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Abstract: Most methods used to synthesize and prepare NiAl intermetallics and their alloys have
the disadvantages of complexity and high cost. In this paper, the NiAl alloy was prepared by a
Combustion Synthesis and Hot Pressing (CSHP) technique under rapid solidification. The grain size
of the NiAl alloy is significantly refined to 60–80 µm, which reduces the stress concentration during
deformation and improves the fracture strength and fracture hardness. Moreover, the large internal
stress and greater amount of dislocations in the as-cast microstructure are produced by their formation
under pressure due to the fast cooling rate in the solidification process. The high dislocation density
strengthens the NiAl alloy, giving it higher strength, hardness, and work-hardening ability. The high
compression properties are also present in the NiAl intermetallics at room temperature, in which
the fracture strength is around 1005 MPa and the fracture strain reaches 21.6%. The compressive
fracture strength at room temperature is higher than that of the pure NiAl alloy prepared by the
Hot-Pressing-Aided Exothermic Synthesis (HPES, about 632 MPa), while it is slightly lower than that
of pure NiAl alloy treated by HPES and Hot Isostatic Pressing (HIP, 1050 MPa). The fracture strain is
significantly higher than that of the NiAl alloy prepared by other methods. This study can provide
guidance for the successful preparation of the NiAl alloy with high strength and toughness.

Keywords: NiAl intermetallic compound; combustion synthesis and hot pressing; microstructure;
strengthening and toughening mechanism

1. Introduction

NiAl intermetallic compounds (NiAl), as advanced high-temperature structural ma-
terials, are expected to play an important role in realizing the aspirations related to the
next-generation aerospace propulsion devices because of their excellent oxidation resis-
tance, good thermal conductivity, high Young’s modulus (240 GPa), and high melting point
(1638 ◦C) [1–6]; however, its poor toughness and ductility at room temperature [7–10], as
well as the low strength at high temperatures hamper its further application. The devel-
opment of NiAl matrix composites has been proven to be a promising way to overcome
these shortcomings. In recent decades, considerable efforts have been made to produce
NiAl matrix composites reinforced with ceramic particles and NiAl alloys incorporating
alloying elements [11–15].

At present, high-temperature melting and arc melting are widely used to synthesize
and prepare NiAl intermetallic compounds and their alloys; however, the preparation of
the NiAl alloy by melting method usually has the problem of composition segregation
and coarse grain [16]. Therefore, powder metallurgy methods, including Hot-Pressing-
Aided Exothermic Synthesis (HPES), Hot Isostatic Pressing (HIP), and Self-propagating
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High-temperature Synthesis (SHS) have been developed. HPES is the rapid heating of the
pressed billet to a temperature above the melting point of the metal matrix to cause it to
react [11,17,18]. HIP is the sintering and densification of the alloy under the action of high
temperature and pressure of the press billet [19–21]. SHS refers to the formation of an alloy
in an instant by using the self-conducting effect of the heat of reaction of a substance [22,23].
For example, Guo et al. [11] prepared NiAl alloys by HPES and they found that the ultimate
compressive strength is 632 MPa and the fracture strain is 4%. In addition, HIP and Heat
Treatment (HT) had no significant effect on the Vickers hardness of NiAl intermetallics.
Guo et al. and Xing et al. [17,18] prepared NiAl alloys by HPES and they found that the
hardness of NiAl is about 314 HV. Xing et al. [18] introduced TiC particles into the NiAl
alloy matrix by HPE. They reported that the ultimate strength of NiAl matrix composite
containing 20 vol.% TiC is 1479 MPa and its fracture strain is 14.5%. The strength of the
NiAl matrix composites containing ceramic particles prepared by HPES technology is
obviously improved, but the increase in fracture strain is not significant. Shekari et al. [24]
successfully prepared the NiAl alloy using the SHS method and investigated the effect
of particle size on the formation of the NiAl alloy. XRD and SEM-EDS analysis showed
that the Ni + Al powder mixture was completely transformed into a uniform NiAl alloy.
In addition, even with very coarse nickel particles, the combustion front does not lose
stability. But the above method has the problem of high energy consumption and high
porosity. Sheng et al. and Zhou et al. [25,26] reported that the ductility and hardness of
NiAl alloys containing Au or Ag had a slightly increase compared with that of the alloy
without the addition of alloying elements. Although alloying elements can somewhat
enhance mechanical properties, their expensive cost will limit their widespread use. To
sum up, it is necessary for us to find an economical, applicable, and convenient method for
preparing the NiAl alloy with good strength and ductility.

In this study, the NiAl alloy was prepared using Combustion Synthesis and Hot
Pressing (CSHP) at high temperature, which makes it possible to quickly and effectively
prepare NiAl alloys at a low cost and with very little energy. The microstructure, compres-
sion properties and work-hardening ability of NiAl alloy are investigated. The effects of
different strain rates and loading modes on mechanical properties and work-hardening
effect are revealed. It is expected that this study can provide a new preparation idea for the
preparation of the NiAl alloy with excellent mechanical properties.

2. Materials and Methods

The raw materials used here are commercially available Ni (45 µm, 99.5% purity) and
Al (29 µm, 99.0% purity) powders. Ni powder accounted for 68.5 wt.% and Al powder
accounted for 31.5 wt.%. They are thoroughly mixed in a ball mill for 6 h, and the ball-
milling speed was set to 60 rpm. Then, the powder mixture is pressed into a cylindrical
with a theoretical density of 65 ± 2% at room temperature using a stainless-steel mold
(28 × Ø35 mm). NiAl was prepared in a vacuum hot-pressing furnace at a heating rate of
30 K/min. As the temperature increases, Ni and Al react in situ to form NiAl alloys and
release large amounts of heat, thus further promoting NiAl formation and temperature
increase. When the temperature reaches about 400 ◦C, the reaction of the combustion
synthesis reaction system is ignited, it means that reaction between Ni and Al is activated,
the temperature of the system rises sharply [24]. Then, an axial stress of 40 MPa is applied
and hold it for about 20 s, then cool it to room temperature in the furnace. The preparation
process of NiAl is shown in (Figure 1).
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Figure 1. Preparation process of Ni-Al; (a) ball milling; (b) cold Pressing; (c) combustion synthesis 
reaction process; (d) the prepared NiAl alloy; and (e) synthesis mechanism. 

The phases of sample were determined using X-ray diffraction (XRD, D/max2500PC 
Rigaku, Tokyo, Japan). The dislocation density before and after compression was ana-
lyzed by XRD line profile analysis method. The dislocation density (ρ) can be calculated 
by the following formula [27]. 

ρ = 2/3( η ) /dc × B (1)

where dc is the average grain size, B is Burgers vector (B = 0.286 nm) and (η2)1
2  is mi-

crostrain. Williamson–Hall method is used for calculating ρ. The relationship between the 
Bragg diffraction angle (θ) and full width at half maximum (FWHM) intensity was ex-
pressed as [27] FWHM × cos θ = η ∙ 2 sin θ + 0.9λ/ dc (2)

where λ is the Cu-Kα radiation wavelength (λ = 0.154 nm). According to Equations (1) and 
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JEOL, Tokyo, Japan). 
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cylindrical face and two end faces are polished in ensuring that the two end faces are 
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ties of the samples are tested by servo hydraulic material testing system (MTS, MTS810, 
Eden Prairie, MN, USA) at room temperature. Unidirectional axial compression tests were 
performed on the compressed specimens with a length to diameter ratio of 2:1. The ET-
320 density tester is used to measure the density of the NiAl alloy, and the Archimedes 
drainage method provides the basis for the test. 

3. Results and Discussion 
3.1. Phase Composition and Microstructure Analysis 
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can be seen, a pure NiAl alloy is formed by the combustion synthesis reaction between Ni 
powder and Al powder. The generated NiAl alloy has a body-centered cubic structure 
with a lattice constant (a) of 0.2887 nm, and belongs to the space group of pm-3 m. Figure 
2b shows the scanning electron microscope (SEM) image of prepared NiAl alloy. As indi-
cated, the grains size of NiAl intermetallics are between 60 µm and 80 µm, which are 

Figure 1. Preparation process of Ni-Al; (a) ball milling; (b) cold Pressing; (c) combustion synthesis
reaction process; (d) the prepared NiAl alloy; and (e) synthesis mechanism.

The phases of sample were determined using X-ray diffraction (XRD, D/max2500PC
Rigaku, Tokyo, Japan). The dislocation density before and after compression was analyzed
by XRD line profile analysis method. The dislocation density (ρ) can be calculated by the
following formula [27].

ρ = 2/3
(
η2

) 1
2 /dc × B (1)

where dc is the average grain size, B is Burgers vector (B = 0.286 nm) and
(
η2) 1

2 is mi-
crostrain. Williamson–Hall method is used for calculating ρ. The relationship between
the Bragg diffraction angle (θ) and full width at half maximum (FWHM) intensity was
expressed as [27]

FWHM× cosθ = η·2sin θ+ 0.9λ/dc (2)

where λ is the Cu-Kα radiation wavelength (λ = 0.154 nm). According to Equations (1)
and (2), the dislocation density can be obtained.

The microstructure, element distribution and phase composition were analyzed by
SEM (SEM, Evo18, Carl Zeiss, Oberkochen, Germany) and HRTEM (HRTEM, JEM-2100F,
JEOL, Tokyo, Japan).

The compressed sample with a diameter of 2 mm and height of 4 mm is taken out
from the central area of the sample of NiAl for a room temperature compression test. Its
cylindrical face and two end faces are polished in ensuring that the two end faces are parallel
to each other and perpendicular to the height direction. The compression properties of the
samples are tested by servo hydraulic material testing system (MTS, MTS810, Eden Prairie,
MN, USA) at room temperature. Unidirectional axial compression tests were performed on
the compressed specimens with a length to diameter ratio of 2:1. The ET-320 density tester
is used to measure the density of the NiAl alloy, and the Archimedes drainage method
provides the basis for the test.

3. Results and Discussion
3.1. Phase Composition and Microstructure Analysis

The specimens selected for this part of the characterization are taken from the center
of the prepared cylindrical NiAl alloy and the characterization results are constant over
the cross section. Figure 2a shows the XRD pattern of the NiAl fabricated by CSHP. As
can be seen, a pure NiAl alloy is formed by the combustion synthesis reaction between Ni
powder and Al powder. The generated NiAl alloy has a body-centered cubic structure with
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a lattice constant (a) of 0.2887 nm, and belongs to the space group of pm-3 m. Figure 2b
shows the scanning electron microscope (SEM) image of prepared NiAl alloy. As indicated,
the grains size of NiAl intermetallics are between 60 µm and 80 µm, which are smaller
than that of the pure NiAl alloy reported from Refs. [28,29]. Moreover, no porosity was
observed in the SEM image, which indicates that the prepared NiAl alloy is dense. In
order to know more accurately the densification of the prepared NiAl alloy, its density
was accurately measured. The density of the prepared NiAl alloy was 3.79 g/cm3, with a
densification of 98.2%. Figure 2c,d shows the elements distribution of Al and Ni elements
in the prepared NiAl alloy, respectively. It can be seen that the distribution of Al and Ni
elements are uniform. It indicates that the reaction of Ni and Al is complete. The XRD
diffraction analysis also indicates that the reaction of Ni and Al is complete and that a pure
NiAl alloy compound is obtained.
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In general, homogeneous and heterogeneous nucleation are two methods for nucle-
ation during the solidification of liquid metal. Assuming that a given volume of liquid
metal produces n atoms at a certain degree of undercooling and the crystal nucleus is
spherical, the Gibbs free energy of the system can be calculated by the following Equation,

∆Gaverage = −4
3
πr3

average∆GVn + 4πr2
averageσCLn (3)

where r is the radius of the spherical core, ∆Gv is the change in free energy per unit volume
in the liquid metal during solidification, n is the number of atoms, and σCL is the interfacial
tension between the liquid phase and the crystal nucleus. According to Equation (3), the
nucleation process can take place because the free energy of the system is reduced only
when r reaches a certain value r*

average (the critical size of the crystal nucleus). That is to
say, the atomic groups can become the core of stability only when r > r*

average. In order
to determine r*

average, take the derivative of Formula (3) and make the derivative zero,
d∆Gaverage

dr = 0
−4πr*2

averagen∆GV + 8πr*
averagenσCL = 0 (4)

r*
average =

2σCL

∆GV
(5)

Substitute ∆G = L∆T
Tm

into Formula (5) to obtain

r*
average =

2σCLTm

L∆T
(6)

where Tm is the melting point of metal, ∆T is the amount of subcooling, and L is the latent
heat of crystallization. Therefore, the greater the degree of supercooling, the more favorable
the nucleation. In order to study the supercooling degree of the NiAl alloy prepared by
CSHP and its effect on grain size, we studied the temperature change in the process of NiAl
alloy synthesis and cooling.

Figure 3a,b shows the phase diagram and the solidification cooling curve of the NiAl
alloy, respectively. At low temperatures, some Ni and Al solid solution phases are formed.
At about 400 ◦C, these solid solution phases melted, which began to promote the reaction
of Ni and Al to form NiAl and release a lot of heat, and the temperature rose sharply
to 2383 ◦C [24]. As indicated, Ni and Al have completely melted at 2383 ◦C. Figure 3c
proves that the combustion synthesis happens instantaneously. When the temperature rises
sharply, an axial pressure is applied to the NiAl alloy. At this time, due to the very low
temperature of the upper and lower indenter, the mold and the surrounding environment,
compared to the sample, a larger degree of supercooling (∆T) is caused. According to the
inversely proportional relationship between the critical size of the crystal nucleus and the
degree of undercooling (Equation (6)), the nucleation is more likely to occur when the
degree of supercooling is larger, resulting in an increase in nucleation site density. This may
be the reason why the grains of the NiAl alloys are clearly refined.

Figure 4a shows the TEM images of NiAl intermetallics prepared by CSHP. Figure 4b
is the selected area electron diffraction (SAED) analysis of region A, which can be used to
further determine the matrix phase. The analysis result shows that the NiAl phases are
formed in region A, it once again proves that the NiAl alloy has been successfully prepared
by CSHP. A high-resolution TEM (HRTEM) of region B in Figure 4a is shown in Figure 4c. A
high-resolution tissue image of the region C in Figure 4c is shown in Figure 4d. Figure 4e,f
is inverse Fast Fourier Transformation (IFFT) images of Figure 4d, and the illustration
is a Fast Fourier Transformation (FFT) image. The symbol “T” in figure represents the
dislocations. Figure 4e,f shows that the high dislocation density in the NiAl matrix and
serious distortion in the crystal lattice are generated. This is because the NiAl alloy has a
very large degree of supercooling during the non-equilibrium solidification. Therefore, a
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large internal stress results in the formation of more dislocations in the alloy, which plays a
positive role in enhancing the mechanical properties of the NiAl alloy.
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3.2. Effect of CSHP Process on Mechanical Properties of NiAl
3.2.1. Room Temperature Compression Performance

Figure 5 shows the mechanical properties of the NiAl alloy prepared by CSHP method
and the corresponding values are given in Table 1. The hardness (360 HV) of NiAl alloy
prepared by CSHP is greater than that of the NiAl alloy prepared by other methods. The
room temperature compression fracture strength (about 1005 MPa) is higher than that of
the pure NiAl alloy prepared via the HPES method (about 632 MPa), but is slightly lower
than that of the pure NiAl alloy treated by HPES and HIP (1050 MPa). The fracture strain of
the NiAl alloy is significantly higher than that of the NiAl alloy prepared by other methods,
reaching 21.6%. The fracture strains of NiAl alloy treated by other methods are between
4% and 10%. The properties of NiAl alloy prepared by CSHP are similar to those of NiAl
alloys prepared by hot isostatic pressing requiring high-pressure equipment. Therefore,
the in situ hot pressing, combined with combustion synthesis, is an economical method to
prepare a high-performance NiAl alloy.
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Table 1. RT mechanical properties and work-hardening capacity (Hc) of the NiAl alloys fabricated by
the different methods. Partial data from Ref. [17].

Alloy
Composition

Preparation
Method

Microhardness
(HV)

True Yield
Strength (MPa)

True Fracture
Strength (MPa)

True Fracture
Strain (%)

Work
Hardening

Ability (Hc)

NiAl

Combustion
synthesis + hot

pressing
360 419 1005 21.6 1.40

HPES 314 429 632 4 0.47
HPES + HIP 308 465 1050 10.5 1.25
HPES + HT 315 420 906 10.8 1.16

3.2.2. Work Hardening Ability

In order to evaluate the work-hardening ability of NiAl alloys, Hc was calculated as

Hc =
(
σf

true − σ
y
true

)
/σy

true = σf
true/σy

true − 1 (7)

where σf
true is the true fracture strength and σy

true is the true yield strength. Figure 5d gives
a comparative diagram of the work hardening ability of NiAl alloys prepared by different
methods. As indicated, the pure NiAl alloy prepared by CSHP has a higher work hardening
ability than that of NiAl alloys prepared by other methods.

To estimate the effect of the work hardening on the mechanical properties of the NiAl
alloy, the standardized work hardening rate (Θ) is introduced.

Θ = (dσtrue/dεtrue)/σtrue (8)

where σtrue is real stress and εtrue is real strain [30–32]. Figure 5e gives the hardening
rate–strain curve of pure NiAl alloys prepared by CSHP. The real strain increases while
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the normalized work-hardening rate decreases. The reduction in the hardening rate of the
NiAl alloy prepared by CSHP is relatively low, indicating that the Θ value is higher under
the condition of higher strain. Therefore, the NiAl intermetallics prepared by CSHP have a
strong work-hardening ability.
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where σtrue is real stress and ε  is real strain [30–32]. Figure 5e gives the hardening rate–
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Figure 5. Room temperature (a) Vickers hardness, (b) compression stress and (c) fracture strain
of the NiAl alloys; (d) Hc of the NiAl alloys fabricated by the different methods; (e) normalized
work-hardening rate vs. true strain curves; and (f) n vs. true strain curves.

In order to further investigate the work hardening capacity of NiAl alloys prepared
by CSHP, we used the following Hollomon formula to fit the unidirectional compression
curve of the plastic zone.

σtrue = Kεn
true (9)

where K and n are the strength and work hardening coefficients, respectively [33,34]. The
relationship curves between work hardening coefficients (n) and real strain are given in
Figure 5f. The n value of the NiAl alloy prepared in this work decreases gradually with the
increase in real strain, but the n value of the NiAl alloy prepared by combustion synthesis
method still has a positive n value under a higher real strain.

In order to further study the compression properties of NiAl alloy at RT, we inves-
tigated the effects of different loading modes on the compression performance of NiAl
alloy. Figure 6a shows the stress-displacement curves of NiAl intermetallics under load-
ing, unloading, and cyclic stress compression modes. As indicated, the loading modes
have no significant effect on the compression performance of NiAl alloy. In addition, the
compression properties of the pure NiAl alloy prepared by CSHP also has no significant
dependence on deformation parameters.
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Figure 6b shows the variation of room temperature compression engineering strain–
stress curve with the strain rate for NiAl intermetallic compound fabricated by CSHP. The
strain rate ranges from 1.0 × 10−4 s−1 to 1.25 × 10−2 s−1. According to the following Hart
instability criterion [35], the plasticity of the material can be improved by increasing the
strain rate hardening.

1
σ

(
∂σ

∂ε

)
i
− 1 + m ≤ 0 (10)

As shown in Figure 6b, there is no significant difference in the compression curve for
the jump test and the non-jump curves, indicating that the change of strain rate nearly has
no influence on the plasticity of pure NiAl alloy prepared by CSHP.

3.3. Strengthening and Toughening Mechanism of Pure NiAl Alloy Prepared by CSHP
3.3.1. Fine Grain Strengthening

The atomic arrangement on the grain boundary is very chaotic, dislocation slip cannot
cross the grain boundary, and plugging occurs at the grain boundary. After grain refinement,
the grain boundary area increases, and the slip hindering effect of dislocation increases [36].
The finer the grain size of the alloy, the greater the number of internal grains and grain
boundaries. Fine grain strengthening takes advantage of the irregular arrangement of
atoms on grain boundaries and the high energy of atoms to strengthen materials [37,38].
We speculate that the high strength, hardness, and fracture strain of the NiAl alloy prepared
by CSHP may be closely related to its fine grain structure. As is reported in Ref. [39], the
relationship between grain size and material strength is

σ = σ0 + k/
√

d (11)

where σ0 is the strength of the material, k and σ0 are constant. The strength of material
is determined by the square root of the grain diameter d. The strength increases with
decreasing grain size. In addition, the relationship between microhardness HV and grain
size is also expressed as:

HV = HV0 + k/
√

d (12)

Similarly, the finer the grain, the higher the microhardness. Figure 7a,b gives the
strengthening mechanism of the NiAl alloy after CSHP. The NiAl alloy prepared by CSHP



Metals 2023, 13, 1143 10 of 13

has higher strength and microhardness than that of the NiAl alloy prepared by other
methods because of the finer grains.
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Figure 7c,d shows the toughening mechanism of the NiAl alloy after CSHP. As shown
in Figure 7c, when the grain size of the NiAl alloy is large, dislocation is more likely to
accumulate at the grain boundary, and, thus, stress concentration is more likely to occur.
As shown in Figure 7d, the relatively small grain size of NiAl alloy accompanied by more
grain boundaries effectively restrains the movement of dislocations [40]. Therefore, it is
difficult for the dislocation to cross the grain boundary in the process of deformation, and
thus leading to the accumulation of dislocations at the grain boundary [41]. The further
movement of dislocations depends on the formation of the new dislocation. According to
the report from Wang et al. [42] that the fine grain or dislocation in the alloy can reduce
the size of defect nucleation during deformation and increase the ability to resist crack
propagation, so this alloy has higher fracture strength and fracture strain. Moreover, grain
refinement reduces the stress concentration in the deformation process, thus the fracture
strength and fracture hardness are improved.

3.3.2. Dislocation Multiplication Behavior of NiAl Alloy during Compression

Table 2 gives the dislocation density of the NiAl alloy fabricated before and after com-
pression. As indicated, the dislocation densities are 5.08× 1011 cm−2 and 5.92 × 1011 cm−2,
respectively, indicating that dislocations can largely proliferate (0.84 × 1011 cm−2) in the
alloy after compression. The microstructure evolution before and after fracture also indicate
that the dislocation of NiAl alloy increases to a great extent after fracture. This is because
a fast cooling rate results in a large degree of undercooling and large internal stress, thus
leading to a high proportion of dislocations and lattice distortions in the alloy. Therefore,
the higher strength, hardness and work-hardening ability of the NiAl alloy is attributed to
the higher dislocation density [43].
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Table 2. The dislocation density of the NiAl fabricated by CSHP technique before and after compression.

Alloy Compression of Pre-Dislocation
Density (cm−2)

Dislocation Density after
Compression (cm−2)

Dislocation Multiplication
before and after

Compression (cm−2)

NiAl 5.08 × 1011 5.92 × 1011 0.84 × 1011

4. Conclusions

Most of the methods currently used to synthesize and prepare NiAl alloys have the
disadvantages of complexity, high cost, and high energy consumption. In this study, a
NiAl alloy with fine grain size and high dislocation density was successfully prepared by
CSHP, which allows for the rapid and efficient preparation of NiAl alloys at a low cost
using very little energy. The relationship between microstructure and properties of the
alloy was investigated. The microstructure evolution behavior, mechanical properties and
strengthening mechanism were revealed. This study is anticipated to offer a novel method
to synthesize a NiAl alloy with superior mechanical properties. The conclusions were
as follows:

(1) The grain size of NiAl alloy prepared by CSHP is significantly refined under rapid so-
lidification due to the instantly completed combustion synthesis of NiAl intermetallics
in the Ni–Al system. That is to say, the fast cooling rate results in a large degree of
undercooling, which greatly reduces the size of the critical nucleus in spontaneous
nucleation, and thus leads to grain refinement. At the same time, the fast cooling
rate and forming under pressure in the solidification process produce a lot of internal
stress, which forms a large number of dislocations in the as-cast microstructures.

(2) The fracture strain of the NiAl intermetallics prepared by CSHP is significantly higher
than that of NiAl alloys prepared by other methods. The compression property
(1005 MPa) at RT is greater than that of the NiAl alloy prepared by the HPES method
(about 632 MPa), while is slightly lower than that of the corresponding NiAl alloys
treated by HPES and HIP (1050 MPa). In addition, the NiAl alloy prepared by CSHP
has excellent work-hardening ability.

(3) The main strengthening mechanism of the NiAl alloy is fine grain strengthening,
followed by dislocation strengthening. The grain refinement not only increases the
grain boundaries but also reduces the stress concentration in the deformation process,
thus crack initiation and propagation become difficult.
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