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a b s t r a c t

Nanocrystalline Ni3Al intermetallic compound was successfully synthesized by mechanical alloying of
the mixed powders of elemental Ni and Al. The phase evolution and microstructural changes of the
powders during mechanical alloying were investigated by means of X-ray diffraction, field-emission
scanning electron microscopy, transmission electron microscopy, and energy dispersive spectrometry.
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It was found that supersaturated Ni(Al) solid solution was formed during the early stage of mechanical
alloying process. Upon further milling, Ni(Al) solid solution was transformed into ordered Ni3Al inter-
metallic nanocrystalline. It is imperative to adopt a long enough ball milling time (120 h in the present
work) so as to ensure the complete transformation of Ni(Al) solid solution to Ni3Al intermetallic nanocrys-
talline and the formation of well ordered Ni3Al nanocrystals composed of fine grains with a size of about
11 nm.
haracterization

. Introduction

Ni3Al intermetallic compound exhibits excellent physical and
echanical properties, such as high melting temperature, high

ardness, low density, and good corrosion and oxidation resis-
ance at an elevated temperature [1–4]. Furthermore, the yield
trength of Ni3Al intermetallic, instead of decreasing with increas-
ng temperature, shows an anomalous increase at intermediate
emperatures of about 600–800 ◦C [4–6]. Thanks to the excellent
hysical and mechanical properties, Ni3Al intermetallic com-
ound may be promising high temperature structural material
nd corrosion resistant material for gas turbine hardware, high
emperature dies and molds, cutting tools and heat treatment fix-
ures [4–7]. However, its application as engineering materials is
ighly restricted by the extremely high brittleness of polycrys-
alline Ni3Al at ambient temperature [8,9] and poor workability
s well. A number of attempts have been made to overcome this
rawback. For example, Liu et al. prepared Ni3Al with a tensile
uctility of 40–50% by doping 0.04 wt.% boron [9–11]. McFadden

t al. found that Ni3Al nanocrystalline subjected to severe plas-
ic deformation showed increased ductility [12], which might be
losely dependent on the small size effect and high surface area
nd activity resulting in improved physical and mechanical proper-
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ties of the nanocrystallines [6,12–15]. This implies that the scope of
Ni3Al intermetallic compound as a structural material in engineer-
ing may be effectively broadened by inducing nanocrystallization
leading to increased toughness. Mechanical alloying (MA) is one
of the most commonly used methods for such a purpose [16–19].
For instance, nanocrystalline alloy Ni–25% Al (at.%) has been syn-
thesized by way of the mechanical alloying of the mixed powders
of relevant elements [20,21], or by way of the mechanical alloying
of nickel aluminides such as AlNi, Al3Ni, and Al3Ni2 mixed with Ni
powders in association with subsequent heat-treatment like hot-
pressing consolidation [22–24]. These studies have helped to shed
light on the interaction mechanisms of solid phase components
during mechanical alloying. However, MA is still facing some uncer-
tainty concerning the synthesis of Ni3Al. Cardellini reported that
supersaturated solid solution Ni(Al) was the only product during
MA process [20]. Enayati et al. found that MA initially resulted in
a Ni(Al) solid solution which was transformed to disordered Ni3Al
intermetallic compound with nanocrystalline structure on further
milling [21]. Krasnowski et al. reported that the ordering of Ni(Al)
solid solution was the only product at the first stage of the MA pro-
cess, then Ni(Al) solid solution was transformed into ordered Ni3Al
intermetallic compound during heating of the milled products in

calorimeter [22–24].

In the present study, nanocrystalline Ni3Al intermetallic com-
pound was synthesized by mechanical alloying. The phase
transformation and microstructural evolution occurring in MA
process were investigated. The average grain size and mean

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:chenjm@lzb.ac.cn
dx.doi.org/10.1016/j.jallcom.2010.03.123


108 Y. Yu et al. / Journal of Alloys and Compounds 498 (2010) 107–112

l
m
s
m

2

7
s
a
s

a
t
r
v
c

i
t
w
i
b
s
d
t
s
a
e
p
t
r
s

tice strain, ε, estimated using the Stokes and Wilson formula, is
Fig. 1. SEM micrographs of mixed powders of elemental (a) Al and (b) Ni.

attice strains of the powders after mechanical alloying were esti-
ated based on X-ray diffraction (XRD) analysis and field-emission

canning electron microscopic (SEM) and transmission electron
icroscopic (TEM) observation.

. Experimental

Powder mixtures of elemental Al (30–150 �m, 99.5% purity) and Ni (about
5 �m, 99.0% purity) with an atomic composition (at.%) of Ni–25% Al were used as
tarting materials, whose SEM images are shown in Fig. 1. As it can be seen in Fig. 1a
nd b, Al particles have an irregular shape, while Ni particles have a cauliflower-like
hape or an irregular flocculent shape.

Mechanical alloying was performed under argon atmosphere at room temper-
ture using a high energy vario-planetary ball mill (Fritsch Pulverisette P-4) with
ungsten carbide vials and balls. The ball-to-powder weight ratio is 6:1 and the
otation speed of vial is 500 rpm. The milling was interrupted at selected inter-
als and a small amount of the corresponding milled powders was collected for
haracterizations.

The phase transformation and microstructural changes of the powders were
nvestigated using an X’Pert-MRD X-ray diffractometer (XRD, Philips; Cu K� radia-
ion, � = 0.1541 nm). The average grain size and mean lattice strain of the powders
ere also calculated by taking into account the broadening of the XRD peaks, which

s attributed to crystalline refinement and lattice strain as well as instrumental
roadening. The instrumental broadening was determined using a Si standard and
ubtracted from the experimental breadth to obtain the physical broadening of each
iffraction line which was then used for calculating grain size and lattice strain. Since
he XRD broadening at low angles is dominated by small grain sizes and by internal
trains at high angles [25], the low angle reflections were used to calculate the aver-
ge grain size based on the Scherrer formula [26], and the high angle reflections to

stimate the mean lattice strain based on Stokes and Wilson formula [27]. Similar
ractices have been reported by Enayati et al. [21] and Shaw et al. [28] in calcula-
ion of the average grain size using Scherrer formula. Briefly, the (1 1 1) and (2 0 0)
eflections of fcc-Ni were considered in calculating the average grain size of Ni(Al)
olid solution, and those of Ni3Al considered in estimating the average grain size of
Fig. 2. XRD patterns of Ni–Al powder mixture before and after various milling times.

Ni3Al intermetallic compound, based on Scherrer formula shown in Eq. (1).

ˇ(2�) = 0.9�

D cos�
(1)

where ˇ is the full width at half maximum of the XRD peaks, � is the Bragg diffraction
angle, � is the wavelength of the X-ray radiation, D is the average grain size. Similarly,
the mean lattice strain of Ni(Al) solid solution was calculated by considering the
(2 2 0) and (3 1 1) reflections of fcc-Ni, and that of Ni3Al intermetallic compound
was calculated by taking into account the (2 2 0) and (3 1 1) reflections of Ni3Al,
based on the Stokes and Wilson formula shown in Eq. (2).

ˇ(2�) = 2ε tan� (2)

where ˇ is the full width at half maximum of the XRD peaks, � is the Bragg diffraction
angle, ε is the mean lattice strain.

The morphology of the powders was observed at an acceleration voltage of
20 kV using a JSM-5600LV field-emission scanning electron microscope (FESEM,
JEOL, Japan) equipped with an energy-dispersive spectrometer (EDS). The average
grain size, crystal structure and chemical composition of the milled particles were
analyzed at an accelerating voltage of 200 kV using a JEM-2010 high resolution trans-
mission electron microscope (HRTEM, JEOL, Japan). TEM specimens were prepared
by mixing the powders in a small amount of ethanol and follow-up mounting of the
mixture onto a copper grid. For a comparison, the elemental composition of the pow-
ders collected at various milling time was also analyzed using an energy-dispersive
spectrometer attached to TEM.

3. Results and discussions

The XRD patterns of the mixed powders of Ni–25% Al (at.%)
before milling and after milling for different durations are shown
in Fig. 2. For the mixed powders before milling, very sharp peaks
of Ni and Al are visible, which imply that the as-received mixed
powders may have very fine crystalline size. After being milled for
20 h, broadening of the XRD peaks of Ni and Al is observed but no
peaks of Ni3Al is visible, which indicates that the mixed powder
had been aggregated to some extent leading to increased lattice
strain at this milling time but did not experience mechanical alloy-
ing thereat. After 40 h milling, the XRD peaks of Al disappear, and
those of Ni shift toward lower angles. This implies that, during the
milling process, Al atoms with a larger size had been dissolved into
Ni lattice forming Ni(Al) solid solution with a structure the same
as that of fcc-Ni but having a slightly larger lattice parameter than
Ni. The average grain size of Ni(Al) after 40 h of milling, estimated
using the Scherrer formula, is about 61 nm, while the mean lat-
about 0.35%. Increasing milling time to 80 h results in disappear-
ance of Ni peaks, while Ni3Al peaks begin to appear, which indicates
that crystalline Ni3Al intermetallic compound had been formed via
mechanical alloying after 80 h of milling. Further milling up to 120 h
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Table 1
Experimental materials, experimental method and corresponding products, grain size (D) and lattice strain (ε) obtained in present paper and other literatures.

Experimental materials Experimental method and corresponding products D (nm) ε (%)

MA MAa MA MAa MA MAa

Present work Al and Ni powders After 40 h milling Ni(Al)
solid solution

61 0.35

After 80 h milling ordered
Ni3Al intermetallic

22 1.02

After 100 h milling ordered
Ni3Al intermetallic

12 1.19

After 120 h milling ordered
Ni3Al intermetallic

11 1.22

Other work
[21] Al and Ni powders After 10 h milling Ni(Al)

solid solution
After 20 h milling
disordered Ni3Al
intermetallic
After 80 h milling
disordered Ni3Al
intermetallic

10

[23] AlNi intermetallic and
Ni powder

After 15 h milling Ni(Al)
solid solution

Hot-pressing consolidation
ordered Ni3Al intermetallic

12 23 0.06

Al3Ni2 intermetallic
and Ni powder

After 15 h milling Ni(Al)
solid solution

Hot-pressing consolidation
ordered Ni3Al intermetallic

12 21 0.07

[24] Al3Ni intermetallic and
Ni powder

After 10 h milling Ni(Al)
solid solution

Hot-pressing consolidation
ordered Ni3Al intermetallic

16 31 0.73 0.05
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MA process [6]. EDS analysis shows that the equiaxial particles are
rich in Ni and contain a small amount of elemental Al, with a nom-
inal composition of about 97.06% Ni and 2.94% Al. Such an atomic
composition of the milled powder samples agrees well with rele-

Table 2
The 2� (◦) values with related diffraction plane of Ni3Al phase formed after 120 h of
mechanical alloying and the corresponding values in JCPDS flies [29].

Diffraction plane 2� value (◦)

After 120 h of milling JCPDS
Ni96Al4 solid solution
and Al powder

After 15 h milling Ni(Al)
solid solution

a MA and subsequent heating process.

eads to no obvious changes of the XRD patterns as compared with
illing for 80 h.
The average grain size and lattice strain of Ni(Al) solid solution

nd Ni3Al intermetallic compound, estimated using the Scherrer
ormula and Stokes and Wilson formula by taking into account
he broadening of XRD peaks, are listed in Table 1. These values
eported earlier in the literatures [21–24] are also given in Table 1.
n addition, the experimental materials, experimental method and
orresponding products are listed in this table for explicit compar-
son. In combination with the XRD results, it can be inferred that
he Ni3Al intermetallic compound formed after 80 h of milling has
grain size of 22 nm and a lattice strain of 1.02%. Increasing milling

ime to 100 h and 120 h leads to no further structural changes of
he XRD patterns as compared with milling for 80 h, which indi-
ates that the steady-state stage of MA process is reached and the
nal product of these processes is the crystalline Ni3Al intermetal-

ic compound. After 100 h of milling time, the average grain size
nd the mean lattice strain of Ni3Al are 12 nm and 1.19%, respec-
ively. These values after 120 h of milling time are 11 nm and 1.22%,
espectively. It can be seen from Table 1 that, comparing present
aper with the literature [21], the experimental materials are the
ame such as Al and Ni powders and the product formed in the
arly stage of milling operation is the same such as Ni(Al) solid
olution during mechanical alloying process. With increasing of
he milling time, both our present work and the literature [21]
nferred that Ni(Al) solid solution transformed into Ni3Al inter-

etallic compound via Ni diffusion due to the accumulation of
nternal strain and refinement of grains associated with extended

illing. Although the Ni3Al intermetallic compound has a similar
rain size about 10 nm, the Ni3Al phase obtained in literature [21]
as a disordered structure, while the Ni3Al phase obtained in our
resent work has an ordered structure. At the same time, as given in
able 1, the experimental materials used in the literatures [23,24]

re obviously different from those used in present paper and the
iterature [21]. It can be noticed that the Ni(Al) solid solution was
he only product during MA process, then the Ni(Al) solid solu-
ion transformed into an ordered Ni3Al intermetallic compound
fter subsequent heating process such as hot-pressing consolida-
Hot-pressing consolidation
ordered Ni3Al intermetallic

19 32 0.93 0.08

tion [23,24]. While the ordered Ni3Al intermetallic compound was
directly formed by MA process in present work. In spite of the dif-
ferences in grain size (D) and lattice strain (ε) between present
paper and the literatures [23,24], which may be attributed to the
experimental materials as well as experimental method, a com-
mon feature exists in both cases, namely, a larger grain size (D)
associating with a smaller lattice strain (ε).

The 2� values corresponding to characteristic diffraction peaks
of Ni3Al formed after 120 h of mechanical alloying and that in JCPDS
files are listed in Table 2. It can be seen that the 2� values of the Ni3Al
prepared in the present work agree well with that in JCPDS files [29],
and the slight difference in comparison with the JCPDS files might
arise from the broadening of the XRD peaks of the sample after full
mechanical alloying.

The SEM images of the mixed powders after milling for 40 h,
80 h, and 120 h are shown in Fig. 3, and the atomic composition of
the relevant powder samples, determined by using EDS, is listed
in Table 3. After 40 h of milling, the powders appear as equiaxial
particles and have an average size of about 3 �m (see Fig. 3a). The
magnified image (see Fig. 3b) indicates that the equiaxial particles
have a homogeneous multi-layered structure due to the repeated
action of cold welding and fracturing of the powder particles during
(1 1 1) 43.797 43.604
(2 0 0) 50.912 50.703
(2 2 0) 75.008 75.022
(3 1 1) 90.350 91.212
(2 2 2) 96.263 96.558
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Fig. 3. SEM images of powders collected after mill
ant XRD data shown in Fig. 2. In other words, the disappearance of
l peaks and the shift of Ni peaks towards lower angles after 40 h
f milling well correspond to the significant decrease of the atomic
oncentration of Al thereafter. This is due to the combination of

able 3
tomic composition of the powders formed after milling for different time (deter-
ined by EDS).

Powders Atomic composition (at.%)

Ni Al

After 40 h milling 97.06 2.94
After 80 h milling 85.92 14.08
After 120 h milling 72.04 27.96
(a) and (b) 40 h; (c) and (d) 80 h; (e) and (f) 120 h.

decreased diffusion distance or interlamellar spacing, increased lat-
tice defect density, and any heating that may have occurred during
the milling operation. Thus, with further milling, Al atoms had been
dissolved into Ni lattice forming Ni(Al) solid solution. According to
the equilibrium diagram, at room temperature Al can be dissolved
in Ni lattice up to a maximum atomic concentration of about 5%
[30]. Therefore, it can be inferred that a supersaturated Ni(Al) solid
solution was formed after 40 h of milling. With further milling,
the particles get work hardened and fracture by a fatigue failure

mechanism and by the fragmentation of fragile flakes. Fragments
generated by this mechanism may continue to reduce in size in
the absence of strong agglomerating forces [6]. As shown in Fig. 3c
and d, due to the continued impact of grinding balls, the structure
of the particles is steadily refined and flake-like particles with an
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Fig. 4. TEM images and corresponding selected-area diffraction pattern of the p

verage size of about 1 �m were formed after an extended milling
ime of 80 h. The flakes are composed of nanoparticles with a size
f about 150 nm (see Fig. 3d) and have a nominal atomic compo-

ition of 85.92% Ni and 14.08% Al determined by using the EDS
ttached to SEM. Interestingly, extending milling time led to signifi-
ant decrease of Ni content and obvious increase of Al content of the
illed particles, which indicates that supersaturated Ni(Al) solid

olution had been transformed into Ni3Al intermetallic compound
rs collected after milling for (a) and (b) 40 h; (c) and (d) 80 h; (e) and (f) 120 h.

via Ni diffusion, because of the accumulation of internal strain and
refinement of grains under severe plastic deformation associated
with extended milling. Thus it can be inferred that Ni3Al intermetal-

lic compound was formed after 80 h of milling. When the milling
time was further increased to 120 h, equiaxial particles of Ni3Al
intermetallic compound, with nearly uniform size of about 0.5 �m,
were obtained (see Fig. 3e and f). The equiaxial particles of Ni3Al
intermetallic compound in this case, composed of nanoparticles
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ith a size of about 100 nm, have a nominal atomic composition
f 72.04% Ni and 27.96% Al, which is close to the stoichiometric
omposition of Ni3Al. Therefore, it can be concluded that supersat-
rated Ni(Al) solid solution had been fully transformed into Ni3Al

ntermetallic compound via Ni diffusion after 120 h of milling.
Fig. 4 shows the TEM images and corresponding selected-area

lectron diffraction (SAED) patterns of the powders collected after
0 h, 80 h, and 120 h of milling. As mentioned above, due to the
epeated action of cold welding and fracturing of the powder par-
icles during MA process, Al atoms had been dissolved into Ni
attice and formed the multi-layered structural Ni(Al) solid solu-
ion with grain size of about 10–100 nm after 40 h of milling time
see Fig. 4a). The corresponding SAED pattern (see Fig. 4b), the
iffraction rings, can be indexed to fcc-Ni. The EDS analysis attached
o the TEM (with an electron beam of 3.5 nm) indicates that the
anograins collected after 40 h of milling are composed of supersat-
rated Ni(Al) solid solution and have a nominal atomic composition
f 90.83% Ni and 9.17% Al. Such a nominal atomic composition
etermined by using the EDS attached to TEM obviously differs
rom that determined by using the EDS attached to SEM (97.06%
i, 2.94% Al), which might be attributed to the different spatial

esolution of the two types of energy dispersive spectrometer.
oreover, as shown in Fig. 4b, although severe plastic deforma-

ion occurred during the milling process, the powders were refined
o generate nanograins free of dislocation activity, as what was
eported elsewhere [28,31–33]. In other words, it can be concluded
hat mechanical alloying induced by 40 h of ball milling leads to
he formation of nanostructured surpersaturated Ni(Al) solid solu-
ion with a grain size of below 100 nm. With further milling, the
ccumulation of internal strain and refinement of grains during
A process leads to decrease the diffusion distances and increase

attice defect density. Additionally, the slight rise in temperature
uring milling further aids the diffusion behavior. At an extended
illing time of 80 h, the nanostructured supersaturated Ni(Al) solid

olution had been transformed into Ni3Al intermetallic compound
ith grain size of about 20 nm via Ni diffusion (see Fig. 4c). The cor-

esponding SAED pattern (see Fig. 4d), the diffraction spots can be
ell indexed to Ni3Al. Interestingly, the (1 0 0), (2 1 0), and (2 1 1)

uperlattice reflections of ordered L12 structure appear in Fig. 4d,
hich indicates that crystalline Ni3Al phase formed after 80 h of
illing has an ordered structure. Increasing milling time to 120 h

esulted in formation of Ni3Al particles composed of nanograins
ith a size of about 10 nm (see Fig. 4e), conforming to relevant
RD data. The corresponding SAED pattern (see Fig. 4f), the diffrac-

ion spots can be well indexed to Ni3Al. In this case the analysis
sing the EDS attached to the TEM verifies that the nanograined
i3Al particles have a nominal atomic composition of 73.15% Ni
nd 26.85% Al. At the same time, the (1 0 0), (1 1 0), (2 1 0), and
2 1 1) superlattice reflections of ordered L12 structure appear in
ig. 4f, which indicates that crystalline Ni3Al phase formed after
20 h of milling has an ordered structure. However, these super-

attice reflections were not detected in XRD analysis, possibly due
o the different spatial resolution of the two types of facilities.
amely, the TEM analysis was carried out at a limit spatial resolu-

ion of about 2 �m, while XRD analysis was performed over much
arger spatial locations (the diffraction data were collected over a
� range of 30–100◦). Compared with the other reflections such as
1 1 1) reflection, the intensity of the superlattice reflection is very
mall and can hardly be detected by XRD. In addition, as mentioned
bove, surpersaturated Ni(Al) solid solution formed in mechani-
al alloying process was free of dislocation activity even though

anograin microstructure was formed. And naturally, the surper-
aturated Ni(Al) solid solution would be readily transformed into
rdered Ni3Al nanocrystalline upon fully extended ball milling.

[
[

pounds 498 (2010) 107–112

4. Conclusions

Ni3Al nanocrystalline was successfully fabricated by mechanical
alloying of the mixed powders of elemental Ni and Al. The analy-
ses of XRD, SEM, TEM, and EDS indicate that 40 h of milling led
to the formation of supersaturated Ni(Al) solid solution. Upon fur-
ther milling, the Ni(Al) solid solution was transformed into ordered
Ni3Al intermetallic compound with nanocrystalline structure. Such
a transformation is attributed to Ni diffusion in association with the
accumulation of internal strain and refinement of grain size under
severe plastic deformation. To obtain well ordered Ni3Al nanocrys-
tallines composed of fine nanograins of a size below 11 nm, it is
imperative to realize full transformation of Ni(Al) solid solution
into ordered Ni3Al intermetallic compound by ball milling for an
adequately extended time of up to 120 h.
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