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a b s t r a c t

This paper investigates the effects of carbon nanotubes (CNT) addition on the structure and mechanical
properties of Ni3Al-xB (0.0< x< 1.5 at%) intermetallic compound. Ni3Al-xB-1wt%CNT nanocomposite
powders were first synthesized by mechanical alloying. Effects of CNT addition on the lattice strain and
crystallite size of synthesized powders were investigated by means of X-ray diffraction (XRD) analysis.
Scanning electron microscope (SEM) was used to study powder morphologies. Powders, synthesized by
mechanical alloying, were then consolidated using spark plasma sintering (SPS), conducted at 950 �C
under pressure 50MPa. Microhardness and shear punch tests were employed to study the mechanical
properties of sintered samples. Results show that CNT addition is accompanied by a decrease in crys-
tallite size and a significant improvement of mechanical properties of Ni3Al-xB (0.0 < x< 1.5 at%) inter-
metallic compounds.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Intermetallic compounds, including Ni3Al, are promising alloys
for many high-temperature applications, including gas turbine
blades and components of airplane engines [1e4]. Intermetallic
alloys have several unique characteristics, such as superior high-
temperature oxidation/corrosion resistance together with excel-
lent microstructure stability during high temperature working
conditions. In many cases, mechanical properties of intermetallic
alloys are improved at temperature range 600e800 �C, making
them an excellent choice when creep is the major concern [5].
There have been many attempts to improve the mechanical prop-
erties of Ni3Al compound by changing the chemistry of the alloy
[6e8]. This includes the addition of boron, which reportedly
significantly improves the mechanical properties of Ni3Al alloy [9].
What is certainly known about the implication of boron for the
structure of Ni3Al is its contribution to the grain refinement, asso-
ciated with an increase in the strength of the alloy. Yet, there is a
controversy on the influence of boron on the ductility [10e12].
Further improvement in mechanical properties beyond what is
achieved so far is still needed, given that advanced industries like
ehr).
aerospace industries are getting more demanding than any time
before. A well-known effective strengthening strategy when it
comes to intermetallic alloys is grain refinement down to nanoscale
range. Amongst different ways of doing so, mechanical alloying
(MA) is certainly a promising one, given that it is a rather
straightforward room temperature method with a great extent of
controllability over crystallite/particle size [13e18]. This method is
inherently less prone to manufacturing defects that one might have
to deal with in other conventional manufacturing methods like
casting or forging. Other prominent upsides of mechanical alloying
are in-situ alloying during milling and a perfect homogeneity of
alloying elements due to the repeated collision of particles in the
course of milling. Meeting ever-increasing demands for advanced
Ni3Al-based alloys of higher mechanical properties necessitates
using a dispersion of nanoparticles to get a contribution from
dispersion hardening. Mechanical alloying is potentially an ideal
way of achieving a rather homogeneous distribution of nano-sized
dispersoids in the matrix. Amongst different possible second phase
particles, carbon nanotubes (CNTs) have shown great potential in
improving mechanical properties and stiffness of a wide range of
metal-matrix composites [19e22]. CNT has been successfully
applied to not only different metals but also some intermetallic
alloys [14].

Solid-state consolidation techniques are widely used method-
ologies to achieve fully dense materials from initial powders. These
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methods are less prone to the type of defects; one can normally
anticipate in liquid-state processing. Yet, the downside of many of
conventional solid-state hot pressing methodologies is their rela-
tively long processing time which implicates that the powders stay
at high temperature for a long time. This, in case of improper
control, results in grain growth which in turn deteriorates me-
chanical properties of the final product. An alternative approach
with minimized grain growth is spark plasma sintering (SPS). This
approach, which is essentially a pressure-driven densification
method under pulsed electric current in graphite dies, is considered
as one the fastest densification methods, if not the fastest one [20].
Fig. 1 shows schematics of an SPS machine. In this study, micro-
structure and mechanical properties of Ni3Al alloy with various
Fig. 1. Schematics of an SPS machine.

Fig. 2. SEM images of a) Ni, b) Al and c) B as initial powde
amounts of boron addition (0.0, 0.5, 1.0 and 1.5 at%) and 1wt% of
multi-wall carbon nanotubes (MWCNTs), synthesized by mechan-
ical alloying and spark plasma sintering, are investigated. The cor-
relation between structure, milling/sintering parameters, and the
mechanical properties of alloys will be discussed.
2. Materials and methods

Nickel (99.9% purity, 3 mm average size), Aluminum (99.9% pu-
rity, 22 mm average size), Boron (99.5% purity, 2 mm average size)
and Carbon Nano Tube (Multi-wall, 99.0% purity, 10 nm outer
diameter) particles were used as initial elemental powders to
synthesize Ni3Al-xB-1wt.% MWCNT (0.0< x< 1.5 at%). SEM images
of initial particles together with the XRD spectrum of the initial
powder mixture are shown in Fig. 2. Milling was done in two
stages; at first, metallic powders were mixed and milled up to 35 h,
to synthesize boron-containing Ni3Al compounds. Then, in order to
achieve a homogeneous distribution of elements and to minimize
agglomeration of CNTs, synthesized powders together with CNTs
were sonicated in ethanol (99.0% purity) for 30min. Then, the
mixture was dried in an oven at 80 �C for an hour. The dried
mixture was then milled for another 5 h. Mechanical alloying was
conducted in a steel vial with a rotation speed of 350 rpm in Argon
atmosphere to prevent oxidation. A combination of balls was used
for milling; 4 balls of 20mm diameter, 3 balls of 12mm diameter,
and 2 balls of 10mm diameter. In all experiments, the ball to
powder ratio was chosen to be 10:1. Milling was interrupted every
10 h to take samples out for structural characterization. X-ray
diffractometry (XRD, Philips, Cu Ka¼ 1.54 nm) analysis was done
on powders to characterize phase formation and to calculate lattice
strain and crystallite size (XRD spectrum of the initial powder
mixture is shown in Fig. 2d). Details on how these parameters are
calculated are explained in here [10]. Scanning electron microscopy
(SEM, Philips) analysis was also done to observe the morphology
and particle size of powders with and without CNT. Mechanically
rs, and d) XRD spectrum of Ni and Al initial mixtures.
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alloyed powders were then consolidated using Spark Plasma Sin-
tering (SPS, KPF vacuum technology) method, with uniaxial pres-
sure of 50MPa, at temperature 950 �C, with 10min as holding time.
Both heating and cooling rates were 100 �C/min. To examine me-
chanical properties, Vickers micro-hardness (0.1 Kg force), and
shear-punch tests were used. Punch diameter in the shear-punch
test was 3mm with a rate of 0.1m/s. The fracture surface of spec-
imens after shear was studied by SEM and field emission scanning
electron microscopy (FESEM).
3. Results

3.1. Synthesis of Ni3Al-xB-1wt%CNT (0.0< x< 1.5 at%) compounds

Fig. 3 shows XRD patterns of Ni3Al-xB (x¼ 0.5 and 1.5 at%)
compounds with and without CNT after 40 h of mechanical
alloying. The diffraction spectra of powders show peaks corre-
sponding to Ni3Al compound, indicating that 40 h of milling is
enough to transform elemental powders to Ni3Al compound.
Elemental mapping of alloy Ni3Al-1.5 at%B after 40 h of milling
confirms a perfectly homogeneous distribution of alloying ele-
ments (see Fig. 4). From XRD spectra, it appears that the addition
of nano-sized CNT into Ni3Al-xB (x¼ 0.5, 1.0, and 1.5 at%) alloys
resulted in further broadening of Ni3Al peaks. Mechanical alloying
Fig. 3. Comparison between XRD analysis patterns of a) Ni3Al-0.5 at%B and b) Ni3Al-
1.5 at%B compounds, with and without CNT addition (The XRD pattern of Ni3Al-1.0 at%
B is similar to these two spectra).
is known to cause a significant peak broadening [10]. It appears
that this effect is more pronounced in the presence of CNT. The
increase in full width at half maximum (FWHM) of XRD peaks,
induced by CNT addition, is not a fixed value at different boron
contents. The CNT-induced increase in peak width of Ni3Al-0.5 at%
B, Ni3Al-1.0 at%B, and Ni3Al-1.5 at%B samples are approximately
20, 30, and 60% respectively, inferring that the higher the boron
content, the more pronounced the effect of CNT addition is. In
addition to peak broadening, a minor shift in the position of XRD
peaks towards lower angles is also noticed, which has to do with
the lattice distortion during milling. Table 1 gives the values of
crystallite size and lattice strains. The way how these values are
calculated from XRD spectra is explained in here [10]. One can see
that CNT addition is associated with a significant decrease in grain
size and a significant increase in lattice strain in all boron contents.
CNT addition can interestingly decrease crystallite size to values as
low as 10 nm.

SEM images of particles, milled for 40 h, are shown in Fig. 5. This
figure shows the effect of CNT addition on the particle size and
morphology of powders. Obviously, the spherical shape of particles
does not change by the addition of CNT. However, the particle size is
greatly influenced by CNTs. CNT addition results in more refined
particles with narrower size distribution. This effect is more pro-
nounced in Ni3Al-0.5B and Ni3Al-1.0B compounds. In the former
the average particle size decreases from 9 to 6 mm, whereas in the
latter it changes from 7 to almost 5 mm. In case of alloy Ni3Al-1.5B,
the effect is marginal and insignificant. It appears that CNTaddition
not only decreases grain size but also slightly decreases particle
size.
3.2. Spark plasma sintering of synthesized powders

Fig. 6 shows the effects of CNT addition on the porosity per-
centages in sintered specimens (The area fraction of porosities was
measured by the image analyzing of optical metallography images).
Fig. 6b and c shows optical microscope images of Ni3Al-0.5B and
Ni3Al-0.5B-CNT samples in as-polished condition respectively. The
former alloy, containing CNT, clearly has less porosity. It appears
that both boron and CNT additions decrease the porosity percent-
age of consolidated samples [10]. The effect of the latter is more
pronounced. Up to 30% more reduction in porosity content can be
achievedwhen CNT is added to thematrix. Effects of CNTand boron
additions on the porosity percentages are more pronounced when
the boron content is increased to 0.5 at%. Both boron and CNT
introduce lattice distortions and this enhances the kinetics of
diffusion of alloying elements during sintering. The faster the ki-
netics of diffusion, the faster is the kinetics of sintering, knowing
that sintering is a diffusion-controlled reaction.

Fig. 7 shows the effects of CNT addition on the shear strength
and hardness of Ni3Al-xB. Compounds. As shown, samples with
higher boron contents show less ductility and break at lower
elongations. CNT increases the elongation of all specimens. Over
20% increase in elongation is achieved in CNT-containing speci-
mens. Interestingly, CNT increases the elongation, while it does not
deteriorate maximum shear strength. In the case of Ni3Al-1.0B, CNT
addition is associated with a significant increase in maximum shear
strength. This also applies to hardness, where CNT addition
significantly improves the hardness of bulk samples. Fig. 8 shows
the influence of CNT addition on the fracture surface of Ni3Al-1.0B
sample. CNT addition clearly changes the fracture from a cleavage
fracture to a more ductile fracture with a distribution of very fine
dimples. A closer look at the fracture surface reveals some areas in
which still there are some colonies of CNTs left in the microstruc-
ture (see Fig. 9).



Fig. 4. Elemental mapping of Ni3Al-1.5 at%B compound after 40 h of milling.

A. Mohammadnejad et al. / Journal of Alloys and Compounds 788 (2019) 461e467464
4. Discussion

This paper investigates the influence of CNT addition on the
structure andmechanical properties of Ni3Al-xB alloys, synthesized
by mechanical alloying and spark plasma sintering. CNT with
exceptional physical and mechanical properties has shown great
potential as a reinforcing component to improve the mechanical,
electrical and thermal properties of composites [20]. Nickel alu-
minide compounds are now widely used for many high-
temperature applications, due to their excellent mechanical prop-
erties and superior high-temperature oxidation/corrosion resis-
tance [2]. Mechanical alloying is a solid-state alloying technique in
which the ball/powder collisions during milling induces inter-
diffusion of alloying elements associated with distortion of crystal
structure and grain refinement [5]. Mechanical milling of elemental
Ni and Al powders at the early stage of milling results in the for-
mation of a Ni (Al) solid solution [23]. Mechanical milling up to 30 h
leads to the formation of Ni3Al compound [10]. Results of our
previous study [10] show Further milling is associated with a sig-
nificant decrease in the crystallite size of Ni3Al compound. The
kinetics of grain refinement gets slower by increasing the milling
time, and at some point around 13e15 nm (depending on the boron
content of the alloy), further milling hardly decreases crystallite
Table 1
Crystallite size and lattice strains of mechanically alloyed powders.

Samples Ni3Al-0.5B Ni3Al-0.5B-CNT Ni3Al-1

Grain Size (nm) 15.7 10.2 13.7
Lattice Strain 0.52 0.71 0.70
size. On the contrary, it might even cause a slight grain growth [10],
which has to do with temperature increase at the ball/powders
interface. The upside of mechanical alloying is the perfectly ho-
mogeneous distribution of alloying elements in the synthesized
compounds, which in turn results in a homogeneous microstruc-
ture and phase distribution. Fig. 4 shows how homogeneous
alloying elements are distributed in the mechanically alloyed
sample (after 40 h of milling). There is obviously absolutely no
indication of segregation or colonies of alloying elements. Homo-
geneous dispersion of elements is extremely important when it
comes to the successful addition of CNT to the Ni3Al-xB matrix. It is
postulated [14] that homogeneous dispersion of CNTs in the matrix
is an essential step to get the highest mechanical properties. Results
of this study show that CNT-containing Ni3Al-xB samples have
overall a significantly smaller grain size (down to 10 nm) compared
to samples without CNT. Observed peak broadening in XRD spectra
conclusively implicates that CNT (partly) enters into the crystal
structure of the base alloy and this causes further grain refinement.
The CNT-assisted decrease in grain size is in the order of 20e30%,
depending on the boron content of the alloy. Observed grain
refinement, combined with a solid solution and dispersion
strengthening effects of CNT nanoparticles, results in a significant
improvement of hardness (see Fig. 7d).
.0B Ni3Al-1.0B-CNT Ni3Al-1.5B Ni3Al-1.5BCNT

10.3 14.6 9.8
0.87 0.65 0.89



Fig. 5. SEM images of particles after 40 h of milling in a) Ni3Al-0.5B, b) Ni3Al-0.5B-1wt%CNT, c) Ni3Al-1.0B, d) Ni3Al-1.0B-1wt%CNT, e) Ni3Al-1.5B, and f) Ni3Al-1.5B-1wt%CNT
compounds.
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It appears that CNT addition not only decreases grain size but
also has some implications for the particle size. CNT-containing
samples have a comparatively smaller particle size, compared to
samples without CNT. It is hypothesized that the high density of
defects in mechanically alloyed powders increases energy transfer
during ball-powder collisions [24]. Entering carbon into the matrix
increases the level of lattice strain and this leads to a higher energy
transfer from collisions to powders and smaller particle size. CNT
addition also decreases the porosity percentages. The higher the
lattice distortion, the easier is the diffusion of alloying elements.
This enhanced diffusion of alloying elements increases the kinetics
of sintering and this obviously decreases porosity percentages of the
final bulk samples. Results of shear punch test on Ni3Al-xB alloys in
our previous study [10] showed that boron additions higher than
0.5 at% results in a significant deterioration of ductility. On the
contrary, CNT interestingly improves the ductility of Ni3Al-xB alloys.
CNT particles, entered into the crystal structure, are expected to
diffuse towards grain boundaries as well in which case they
decrease the order of crystal structure of the intermetallic at the
grain boundary. It is known that a decrease of ordered intermetallic
phase at grain boundaries is associated with higher degree of
dislocation mobility and this means higher ductility [25]. Given that
grain boundary failure is believed to be the main reason for
observed brittleness in Ni3Al alloys [26], one can conclude that
carbon diffusion-induced disordering of grain boundary structure
has an essential contribution to the observed improvement of
ductility. The effect of CNT addition on the ductility of Ni3Al-xB al-
loys is very well reflected on the fracture surface as well (see Fig. 8).
While Ni3Al-xB alloys show a brittle cleavage fracture surface,
samples containing CNT show a more ductile fracture, confirmed by
the distribution of fine dimples at the fracture surface.
5. Conclusions

From the results obtained in this investigation, the following
conclusions can be drawn:

� CNT addition is associated with a significant grain refinement of
Ni3Al-xB (0.0< x< 1.5 at%) alloys, down to 10 nm. This is
confirmed by peak broadening in XRD spectra.

� The observed shift in the position of XRD peaks infers that part
of CNT enters into the crystal structure of base alloy and dis-
places atoms from their equilibrium positions.

� CNT addition also slightly decreases the particle size, which has
to do with the fact that CNT introduction to the matrix induces
lattice distortion and this increases energy absorption in ball/
powder collisions.



Fig. 6. a) Effects of CNT addition on the porosity percentage of sintered specimens (The area fraction of porosities are measured using an image analyzing technique), an example
related to b) alloy Ni3Al-0.5B-CNT, and c) Ni3Al-0.5B.

Fig. 7. Effects of CNT addition on the shear strength and hardness of Ni3Al-xB samples.
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Fig. 8. Effects of CNT addition on the fracture surface of Ni3Al-1.0B sample.

Fig. 9. Effects of CNT addition on the fracture surface of Ni3Al-1.0B sample.
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� Samples containing CNTs shows a comparatively lower per-
centage of porosity. Lattice distortion, induced by introduction
of CNTs into the base alloy, eases the diffusion of alloying ele-
ments, resulting in faster kinetics of sintering.

� CNT addition improves the hardness of sintered Ni3Al-xB
(0.0< x< 1.5 at%) alloys. This has to do with grain refinement,
induced by CNT addition, combined with dispersion and solid
solution strengthening effects of CNTs.

� CNT addition to Ni3Al-xB (0.0< x< 1.5 at%) alloys is associated
with a significant improvement of ductility. This is believed to
be due to disordering of crystal structure at the gain boundary,
caused by diffusion of carbon towards grain boundaries. \
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