would be about 1510 K [30],
i.e., lower than the melting point of Ni3Al, and hence the product is expected to be in the
solid state. Obviously, if the green compact is initially heated to temperatures above room
temperature before the SHS reaction begins, the adiabatic temperature should increase due
to the higher heat content of the compact. Zhu et al. [30] performed adiabatic calculations
and conducted accurate experimental procedures, and determined that when the Ni+Al
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reaction occurs at temperatures greater than 835 K, the NiAl product temperature exceeds
its melting point and thus becomes fully molten. On the other hand, a compact preheat
temperature above 1019 K for 3Ni+Al is needed for the resulting adiabatic temperature
to exceed the melting point of Ni3Al. Achieving adiabatic temperatures exceeding the
melting point of the intermetallic product can be advantageous for coating or joining
applications [30]. Normally, an increase in the compact preheat temperature results in
higher combustion temperatures and wave-front velocities. This is indeed true up to a
compact preheat temperature at which the formation of aluminum-rich parasitic phases
can occur via solid-state interdiffusion between Ni and Al powder. Hence, beyond this
point, a reduction in combustion temperature and wave velocity can occur [31].

Whether a reaction can proceed via SHS or not depends on thermodynamic and
kinetic considerations; some systems may require preheating the compact to achieve stable
wave propagation. 3Ni+Al is typically one such system, in which a preheat temperature
of at least 200 ◦C is required [32]; however, in another study by Yokota et al. [33], even
200 ◦C did not promote an SHS reaction, requiring electrical activation to initiate it at
that temperature. It should be noted that other factors, including powder characteristics,
can influence the compact preheat temperature and the ability to produce a stable SHS
reaction. However, mechanical activation [7], and electric activation [33] may help reduce
such compact preheat requirements (discussed later).

Early research on the combustion synthesis of Ni-Al intermetallics identified several
fundamental effects of process parameters on reaction characteristics. For example, a fun-
damental mechanism for the combustion synthesis of Ni3Al was determined to ultimately
involve the melting of aluminum powder, its spreading throughout the green compact,
and wetting Ni powder [12]. The aluminum finally reacts exothermically with the nickel
powder, generating heat that sustains the reaction. In essence, it is a liquid-phase sinter-
ing process [34], specifically a reactive transient liquid-phase sintering process, since the
aluminum is consumed during the reaction with the nickel powder. This means many of
the principles of liquid phase sintering can be applied. The effects of various synthesis
parameters are summarized next.

2.1.3. Effect of Ni and Al Particle Size

When considering the particle size of the elemental constituents, we need to discuss
both the particle sizes and the particle-size ratio between the Ni and Al powders. Noting
that the reaction involves the diffusion of atoms from molten aluminum into nickel powder,
this requires maintaining high reaction temperatures for a sufficient duration to facilitate
complete diffusion. The time at high temperatures is not prolonged because heat is lost
to the surroundings. This would, understandably, mean that large nickel powder would
not be ideal, as it would lead to incomplete reactions and leave residual nickel at the core
of nickel particles/regions. One may then logically suggest using smaller and smaller
elemental powders. This is true, but also within limits. At some point, we encounter
powder agglomeration of fine particles, which can pose processing challenges. Even at
very small particle sizes, excessive surface oxides on the powders can pose processing
and compositional challenges. For example, at the nanoscale, the surface oxide on Al
powder can be 50% of its volume [35], not to mention the pyrophoricity issues that need to
be considered. Nanoscale constituents can not only reduce preheat temperatures in SHS
reactions but also lower ignition temperatures during thermal explosion. Although not
directly comparable to powder-based combustion synthesis, nanoscale multilayer foils
with a 1:1 atomic ratio of Ni(V) and Al and ignition temperatures as low as ~245 ◦C were
reported using high heating rates (via electric resistive heating) [36]. Yeh and Sung [32]
studied the effect of elemental powder, relative density, and compact preheat temperature
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in the SHS processing of Ni3Al. The SHS reaction of 3Ni+Al with a nickel particle size of
3–7 µm involved a flame-front stage, in which the wave traveled rapidly from the top to
the bottom of a 12 mm-high compact in only 0.37 s. After a slight delay, this was followed
by a very intense glow across the entire compact between 0.8 and 1.2 s, after which the
sample remained bright for an extended period. Notably, in these experiments, the 3Ni
and Al powders were ball-milled for 10 h without forming any interfacial products. An
increase in nickel particle size to −325 mesh not only reduced wavefront velocity but also
altered flame propagation characteristics. An increase in preheat temperature, however,
resulted in a higher combustion temperature and the formation of a Ni3Al product.

Another important point is that the lower-melting-point phase, namely aluminum,
must be continuous (percolate) through the green compact microstructure. This is achieved
by ensuring the nickel-to-aluminum particle size ratio is ~2.4:1 for the Ni3Al composi-
tion [12]. Typically, a nickel particle size of ~45 µm and an aluminum particle size of
~18 µm can yield good results.

As mentioned, this requirement still imposes a limitation on nickel particle size;
particles that are too large or too small will result in other issues. Another approach
to enable the use of nanoscale nickel without resorting to 2.4-times-smaller nanoscale
aluminum (with its problems of excessive oxide content and pyrophoricity) is to disperse
nanoscale nickel within microscale aluminum powders. This approach can overcome
agglomeration at small nickel particle sizes while maintaining a continuous aluminum
phase within the microstructure. Figure 2a is a simplified schematic showing the elemental
powder mixture obtained via a conventional mixing approach of 3Ni and Al powders,
and a microstructural powder design for nanoscale Ni powder that achieves Ni dispersion
while maintaining a continuous aluminum phase (Figure 2b).

 

Figure 2. (a) Conventional powder mixing of micro-scale powder, (b) design for ensuring dispersion
on nano-scale Ni and a continuous aluminum matrix.

Mechanically milling of the constituent powders has been reported to successfully
produce single-phase Ni3Al after combustion synthesis [37]. This is probably due to the
coating of nickel powder with softer aluminum, thus maintaining the interconnectivity
of aluminum within the compact microstructure. To the best of our knowledge, the pos-
sible residual stresses arising from the SHS reaction in Ni3Al have not received adequate
attention. Such stresses can affect the mechanical properties of SHS products and need
to be evaluated. Rivero et al. [38] observed that residual stresses following SHS of NiAl
were tensile when either both Ni and Al were on the microscale, or one of them was on
the nanoscale. When both Ni and Al were on the nanoscale (50 nm Al and 100 nm Ni),
compressive residual stress (~416 MPa) dominated, which may favor applications involving
fatigue. The nano-scale aluminum powder contained 20 vol.% alumina.

https://doi.org/10.3390/met16070690

https://doi.org/10.3390/met16070690


Metals 2026, 16, 690 6 of 18

2.1.4. Effect of Heating Rate

In thermal explosion ignition mode, heating the green compact to the ignition tem-
perature can be achieved at different heating rates. Very rapid heating in a furnace can
lead to nonuniform heating of the compact, with the surface heating faster than the interior,
resulting in an SHS-type reaction that initiates at the compact surface. This represents
loss of process control and is generally observed at high heating rates [12]. On the other
hand, too-slow heating rates can allow aluminum-rich parasitic phases (such as Al3Ni
and Al3Ni2) to form at contact points between aluminum and nickel powder. Since these
phases are rich in aluminum, they will deprive the reactive mixture (nominally 25% at. %
Al) of aluminum. This leads to a stoichiometric imbalance in the reaction, resulting in a
multiphase microstructure rather than the intended single-phase Ni3Al compound. Hence,
it is critical to avoid slow heating rates; it has even been reported for the Ni+Al reaction
that combustion synthesis was not possible at heating rates lower than 5 ◦C/min [26]. Since
the formation of these aluminum-rich intermetallics is also exothermic, it is possible that
if the compact is heated to a temperature below the 640 ◦C ignition temperature, the heat
emanating from the formation of these phases raises the temperature of the compact (self-
heating) to the ignition temperature [26]. Hence, intermediate heating rates are typically
used when reactions are conducted in a conventional furnace. However, if other heating
approaches are used to rapidly heat the compact volumetrically, other possibilities emerge.
It should be noted that in SHS reactions, local heating rates can be substantially higher than
those observed in thermal explosion reactions.

In recent work on the thermal explosion of 3Ni+Al mechanically activated powder,
combustion synthesis was not possible even at moderate heating rates (e.g., 10 ◦C/min),
attributed to the annealing of crystallographic defects formed during mechanical milling
and solid-state reaction products [39].

In situations where a fully molten or partially molten Ni3Al product is expected,
pre-alloyed Ni3Al powder is added to the reactive powder mix. This preformed Ni3Al
powder does not participate in the reaction and essentially acts as a heat sink, reducing
the combustion temperature to below the melting point of Ni3Al. Such an approach
was adopted during the simultaneous thermal explosion and extrusion of Ni3Al, thus
avoiding the production of molten Ni3Al extrusions [5]. In an interesting study, Lapshin
and Boyangin [40] interrupted the heating of the compact (at a heating rate of 3.15 ◦C/s) at
a critical temperature below the conventional ignition temperature of high-temperature
synthesis and noted no significant changes in the product, which was mainly single-phase
Ni3Al. The authors suggested that the approach offers a lower-energy alternative to a
complete heating cycle.

It is also possible to use the formation of these Al3Ni and Al3Ni2 phases in such a way
to reduce the heat generation during the subsequent reaction and allow the formation of
a solid intermetallic product without the need for pre-alloyed powder. This was demon-
strated with the NiAl system [41], where an intermediate heating stage was added to the
heating cycle. Here, a dwell at temperatures below 600 ◦C was used to grow a specified
volume fraction of Al-rich phases. This was followed by raising the temperature above
aluminum’s melting point, at which point a TE reaction occurred. Solid homogeneous
NiAl was formed (in contrast with molten NiAl in the absence of the Al-rich phases). The
microstructure was also highly porous, single-phase NiAl.

2.1.5. Effect of Atmosphere

Oxygen-containing atmospheres should be avoided due to reactions with aluminum
and nickel powders, which can lead to self-heating, loss of process control, and a stoi-
chiometric imbalance that negatively affects the final product’s properties. Typically, inert
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gas atmospheres such as argon are used, but better results have been reported when re-
acting under vacuum [12]. A vacuum can reduce the cooling rate from the combustion
temperature, allowing more time at high temperatures to increase homogenization of the
microstructure. It also helps to decrease product porosity. Any entrapped gas from the en-
vironment that ends up in closed pores can be difficult to eliminate during the combustion
synthesis. Hence, a vacuum avoids this issue.

2.1.6. Green Compact Relative Density

The relative green density of the 3Ni+Al powder compact can play a major role; the
spreading of molten aluminum can be hindered if large/excessive pores are present in
the green compact, leading to multiphase microstructures, for example, during thermal
explosion [12]. Lebrat et al. [13] reported an increase in combustion temperature with
increasing relative green density during the SHS of Ni3Al. They investigated relative
densities ranging from 0.54 to 0.8 of the theoretical value. Relative green densities between
0.65 and 0.75 are typically used in combustion synthesis research. It should be noted that
local density distributions (variations) can normally exist within the green compact due to
powder/wall friction during uniaxial pressing [34]. This can become significant as the green
compact’s aspect ratio (height/diameter) increases. This means that, on the local level, it is
possible to observe differences in reaction characteristics across different regions within the
green compact. Ideally, isostatic pressing should be used to achieve a homogeneous density
distribution within the green compact, resulting in more uniform reaction products and
properties. Few studies have done this, for example [12,42]. Alternatively, short disc-like
specimens (also referred to as squat specimens [34]) could also be used in thermal explosion
experiments. Here, these disc-like specimens can also possess more homogenous density
distributions than taller ones.

In an SHS study of mechanically activated 3Ni+Al powder, an increase in green
compact relative density was found to increase the Ni3Al product density [32]. A similar
trend was also reported for the thermal explosion of 3Ni+Al [42].

2.1.7. Product Porosity

It is well known that product porosity can be a major disadvantage in the combustion
synthesis of Ni3Al. This porosity can be a result of porosity already present in the green
compact (it has been shown that higher relative green densities result in higher product
densities in the thermal explosion [42] and SHS [32] of Ni3Al), or the volatilization of low-
boiling-point adsorbed impurities or adsorbed moisture on powder surfaces during the
reaction (powder degassing procedures can be used to reduce or eliminate this effect [43]).
Additionally, an intrinsic type of porosity arising from the difference in densities between a
fully dense 3Ni+Al powder compact and the Ni3Al product could manifest (in the absence
of compact shrinkage during the reaction). Another type of porosity is Kirkendall porosity,
which results from the solid-state interdiffusion between Ni and Al powder at their contact
points during heating, in which nickel diffuses into aluminum at a rate different from that
at which aluminum diffuses into nickel. Compact swelling can result from this process, due
to the formation of Kirkendall porosity in the green compact from excess vacancies. This
issue arises at low green compact heating rates and can result not only in low combustion
temperatures but also in multiphase microstructures. Hence, slow heating rates should
be avoided.

2.1.8. SHS Wave Characteristics and Apparent Activation Energy

In SHS research, reaction waves can be stable or unstable [10]. It is well known that,
under normal conditions, to produce a stable reaction wave in the 3Ni+Al system, the
powder compact must be preheated before initiating the SHS reaction. By conducting a
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series of SHS reactions at different compact preheat temperatures, the apparent activation
energy (Ea) of the process can be determined. The average wave velocity and combustion
temperatures can indeed be used to obtain the activation energy, using Equation (1) [43](

Vav

Tc

)2
= f (n)

(
R
Ea

)
Ke(

−Ea
RTc ) (1)

where Ea is the apparent activation energy, Tc is the combustion temperature, Vav is the
average wave velocity, R is the ideal gas constant, K is a constant (based on thermal
properties), and f (n) relates to the kinetic order for the reaction.

Typical velocities reported for the SHS of Ni3Al can range from 10 to 40 mm/s depend-
ing on relative green density and the degree of loading with composite reinforcements [13].
In another study, for the SHS of Ni3Al-2% CNT (carbon nanotube), wave velocities between
~8 mm/s and a little over 20 mm/s were reported [33]. The higher values were obtained at
the higher preheat temperatures investigated.

Equation (1) shows that a plot of ln
(

Vav
Tc

)
vs 1

Tc
generates a straight line whose slope

can be used to determine the apparent activation energy, Ea. Such activation energy for the
SHS of Ni3Al was reported to be 92–98 kJ/mol [32] while Sohn and Wang [31] reported
176 kJ/mol experimentally and 265 kJ/mol theoretically. In the SHS production of Ni3Al-
carbon nanotube (CNT) composites, Yokota et al. [33] reported for (Ni+2%CNT)/Al an
activation energy of 231.9 kJ/mol when the powder compact was preheated and ignited
without electric current activation during wave propagation, and 131.2 kJ/mol when
preheating was conducted under electrical activation. It should be noted that the presence
of CNTs within the nickel powders (i.e., composite Ni-CNT powders) may have acted as a
diffusion barrier, resulting in a higher apparent activation energy than the experimental
values reported by Sohn and Wang. However, SHS occurring during current activation,
while maintaining the same preheat temperature, results in a notable ~43% reduction in
the apparent activation energy. It is also important to note that processing differences, such
as mechanical or electrical activation of powders, powder size, relative green density of
the compact, type, size, and volume fraction of reinforcements, mechanical activation, and
alloying, can all affect the apparent activation energy. We observe a reduction in activation
energy upon electrical or mechanical activation; additionally, Yeh and Sung [43] have
shown that the addition of boron reduces the activation energy from 97.8 kJ to 86.4 kJ/mol.
Even much lower activation energies (~9.5 kJ/mol) have been reported for the thermal
explosion of mechanically milled 3Ni+Al powders [7]. The activation energy, however,
was reported to be a function of mechanical milling time. The wide range of activation
energies reported can be a result of many factors, including particle sizes of the elemental
powders and their relative sizes, the amount and type of crystallographic defects within
elemental powders (mechanical activation vs. as-received powder), relative green density,
electric activation, and the interfacial area between elemental powders. It is important to
note that when preheating the compact, we need to ensure uniform heating; some heating
approaches, for example, heating only one side of the compact, may result in a temperature
distribution within the compact prior to ignition, which could complicate the findings.

2.2. Mechanical Activation (MA) of Elemental Powders

In the traditional sense, mixing as-received nickel and aluminum powders, followed
by compaction and combustion synthesis, can yield low-porosity, homogeneous products
when process parameters are optimized. It is possible, however, to modify the condition of
the precursor elemental powders. One approach is to mechanically activate the powders.
The term refers to the cold working (plastic deformation) of powders using a powder
milling process (mechanical milling). SPEX mills and planetary ball mills have been used
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for such purposes, and in some cases, low-energy ball milling was used [44]. In high-energy
powder mechanical milling, the powder is placed inside a vial (container) together with
milling media (e.g., hardened steel balls) and filled with argon to protect against oxida-
tion. The container is sealed, placed in a powder milling machine, and shaken at high
speed/energy for a period of time. If only one powder component undergoes this process,
for example, just nickel powder, then the process would involve the milling balls impact-
ing the nickel powders, which results in their plastic deformation and work hardening,
followed by their fracturing and rewelding during the milling process. This can result in
significant changes to the powder’s internal structure and energy state. For example, an
increase in dislocation density and other crystallographic defects is expected [45], after
which the powder is referred to as being mechanically-activated. These crystallographic
defects can improve the diffusion and reaction rates of these powders, thereby influencing
the combustion synthesis process. In addition to the crystallographic defects, it is also
possible to refine the grain size of nickel powder to the nanoscale [46].

Many studies have used mechanical milling to simultaneously mill both elemental
powders. Here, care is required. During mechanical milling, increasing the ball-to-powder
weight ratio or milling time can lead to the formation of reaction products between ele-
mental powders. In certain cases, increased milling time can result in alloying with several
elements to produce nanostructured pre-alloyed Ni3Al-based alloy powder, based on the
composition Ni-8.14Al-7.83Cr-1.45Mo-0.01B (wt. %) [47]. However, if the milling time and
energy are kept low, it is possible to intermix the two types of elemental powders without
forming solid-state reaction products. In fact, recent work [44] has shown that if low-energy
milling is applied (using a jar mill arrangement with steel milling balls), even milling in
air, without using expensive argon, can be accomplished without significantly oxidizing
elemental powders. Not only that, but authors also report no adhesion of powders to
the container walls, only slight adhesion to milling balls, and a very limited temperature
rise during milling. All these are extremely advantageous from the processing standpoint.
Here, the simultaneous deformation of both types of powder, cold working, fracture, and
rewelding, can result in composite powders made of both powder constituents. The elemen-
tal constituents can be refined in size, thereby increasing the interfacial area between the
elements. Recently, Boyangin and Lapshin [48] theoretically and experimentally examined
the effect of low-energy mechanical activation on the ignition of 3Ni+Al powder mixtures.
The formation of crystallographic defects was found to serve as a primary mechanism that
increases the internal energy of the powders and reduces the ignition barrier. Mechanical
activation for extended periods resulted in intimate mixing of elemental powders and
particle refinement, increasing interfacial area and transitioning the reaction mechanism
from diffusion-controlled to interfacial-controlled. The SHS reaction of such mechanically
activated powder mixtures gives rise to what has been referred to as mechanically activated
SHS, which can generate nanostructured intermetallic products, as shown for niobium alu-
minides [49]. In another study [40], low-energy mechanical activation reduced the ignition
temperature during thermal explosion to 400 ◦C after 50 h of milling. However, if very short
milling times are used, the combustion-synthesized product can be negatively affected. An
example comes from work by Osipov et al. [50], in which very low mechanical activation
(1 min) followed by reactive spark plasma sintering resulted in a product with an inhomo-
geneous grain-size distribution, including regions of small and large grain sizes. Product
annealing post-SPS processing increased the size difference between the small-grain-size
regions and the larger ones. Also, more chemically homogeneous microstructures were
produced as the annealing temperature increased. The highly reduced milling time will
limit the number of ball-to-powder impact events and, hence, not all powders will have
received the same level of mechanical deformation, which may have affected grain size
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development in the product. For low-duration ball milling, it may be advantageous to first
rotator-mix the nickel and aluminum powders to ensure proper mixing, then apply plastic
deformation to the powders using mechanical milling [51].

Another important point is the powder degassing sequence, especially when mechan-
ical milling is used. Powders are known to be prone to moisture pickup, which, upon
reaction, can produce vapor and result in porosity, in addition to even slowing down the
wave propagation during SHS. Hence, it is important to eliminate such moisture or low-
boiling-point impurities prior to combustion synthesis (for example, through degassing
processes). The sequence in which such a task is accomplished, however, requires careful
attention, especially in the context of mechanical activation. If 3Ni+Al green compacts
were produced and then vacuum degassed, gas would be allowed to escape predominantly
through the open porosity of the green compact, especially if at a density where open
porosity is dominant (e.g., 0.74–0.76 of theoretical [34]); this was found to result in signif-
icant product porosity [51]. The porosity was attributed to moisture entrapment within
the rewelding particles during MA; upon SHS processing, they expand, resulting in higher
porosity in the product. Interestingly, when the powders were degassed first prior to MA,
mechanically activated, and then compacted and reacted, significantly lower porosity levels
were achieved. These results point to the need to standardize powder degassing prior to
any mechanically activated SHS or even thermal explosion research.

In recent work [52], only one of the elemental powders, namely the higher-melting-
point powder phase (nickel), was mechanically milled and then gently mixed with the
aluminum powder using a rotator mixer. The dislocation density of the nickel powder
increased approximately 10-fold after only 1.5 h of high-energy SPEX milling; hence, the
nickel was mechanically activated. In that study, however, a combustion synthesis reaction
yielded a multiphase microstructure with unreacted nickel. This was attributed to the
Ni/Al particle size ratio not being optimal to allow percolation of aluminum throughout
the green compact microstructure prior to reaction. Hence, during mechanical milling, it is
critical to consider the fundamentals of the 3Ni+Al reaction mechanisms during subsequent
combustion synthesis. Interestingly, when nickel powder was mechanically milled with
carbon nanotubes (CNTs), not only was a worse Ni/Al particle size ratio observed, but
the presence of CNTs within the nickel may have negatively affected the combustion
synthesis process; no obvious combustion event was observed during the reaction. This
was overcome using a two-stage milling process [53], where after the first milling of nickel
powder and CNTs for 1.5 h (to produce predominantly composite Ni-CNT powder), and
rotator mixed with the Al powder, the whole mixture was then again mechanically milled
for a further 1.5 h. Here, the aluminum was able to coat the Ni-CNT composite powders
and improve its distribution within the green compact microstructure, resulting in a proper
combustion synthesis reaction. Here, again, reactions can initiate at certain locations within
the compact and spread quickly. The green compact was found to have a pronounced
effect on the propagation of these reactions once initiated. At low relative green densities
(0.67), the reaction wave front was continuous, whereas at the highest investigated relative
green density (0.78), wave propagation was discontinuous. This was attributed to the
formation of cracks, which interfere with heat conduction, which is needed for reaction
propagation. Again, unreacted nickel was detected in the product, which decreased upon
electro-annealing. Electro-annealing not only showed an increase in the Ni3Al phase, but
also the production of the Ni4.22Al0.9 phase, as in the case of the CNT-free 3Ni/Al reaction
system [52]. The formation of the high-hardness Ni4.22Al0.9 phase during electro-annealing
is very interesting and warrants further research. It should be mentioned that in that study,
after milling the CNTs with Ni, some nickel was found to form cakes on the surface of nickel
powder; hence, the proper dispersion of CNTs with Ni powder was not fully achieved. Here,
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an examination of the effect of nickel particle size on the dispersion of CNTs within nickel
powder warranted consideration, and in fact, Modi et al. [8] examined the effect of nickel
particle size (4–8 µm and 45–90 µm) and milling time (1.5 h–6 h) on reaction characteristics,
product microstructure, and properties. Again, an increase in milling time resulted in
a reduction in both the ignition temperature and the ignition time. Improved product
homogeneity and hardness, and a decline in porosity, were achieved with the smaller nickel
particle size at the longest milling time. In fact, the reacted samples displayed the best
Ni3Al conversion of all the EARS (Electrically Activated Reaction Synthesis) experiments.

In another study [46], the effect of CNT length on the mechanically milled nickel-CNT
composite powder (a precursor to the combustion synthesis of Ni3Al-CNT composites) was
investigated. It was determined that short CNTs interacted differently from longer CNTs
when milled with nickel. They resulted in a more refined matrix microstructure within the
nickel-CNT composite powder, increased strain, and dislocation density.

2.3. Combining Combustion Synthesis with Bulk Deformation Processes

Early work examined the application of uniaxial and isostatic pressures during the
3Ni-Al reaction [54], resulting in a highly dense and inhomogeneous microstructure that
requires subsequent annealing. It has also been reported that the application of pressure
during the reaction can interfere with the capillary action of the molten aluminum [12].
Although it is possible to first react the powder mixture and then conduct subsequent
secondary processes, such as hot pressing or hot extrusion, these approaches would involve
additional steps. However, it may be advantageous to avoid such unnecessary processes
by combining combustion synthesis and thermomechanical processing in a single step.
Recently, Ivanov et al. [55] conducted thermal explosion on a 3Ni+Al powder compact
(using induction heating) and applied a pressure 1 s after the reaction was initiated, result-
ing in a product with predominantly Ni3Al and ~3.9 vol.% NiAl. Following the thermal
explosion, irradiation of the surface with a low-energy, high-current pulsed electron beam
yielded single-phase Ni3Al. The hot extrusion reaction synthesis (HERS) process represents
early work on combining extrusion with combustion synthesis. Here, the 3Ni+Al powder
compacts are heated in an extrusion chamber (with a flat die arrangement) to relatively low
temperatures, for example, 400 ◦C [56]. During extrusion, the work of extrusion and friction
heat the extruding 3Ni+Al mixture to its ignition temperature, at which point it reacts as it
exits the extrusion die. One of the main advantages of the process is that using elemental
powders of nickel and aluminum reduces the extrusion pressure requirements. Although
successful in forming Ni3Al as the major phase, the process bypasses the deformation zone
in the extrusion chamber, thereby avoiding consolidation and pore elimination. Hence,
products typically exhibit porosity, and if not properly optimized for extrusion speed and
temperature, the extrudates can develop cracks. Although the ignition temperature for the
3Ni+Al powder system is typically 640 ◦C, if extrusion container temperatures are raised
significantly above 400 ◦C yet remain below the ignition temperature, extrusion may not
be possible. This is attributed to the rapid formation of aluminum-rich parasitic phases
(Al3Ni and Al3Ni2), which lead to a rapid rise in extrusion pressure requirements, since the
advantage of using elemental powders is no longer present [57].

A point that should be noted is the short period during which the reacting compact
is at the combustion temperature. This period can be measured in seconds or minutes,
depending on the compact’s size and the surrounding environment. It is a period when
the Ni3Al product is most suitable for shaping and consolidation. The extrusion process
has indeed been applied during this short period to produce a fully consolidated Ni3Al
product [5]. Not only that, but dynamic recrystallization was also induced, leading to grain-
size refinement. Due to the high stress involved during extrusion, tool selection is critical.
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Special tooling (ideally WC-Co) should be used due to Ni3Al’s high strength at elevated
temperatures. Guo et al. [58] used a conical die extrusion arrangement and induction
heating to simultaneously react and extrude 3Ni+Al and 3Ni+Al+B powder mixtures. They
also reported very good consolidation and grain refinement with the extruded material
microstructure. Two types of Al2O3 particles were also observed in the microstructure,
γ-Al2O3 and α-Al2O3. Moreover, the boron-containing mixture resulted in the formation
of NiAl and Ni3B particles.

Other intermetallics have also benefited from similar processing; for example, combus-
tion forging was applied to FeAl during the transient high-temperature processing window
in combustion synthesis [6,59], and recently, electro-combustion forging was applied to
reacting mixtures of nickel and titanium [60].

2.4. Combustion Synthesis of Ni3Al Composites

The addition of ceramic reinforcement particles to Ni3Al is generally carried out to im-
prove properties such as wear resistance and strength. However, great care must be taken
when selecting reinforcements, as they must be mechanically and chemically compatible
with the matrix. Certain reinforcements can react with the matrix during processing and, in
some cases, completely dissociate into their constituent elements. An example is SiCp [61],
which, when added to a Ni+Al powder mixture and reacted, dissociates into Si and C,
defeating the whole purpose of adding the reinforcement in the first place. Specifically, in
the combustion synthesis of Ni3Al from elemental powders of Ni and Al, if the reinforce-
ment is incompatible with the powder constituents (e.g., TiCp), other issues can arise that
ultimately impede the reaction mechanism. The presence of ceramic reinforcement particles
in the 3Ni+Al powder mix can impede the spreading of the molten aluminum phase during
the reaction, leading to poor densification. Moreover, since these reinforcements do not
participate in the 3Ni+Al reaction, they act as heat sinks that limit the heat of reaction. This
results in lower combustion temperatures. Low combustion temperatures increase the
likelihood of producing a multiphase product rather than a single-phase Ni3Al. In another
study, Ni3Al-Al2O3 composites were produced by combining mechanical activation with
combustion synthesis of nickel oxide/aluminum/nickel powders [62]. Ni3Al-TiC compos-
ites (10 and 30 vol.% TiC) were produced by thermal explosion, and the application of
pressure 1 s after the reaction was initiated [55]. This resulted in a product consisting of
Ni3Al, NiAl, and TiC. Post-thermal-explosion irradiation of the surface with 12 J/cm2 using
low-energy, high-current pulsed electron beam produced single-phase Ni3Al and TiC at the
surface; however, lower energy densities did not eliminate the NiAl. At the 30 vol.% TiC
loading, not only Ni3Al and NiAl were present as intermetallics, but also unreacted nickel.
Even irradiation at 18 J/cm2 was insufficient to produce single-phase Ni3Al with TiC.

To address porosity in the product without applying pressure, Morsi and Wang [63,64]
adopted a new microstructural design for the Ni/Al/TiCp powder compact. Instead of
mixing the powder constituents, they mechanically milled Ni (the high-temperature phase)
and TiCp to produce Ni-TiCp composite particles, then mixed them with aluminum powder
while maintaining the critical 2.4:1 Ni-TiCp/Al powder size ratio, allowing the aluminum
powder to percolate throughout the microstructure. This resulted in a decline in product
porosity following combustion synthesis (thermal explosion) from 25% to 1.4% at a 20 vol.%
TiCp. The product, however, was inhomogeneous. To overcome the problem of inhomo-
geneity, a combined electric and mechanical activation was investigated using the same
new microstructural design, but with carbon nanotubes as reinforcements [8,33,46,52,53,65].
Here, high-energy ball milling was performed on 3Ni+CNT powder mixtures to produce
Ni-CNT composite powders, which were later mixed with aluminum powder and com-
pacted to ultimately produce Ni3Al-CNT nanocomposites following reaction. The compacts
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were then heated by passing an electric current through them, which produced Joule heat-
ing. It is well known that electric current or field can enhance atomic diffusion rates,
leading to more homogeneous reaction products [10]. Mechanical activation produces
crystallographic defects within the 3Ni-CNT composite powders, including a high dislo-
cation density, excess vacancies, and stacking faults [45], which not only improve atomic
diffusion, but also can render the nickel matrix within the Ni-CNT composite particles
nanostructured. The fact that the CNTs are embedded within the higher-melting-point
nickel particles and are not freely present in the 3Ni+Al powder mixture may protect it
from the initial stages of the reaction. Recent work by Syteschev et al. [66] involved mixing
multilayers of carbon nanotubes and 3Ni+Al powders; it was reported that some of the
carbon nanotubes transformed to graphite. Carbon coating of Ni3Al grains was reported to
impart lubricating properties. In an interesting study, mechanical activation of Ni/Al/B
powders (in the molar ratio 76.5:23.0:0.5) was followed by exposure to air after removal
from the milling vial, causing the powders to become red-hot due to excessive oxida-
tion [67]. This increased the oxygen content to 4 wt.%. The powders were subsequently
spark plasma sintered to generate 20 vol.% alumina particle reinforcements of 50–150 nm
in size via an in-situ reaction. In a novel setup [65] that allowed in the same sample the
simultaneous thermal explosion of (3Ni/CNT)+Al under electric current activation and an
electric current-initiated SHS reaction, an increase in CNTs from 0 to 3 vol.% resulted in a
decline in both ignition temperature in the thermal explosion side and wave velocity in the
SHS side. The addition of CNTs also increased product porosity and inhomogeneity. There
has also recently been interesting work on the production of NiAl-WC composites [68].
Here, elemental mixtures of Ni, Al, W, and graphite were mixed, compacted, and thermally
exploded, yielding incomplete reaction products, such as Al0.42-Ni0.58 and W2C. How-
ever, mechanical activation of the powder for 5 h resulted in the formation of some W2C
as an intermediate product alongside the elemental powders. Upon thermal explosion,
NiAl-WC/WC1-x composites were produced.

2.5. Field-Activated Combustion Synthesis of Ni3Al and Ni3Al Composites

Studies have used concentrated solar energy to initiate a combustion synthesis re-
action, which could take ~2 min to initiate Ni/Al multilayer powder systems of Ni and
Al [69]. Other approaches include spark plasma sintering, current-activated tip sintering
(CATS) [70], electrically activated reaction synthesis (EARS) [53], and microwave sintering.

The effect of electric field on combustion synthesis has been reviewed by the author in
2017 [10]. However, in relation to 3Ni+Al reaction, a significant amount of new research
has been published since, for example, on the Ni3Al compound [8,33,37,46,52,53,65,71–73].
Shevtsova et al. [37] investigated the spark plasma sintering of mechanically activated
3Ni+Al powders (3 min) at 1100 ◦C. The produced Ni3Al had a relative density of 97.2%
and a tensile strength of ~ 400 MPa. On the other hand, with increased mechanical milling
time of 15 min and greater and a spark plasma sintering at 1150 ◦C, Meng et al. [71]
produced Ni3Al with a relative density greater than 98.2%. Possibly the increased milling
time (more intimate mixing) and the higher SPS temperature may have contributed to the
increased density.

The traditional advantages of using an electric field during SHS reactions include faster
wave velocities, higher combustion temperatures, and the ability to stabilize otherwise
unstable SHS reactions. Recent work on 3Ni+Al powder mixtures [52], in which only the
nickel powder had been previously mechanically milled, was reacted under an applied
electric current using the EARS process. In the EARS process, the specimen is placed
between two graphite plates and heated by direct electric current.
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Here, ignition can occur either at a hole in the specimen, placed there to allow the
insertion of a thermocouple, or at other parts of the specimen, engulfing the specimen.
Interestingly, multiphase microstructures were generated under these conditions, with
the major phase (more than 70%) being Ni3Al, along with unreacted Ni and very small
amounts of 3R martensite. It was determined that the green density had little effect on the
combustion temperature and porosity content. Interestingly, post-reaction, smaller samples
were electro-annealed (under a little more than double the current density used in the initial
reaction). After 15 min of electro-annealing, the amount of unreacted Ni decreased, and
Ni3Al was reduced to a little over 50%, with a new phase, Ni4.22Al0.9, emerging. Extended
electro-annealing (60 min total time) eliminated residual nickel and produced a material
with over 95% Ni4.22Al0.9 and about 27–28% porosity. Despite the material’s porosity,
it exhibited the highest hardness (slightly below 400 HV). Interestingly, some residual
aluminum was reported to reappear after 60 min of electro-annealing. In another study, the
EARS process was used both to directly react (3Ni/CNT)+Al powder compacts and to act
as an ignition source to initiate an SHS reaction in the same compact. Hence, the compact
would now have a part processed by EARS and another by EISHS (electrically activated
SHS) simultaneously [65] (Figure 3). An increase in CNT content from 0 to 3 vol.% led to
increased product porosity and inhomogeneity, with the effect more pronounced on the
EISHS side. Pore formation at CNT locations was evident, attributed either to the release of
adsorbed nitrogen in CNTs. Higher combustion temperatures, reduced homogeneity, and
greater product porosity were observed in the EARS portion of the samples. An interesting
observation across all samples was that as soon as the reaction wave reaches the end of
the compact, a spray emerges (Figure 3). This spray was captured using graphite tape
and analyzed by SEM, which revealed the presence of Ni, Ni solid solution with trace
aluminum (Ni*), NiAl, and Ni3Al. The notable feature is the absence of pure aluminum,
indicating that the spreading and reaction of aluminum with nickel had already occurred.
It was proposed that degassing events may have contributed to the generation of such
spray, which, in turn, can contribute to the observed inhomogeneity of the microstructures.

Figure 3. EARS/EISHS setup.

2.6. SHS/Thermal Explosion Joining and Coating

SHS/thermal explosion joining or coating can provide a low-thermal-budget approach
to joining and coating. This is primarily due to the significant heat emanating from the
exothermic reaction between the elemental powders. Most research on joining and coating
has understandably focused on the NiAl compound, due to the favorable thermodynamics
of this reaction and the ability to produce a molten product [16,17,74–77]. Explosive
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welding (shock-wave loading) was also recently used to bond steel with NiAl, either by
simultaneous shock-wave loading and SHS of Ni-Al powders with steel or by shock-wave
loading followed by SHS. Post-processing heat treatments were also investigated [78].
However, limited research has been conducted on the Ni3Al compound. Qin et al. [79]
examined different molar mixtures of Ni and Al powder on bonding with AISI 316 steel
using laser ignition of an SHS reaction. The combustion temperature depended on the molar
composition of the mixture. To obtain good joining either the exothermic reaction generates
temperatures that exceed the melting point of AISI 316 steel (even if the intermetallic
does not exceed its own melting point) or the intermetallic can be partially melted in the
case of molar ratio 2:1 (Ni:Al), when Ni3Al is formed and melted under the combustion
temperature generated. At a 3:1 molar ratio, the combustion temperature was lower than
the melting points of Ni3Al and AISI 316 steel, and hence, bonding was compromised. In
another interesting study, Ni3Al was joined to AZ91D Mg Alloy by pouring molten alloy
onto a 3Ni+Al powder mixture, triggering the combustion synthesis reaction [80].

3. Summary
Early SHS and thermal explosion research on the Ni3Al compound and its composites

have provided fundamental insights into reaction mechanisms, and the effects of process
parameters on reaction and product characteristics. A significant amount of recent research
has focused on mechanically and electrically field-activated combustion synthesis. Such
approaches can result in faster reaction rates, lower compact preheat temperatures, lower
ignition temperatures, microstructures with increased product homogeneity, and the for-
mation of a unique high-hardness phase, through new processes such as electro-annealing.
This warrants further investigation. The addition of carbon nanotubes to the Ni3Al system
shows promise for increased strength. Processing challenges remain, as CNTs can also
generate unwanted porosity under certain conditions. SHS/thermal explosion joining and
coating applications for Ni3Al require further research, as does a more thorough examina-
tion of combining additive manufacturing approaches with combustion synthesis for Ni3Al
and its composites. Combining combustion synthesis with foaming approaches to produce
Ni3Al foams can also be beneficial for producing lightweight, high-temperature materials.
Given the unique properties of Ni3Al and the advantages of combustion synthesis, more
research is needed in this area to realize potential opportunities.
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