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A B S T R A C T

This study aims at studying the microstructure and mechanical properties of nanocrystalline Ni3Al-xB
(0.0< x<1.5 at%) alloy, made by mechanical alloying (MA) and spark plasma sintering (SPS). Effects of
milling time as well as boron addition on the crystallite size, lattice strain, and powder morphologies of syn-
thesized powders were studied using scanning electron microscope (SEM) and X-ray diffractometer (XRD).
Synthesized powders were consolidated under uniaxial compression 50MPa at 950 °C for 10min. Shear punch
and hardness tests were used to evaluate mechanical properties of consolidated specimens. Results show that
Ni3Al compound were synthesized after 30 h of milling in a planetary ball mill with the rotation speed of
350 rpm and ball-to-powder ratio 10:1. Synthesized powders have crystallite size in the range 15–20 nm de-
pending on the milling time. Results also show that boron addition is influential the most when boron content is
between 0.5–1.0 at%. Boron addition is accompanied with a significant improvement of hardness and shear
strength and a drop in the ductility of Ni3Al-xB (0.0< x<1.5 at%) alloy. The details concerning structure-
properties relationship in this system are discussed in this paper.

1. Introduction

Current demands for materials with superior high temperature
properties have led many industries to start using high temperature
heat resistant intermetallic compounds [1]. Amongst different available
intermetallic alloys, Ni3Al is believed to be a very good one, owing to
the fact that it comprises a unique set of properties including very good
high temperature mechanical properties, superior high temperature
corrosion and oxidation resistance, and microstructural stability during
service [2–4]. However, the application of this intermetallic compound
is still very limited, partly due to its low ductility at room temperature,
compared to superalloys and other heat resistant austenitic materials
[5–7]. This obviously has negative implications for the application and
manufacturing of components from this intermetallic, i.e. casting and
metal forming of Ni3Al components are difficult and expensive. Loads of
attempts have been made in last two decades to enhance mechanical
properties of Ni3Al intermetallic compounds [8–10], by changing the
process and the chemistry of the alloy. Amongst different proposed
methods, powder metallurgy (PM)-based techniques offer more flex-
ibility and are in fact currently widely used for manufacturing of Ni3Al
components with complicated geometries. The first step in any powder
metallurgy-based manufacturing route, is synthesizing powders.

Mechanical alloying shows a great potential in the production of na-
nostructured intermetallic powders. Mechanical alloying is conducted
at room temperature and therefore it does not have defects, associated
with melting and solidification [11–13]. Mechanical milling is asso-
ciated with repeated collisions of powders with balls. During ball mil-
ling, deformation of powders, cold welding of particles, and particle
fracture take place repeatedly and simultaneously. Mechanically al-
loyed powders can be consolidated with different techniques, including
hot pressing, hot extrusion, injection molding, and spark plasma sin-
tering (SPS). The latter is based on the sintering of powders under ex-
ternal pressure, together with using a high pulsed electric current,
which goes directly through compacted powders [14–16]. Application
of electrical current and generation of sparks during sintering enhance
the diffusion kinetics of alloying elements. Compared to more tradi-
tional sintering techniques, spark plasma sintering is known to be a
comparatively faster method with a very short sintering time. As well,
spark plasma sintering is conducted at lower temperatures in compar-
ison to conventional sintering methods. This characteristic is of great
importance in case grain growth during sintering is a major concern.
Low sintering temperature and short consolidation time minimize the
risk of excessive grain growth, and this in turn means that spark plasma
sintered parts potentially have much better mechanical properties [17].
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This paper aims at studying microstructure and mechanical prop-
erties of Ni3Al- xB (x=0.5, 1.0, and 1.5 at%) samples, made by me-
chanical allotting and spark plasma sintering. There are several studies
on the influences of boron on the mechanical properties of Ni3Al
compound [18,19]. But, results are not consistent and it is not easy to
make a definitive conclusion on the effects of boron. This paper tries to
present a systematic study of the effects of boron on the microstructure
and mechanical properties of mechanically alloyed and spark plasma
sintered Ni3Al alloy. This paper is to our knowledge the only systematic
study on the spark plasma sintering of this intermetallic.

2. Materials and methods

Ni (99.9% purity, 3 μm average size), Al (99.9% purity, 22 μm
average size) and B (99.5% Purity, 2 μm average size) powders were
used to synthesize Ni3Al- xB (x=0.0, 0.5, 1.0, and 1.5 at%) compound.
Alloying was conducted with mechanical milling under argon atmo-
sphere at room temperature. Stearic acid was added to the powder
mixture to prevent sticking of powders to the balls or the chamber. All
milling experiments were performed with a constant rotation speed of
350 rpm and ball-to-powder ratio 10:1. A combination of balls with
different diameters were used for milling; 4 balls with 20mm diameter,
3 balls with 12mm diameter and 2 balls with 10mm diameter.
Sampling for microstructural characterization was done by interrupting
the milling at every 10 h. X-ray diffractometer (XRD, Philips, Cu kα
radiation, λ=0.1541 nm) analysis was used to investigate the phase
transformation in powders. Besides, average grain size was measured
from XRD patterns, using Scherrer formula, as given below [20]:

=D λ
β θ Cosθ

0.9
(2 ) (1)

where β(2θ) is the full width at half maximum (FWHM) of XRD peaks at
diffraction angle θ, λ is the wavelength of the incident beam, and D is
the crystallite size. As well, the lattice strain (ε) was calculated, using
Wilson equation, given below [20]:

=ε
β θ

θ
(2 )

2 tan (2)

Broadening of XRD peaks during milling has contributions from
both grain refinement and lattice strain. The effects of the former is
more pronounced at low angle diffraction peaks, whereas the latter has
more effects on the broadening of high angle peaks [9–21]. Therefore, it
is more accurate to use low angle reflections (i.e. (1 1 1) and (2 0 0)
peaks) to calculate the average crystallite size, and high angle peaks
(i.e. (2 2 0) and (3 1 1) peaks for Ni, and (2 2 0) and (3 1 1) peaks for
Ni3Al compound) to calculate lattice strains. Changes in the mor-
phology of the powders during milling was evaluated by scanning
electron microscope (SEM). Energy dispersive X-ray spectroscopy (EDS)
point analysis and mapping were used for elemental analyses. Synthe-
sized powders were consolidated by “KPF vacuum technology” SPS
equipment, to obtain samples with diameter 1.5mm and thickness
0.8 mm. Spark plasma sintering was conducted by compressing pow-
ders in a graphite die with uniaxial pressure 50MPa using a hydraulic
press. Sintering was performed at 950 °C, with holding 10min holding
time. The heating rate to reach sintering temperature was 150 °C
min−1. The microstructure of sintered specimens was evaluated using
SEM and optical microscope. As well, the amount of porosities in sin-
tered samples were estimated with an image analyzer. Mechanical
properties of bulk specimens were evaluated using shear punch and
Vickers micro-hardness tests (with 0.1 kg force). The shear punch was
done with a punch with diameter 3mm. The fractorgraphy of punched
specimens was conducted as well.

3. Results

3.1. Synthesis and characterization of Ni3Al compound

The effects of milling time on the XRD spectra of mechanically al-
loyed Ni3Al powder mixture are shown in Fig. 1. Results show that
intensities of Ni and Al peaks decrease with milling time. The decrease
in the intensity of XRD peaks is associated with peak broadening and
peak shift towards lower angles. The intermetallic compound has
formed at 30 h. Fig. 2 shows elemental mapping of a particle after 30 h
of milling. Elemental mapping gives an overview of distribution of al-
loying elements in the matrix. Al and Ni elements in this case are to a
great extent homogeneously mixed, such a way and there is hardly any
sign Al or Ni agglomeration. Milling in this investigation was continued
till 50 h to make sure that alloying is completely done all over the
sample.

Fig. 3 shows the evolution of the morphology of powders during
milling. In 0 h time, Al particles with smaller size and Ni powders with
greater size are mixed together. After 10 h of milling, Ni powders are
fractured and size distribution is more homogenous. Ni powders are
bigger and this will increase the probability of ball-powder collision,
and this in turn results in a relatively faster fragmentation of Ni pow-
ders. One can also see agglomerated spots and intermingling of Ni and
Al particles. At this stage cold welding and diffusion of alloying ele-
ments are expected to take place [22]. Excessive localized plastic de-
formation induced by ball-powder collisions and the fact that both Al
and Ni have great formability result in the formation of plate-like
particles. Particles have become completely plate-like after 20 h of
milling (see Fig. 3c). Further milling leads to the transformation of
plate-like morphology to the spherical morphology, which is due to the
fragmentation of cold-deformed work-hardened plate-like particles,
such a way that at 30 h milled powder mixture there is hardly any plate-
like particle left. The morphology of particles does not change much
from this point on. The only thing which can be noticed is the coar-
sening of particles with milling time. The average size of particles after
50 h of milling is almost three times bigger than that of 30 h milled
sample. Cold welding, inter-diffusion of alloying elements, and ten-
dency to decrease surface to volume ratio are reasons of particle growth
during milling.

Fig. 4 shows the evolution of crystallite size as well as lattice strain
during milling. Results show that first 10 h of milling does not change
the crystallite size and lattice strain of Ni and Al powders. The domi-
nant phenomenon at this early stage is the fragmentation of powders.
Further milling up to 20 h is associated with a decrease in the grain
sizes of Ni and Al elements down to 20 nm and 15 nm respectively.

Fig. 1. XRD spectra of Ni and Al powder mixture with milling time.
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Further milling up to 30 h, as mentioned earlier, results in the formation
of Ni3Al intermetallic compound. Both crystallite size and lattice strain
of 30 h milled Ni3Al compound are comparable to those of Ni at the end
of its stability (i.e. after 20 h milling). This implies that Ni is the host
element, and Al is the one which diffuses into the crystal structure of Ni.
Additional milling of Ni3Al compound results in a slight decrease of
grain size from 20 nm to 16 nm, followed by an increase up to 18 nm.
Given that the minimum grain size was achieved after 40 h of milling,
milling time for boron-containing samples was chosen to be 40 h.

3.2. Synthesis and characterization of Ni3Al-xB (0< x<1.5 at%)
compounds

Boron-containing samples were also synthesized in this study, with
B ranging from 0.5 to 1.5 at%. Boron addition does not seem to have a
major influence on the morphology of mechanically alloyed powders.
Fig. 5 shows two examples of comparison between powder morpholo-
gies of Ni3Al with and without B. Hardly is there any difference be-
tween morphologies in these two cases. Boron addition, however, alters
the crystallite size and lattice strain (See Fig. 6). Overall B tends to
decrease grain size and increase the lattice strain. The effect of B on
both crystallite size and lattice strain is not huge though. In case of
crystallite size, for example, the maximum B-induced reduction of
crystallite size is only in the order of 5 nm. This applies to lattice strain
as well, where the increase in lattice strain due to B addition does not
exceed 0.1.

3.3. Consolidation of powders

Figs. 7 and 8 show porosity percentages of the consolidated speci-
mens. It appears that addition of B enhances the sintering response of
the powder mixture. The higher the B content, the lower the porosity
content of the consolidated sample is. This effect is more pronounced,
when the B content is higher than 1.0 at%. Boron is an interstitial al-
loying element, which obviously enters into the lattice structure of

Ni3Al. This is accompanied with the distortion of the lattice structure,
resulting in an easier diffusion of alloying elements at the interface of
particles during sintering. Easier diffusion of alloying elements ob-
viously means faster and more effective sintering. There is not much
difference between the porosity percentages of the samples with 1.0
and 1.5 at% of boron, with both specimens having almost similar
porosity percentage of roughly 5%.

3.4. Mechanical properties of Ni3Al-xB (0< x<1.5 at%) compounds

Fig. 9 shows the hardness of spark plasma sintered samples. Results
depict that B-free and Ni3Al-0.5at%B samples have almost similar
hardness. This is also the case for Ni3Al-1.0at%B and Ni3Al-1.5at%B
samples. Boron addition up to 0.5 at% does not significantly alter
hardness of Ni3Al intermetallic compound. This also applies to the case
when B content is higher than 1.0 at%. It appears that B addition is
influential the most when B content is 1.0 at%.

Fig. 10 shows the effects of B addition on the mechanical properties
of Ni3Al-xB (0< x<1.5at%) alloys in shear punch test. Interestingly,
general outline is similar to what is seen in Fig. 9, i.e. shear punch test
results for the B-free and Ni3Al-0.5at%B samples are very similar and
close together and the same goes for other two samples of higher B
contents.

Fig. 11 shows fracture surfaces of alloys Ni3Al and Ni3Al-1.0at%B.
There is no indication of transformation of fracture mode from brittle
intergranular to the ductile transgranular mode with 1.0 at% boron
addition. Bumps and dimples on the fracture surface of the alloy Ni3Al
has obviously to do with the high percentage of porosity in this sample.

4. Discussion

This papers investigates the effects of mechanical alloying and spark
plasma sintering on the structure and mechanical Ni3Al-xB
(0.0< x<1.5 at%) intermetallic alloy. Powders during mechanical
alloying experience repeated excessive local deformation, followed by

Fig. 2. Elemental mapping of a particle after 30 h of milling; a) SEM image, b) overlay of image and elemental analysis, c) distribution of Al, and d) distribution of Ni.
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local interfacial temperature increase. This results in the inter-diffusion
of alloying elements and displacement of atoms from their equilibrium
lattice sites. Alloying elements tend to diffuse towards certain atomic
sites in the superlattice structure. In case of mechanical alloying of Ni
and Al powder mixtures, early stage of milling is reportedly associated
with the diffusion of Al into the Ni lattice structure, resulting in the
formation of Ni-Al solid solution. The reason Al diffuses into Ni matrix
has to do with the fact that diffusion of Al is comparatively faster [4].
Results in this study showed that further milling up to 30 h leads to the
transformation of Ni-Al solid solution to Ni3Al compound. Abbasi et al.
[4] and Enayati et al. [10] also reported that Ni3Al compound has
formed after 20 h of milling. Further milling decreases the crystallite

size of Ni3Al alloy and causes lattice distortion. As well, one can notice
that the change from 20 h to 40 h of milling is much more pronounced
than that observed from 40 to 50 h. This implies that microstructure has
reached a stable state after 40 h of milling. Further milling does not
make a significant difference in the characteristics of synthesized
powders. The observed shift towards left, which is an indication that
lattice parameter has increased, is to be expected given that the solute
(in this case Al) is larger than the solvent (Ni), with the former being
1.43 A and the latter 1.24 A. The kinetics of grain size decrease at early
stages of milling is much faster in Al, compared to Ni, which implies
that Al is plastically more deformable. This is also the case in lattice
strain, where the kinetics of strain accumulation in Al is considerably

Fig. 3. SEM images of the evolution of the morphology of milled powders after for a) 0 h b) 10 h, c) 20 h, d) 30 h, e) 40 h, and f) 50 h.

Fig. 4. Effects of milling time on the a) crystallite size and b) lattice strain of powders.
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higher than that in Ni. While the lattice strain in Ni after 20 h of milling
is almost 0.4, that in the Al is almost 0.75. Milling of Ni3Al compound
up to 40 h also results in grain refinement down to 16 nm, followed by
an increase to 18 nm with further milling up to 50 h. The observed
increase at the very late stage of milling is possibly due to the compe-
tition between grain refinement due to ball/powder collisions and grain
growth due to localized temperature increase at the ball/powders in-
terface. This obviously is the case in the lattice strain as well, with the
final reduction being due to a thermal-induced strain relief.

Boron, when added to Ni3Al, decreases the crystallite size. As well,
boron-containing samples, when sintered, have comparatively lower
porosity percentages. B is an interstitial alloying element which ob-
viously enters into the lattice structure of Ni3Al. This is accompanied
with the distortion of the lattice structure, resulting in an easier diffu-
sion of alloying elements at the interface of particles during sintering.
Easier diffusion of alloying elements obviously means faster and more
effective sintering. Boron exhibits a large solid solution strengthening
effect in Ni3Al [23]. This solid solution strengthening, combined with
large lattice strain, caused by entering B into the lattice structure results
in the observed improvement of hardness [24]. Also, B partly segregates
into grain boundaries, and this in turn improves the grain boundary
cohesive strength [25]. B segregation to grain boundaries will have
significant implications for the mobility and accumulation of

dislocations behind grain boundaries [26]. Results of shear punch test
show that B additions higher than 0.5 at% results in a significant de-
terioration of ductility. Existing literature on the effects of B on the
ductility of Ni3Al alloy is quite controversial [27–31]. Aoki et al. [27]
reported that small additions of B can significantly enhance the ducti-
lity of Ni3Al. This positive B effect is more reported in solidified and
recrystallized alloys though [28,29]. Several mechanisms are proposed
so far, with most being based on the B-induced grain refinement as well
as B-induced decrease of order intermetallic phase at grain boundaries,
which is associated with higher degree of dislocation mobility [32]. On
the contrary, it is postulated that the positive influence of boron on the
ductility of Ni3A1 can only be achieved when boron is in solid solution
[26]. This possibly has to do with the fact that crack propagation takes
place through grain boundaries. In fact, grain boundary failure is be-
lieved to be the main reason for observed brittleness in Ni3Al alloy, no
matter how many slip systems are active within the bulk of the alloy
[26]. To resolve this controversy, one needs to bear in mind that to our
knowledge all studies on the effects of boron on the ductility of
Ni3A1alloys focus on cast polycrystalline and single crystal materials. In
this case, sintered specimens are largely deformed nanostructured
materials, with grain boundaries being a dominant and controlling
factor. The increase or decrease in the ductility is due to a combination
of the bulk and grain boundary effects as well as combination of

Fig. 5. Comparison between the morphologies of Ni3Al particles, with and without B; a) Ni3Al 30 h, b) Ni3Al-1at%B 30 h, c) Ni3Al 20 h, d) Ni3Al-0.5at%B 20 h.

Fig. 6. Effects of B addition on the a) crystallite size and b) lattice strain of Ni3Al compound, milled for 40 h.

A. Mohammadnejad et al. Materials Today Communications 17 (2018) 161–168

165



different mechanisms, including preferred crack propagation through
grain boundaries, grain refinement, and the formation of disorder re-
gions in the vicinity of grain boundaries.

5. Conclusions

This paper investigates the synthesis and characterization of Ni3Al-
xB (0.0< x<1.5 at%) alloy, using mechanical alloying (MA) and
spark plasma sintering (SPS). Based on the results, obtained in this
study, the following conclusions can be drawn:

• Ni3Al compound can be synthesized with 30 h of milling, in a pla-
netary ball mill with the rotation speed of 350 rpm and ball-to-
powder ratio 10:1.

• Milling is associated with a significant grain refinement and accu-
mulation of lattice strains. Powders with crystallite size lower than
20 nm can be synthesized with 30 h of milling. Grain refinement and
strain accumulation in powdered samples reflect itself in XRD

Fig. 7. Effects of B addition on the porosity size percentage and distribution in consolidated samples.

Fig. 8. Effects of B addition on the porosity percentage of consolidated samples.

Fig. 9. Effects of Boron addition on the hardness of sintered Ni3Al-xB
(0< x<1.5at%) alloys.

Fig. 10. Effects of boron addition on the stress-strain of sintered Ni3Al-xB
(0 < x < 1.5at%) alloys (The serrations in curves are due to the formation
micro-cracks).
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spectra by peak broadening and shifts in the peak positions.

• Milling up to 20 h is associated with the formation of plate-like
particles. Further milling results in the transformation of plate-like
particles to rounded particles due to the repeated fragmentation of
cold-deformed work-hardened plate-like particles.

• Boron addition overall reduces crystallite size and increases the
lattice strain of mechanically alloyed powders.

• Boron also enhances the sintering response of the powders. The
higher the boron content, the lower is the porosity percentage in the
sintered samples.

• Boron additions between 0.5 and 1.0 at% leads to a significant in-
crease in shear strength and hardness and a drop in the ductility of
Ni3Al-xB (0.0< x<1.5 at%) alloy. Boron addition over 1.0 at%
does not result is a significant alteration of mechanical properties.
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