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a b s t r a c t
In this work, synthesis of NiAl–Al2O3 nanocomposite powders via the mechanosynthesis route and by using Ni,
NiO and Al is investigated. Ignition of the reaction inside the ball-mill vial happens after 110 min; NiO is totally
ﬁnished and NiAl and Al2O3 as product phases are formed. After 10 h of ball milling, raw materials are totally
used in the reaction and only product phases exist in the vial. By continuing the ball milling process to 60 h, better
mixing of the synthesized phases and decrement in their crystallite sizes plus particle size are observed. Crystallite sizes of the product phases are in the nanometer range in all ball milling times. Crystallite sizes of NiAl and
Al2O3 after 10 h are around 11 nm and 19 nm respectively, and these are reduced to around 8 nm for both phases
after 60 h of ball milling.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Mechanical energy has been proved capable of providing the energy
needed to start a reaction as well as thermal energy. It is reported that
high energy ball milling provides energy for activation of a chemical
reaction [1–4] and also for full occurrence of a chemical reaction [5,6]
during milling. The ﬁrst is deﬁned as mechanical activation and the
second is called as mechanochemical synthesis or reactive milling. In
such a process, the intensely high mechanical impacts result in repeated
welding and fracturing of powder particles. Therefore, the contact area
between the reactant powder particles increases and fresh surfaces
come into contact in each collision in the ball mill. This matter leads
the reaction to proceed without the necessity for diffusion through
the product layer. Intense plastic deformation, increment in strain
energy and thus high defect density leads to activation/occurrence of a
chemical reaction. High defect density accelerates the diffusion process
during mechanical milling [7,8].
Hence, it is expected that kinetic and thermodynamic behavior
of the aforementioned reactions may be very different from those
reactions initiated by thermal energy.
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These reactions might undergo two different kinetics based on
milling conditions:
1- Gradual reactions or progressive type reactions in which
materials transform in a gradual manner and in very small volumes
during each collision.
2- A self-propagating combustion reaction when the reaction
enthalpy is high enough [8,9].
In the latter type, there is a critical milling time in which the combustion reaction initiates. In the beginning, the temperature of the milling
vial shows a slow increase over time. Then, it increases abruptly
which implies that the reaction ignition has occurred (ignition
time = tig). After this time, temperature decreases slowly. Measurement
of tig enables deﬁnition of the structural and chemical evolution during
combustion reaction [10].
In the reactive milling method, there are varied and numerous
beneﬁts and these make this process economical. These beneﬁts include
the ability to produce solid solutions [11], different volume fractions of
different types of submicron reinforcements [12,13] as well as nascent
clean interfaces [14]. Researchers have focused on intermetallics such
as nickel aluminides. They utilize advantages of this process to improve
ductility of such materials by microstructure reﬁnements and to
enhance their creep resistance by the reinforced particulates [15].
These goals have led researchers to concentrate on nanostructured
composites.
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Alumina has been considered as a promising reinforcement for NiAl
by researchers [16,17]. That is because of its thermodynamic compatibility with NiAl and also because its thermal expansion coefﬁcient is
relatively close to that of NiAl. And furthermore, alumina has desirable
properties such as low density, high speciﬁc strength, high modulus
and good oxidation resistance [18]. Research has shown that
NiAl–Al2O3 composite can be utilized for high temperature applications because of improved oxidation [19] and creep resistance [20]
and thus is a good candidate for coating purposes [21].
Researchers have reported the formation of NiAl–Al2O3 composites
by mechanical milling powder mixtures of Ni, Al and Al2O3 [22], NiO
and Al [23] and Ni2(OH)2CO3·3H2O and Al [24]. Anvari et al. [25] developed NiAl-Al2O3 composite by high-energy ball milling of Ni, NiO and Al
in a planetary ball mill without any process controlling agent (PCA).
Udhayabanu et al. [26] carried out reactive milling of Ni, NiO and Al
powder mixture in toluene medium. Then they heated the as-milled
powder. Even after the 20 h of ball milling, reaction between raw
materials was still incomplete; signiﬁcant amounts of Ni and NiO
remained in the mixture and Al was totally consumed. NiAl-Al2O3 composite was gained after the mixture was heated to 1200 °C. Udhayabanu
et al. [15] consolidated the as-milled powder containing NiAl,
amorphous Al2O3 and unreacted NiO by spark plasma sintering and
ﬁnally gained NiAl-Al2O3 composite. Because the above-mentioned researchers have conducted their milling in conditions different from
the present work, the phase formation and reaction mechanism are expected to be different in this study.
The present research aims to develop NiAl-Al2O3 nano-structured
composite by reactive milling of Ni, NiO and Al as raw materials and
by completing the reaction totally in the ball mill vial. Ignition time of
the reaction is measured. Inﬂuence of ball milling time is assessed on
phase evolution, crystallite size and lattice strain of phases, microstructure and chemical composition of different phases in the as-milled
powder mixture and powder particle size (for milling times higher
than 10 h).

In these strips, temperature ranges are seen in dark brown squares and
color change of one square from brown to green indicates temperature
change to that range. The temperature range under this survey was
60 °C. This assessment was intended to determine the ignition time of
the exothermic reaction inside the ball mill vial.
The morphologies, microstructures and chemical compositions
were studied using a LEO 1530 scanning electron microscope (SEM)
with a Gemini column and EDS detector from Oxford Instruments of
type 50 mm2 XMax Silicon Drift Detector (SDD). To prepare samples
for powder morphology investigations, powder particles were
dispersed in ethanol. To study the microstructure of powder particles
and phase investigations, a powder particle cross-section sample was
prepared by conventional metallographic techniques. Phase evolution
of samples was analyzed by PANalytical X'pert PRO XRD, using Cu Kα
radiation with λ = 0.15406 nm. Using diffraction data of ball milled
powder samples, the amount, crystallite size and lattice strain of
existing phases were obtained from Rietveld reﬁnement analysis by applying a pseudo-Voigt function and by X'Pert HighScore Plus software.
The particle size measurement of raw materials and powder samples
was performed using a SHIMADZU SALD-2101 apparatus.

2. Experimental

Fig. 2 presents XRD patterns of the mixed powder mixture (0 h of
high energy ball milling) and ball milled ones after different milling
times. In the mixed and 1 h ball milled powder, peaks of Ni, Al and
NiO are observed, so these were just reactant phases and none of reaction products were formed in powders. While increasing milling time
to 2 h led to the disappearance of NiO peaks, NiAl and Al2O3 peaks
began to appear, which are formed “in-situ” during the milling process.
It should be mentioned that in the binary phase diagram of NiO-Al2O3,
there is no complex oxide composition other than NiAl2O4 and peaks
of this phase were not observed in any of patterns in Fig. 2. Thus, knowing that ball milling is not an equilibrium process, it seems that NiO is
not consumed in any complex oxide in Ni-Al-O system and that Al2O3
is the product of reduction reaction of NiO and Al. Therefore, within 1
and 2 h of ball milling, the exothermic reaction between starting powders has taken place. With further milling, the intensity of Al and Ni
peaks decreases. After 4.5 h of ball milling, Al peaks are not observable
in XRD pattern while Ni peaks can still be seen. This has been reported
in other references too. Peak broadening is a common phenomenon
which is observed as a result of grain reﬁnement and increase in lattice
strain [5,27]. Because of the high ductility of aluminum in comparison
with Ni, it experiences rapid and severe deformation. Therefore, the
broadening and disappearing of peaks happens faster for aluminum,
while nickel diffraction lines are observable over longer times because
of its greater hardness and so undergoes less deformation than
aluminum. Abbasi et al. [28] observed the same phenomenon in milling
of nickel and aluminum powder mixture. If solid solution of Ni(Al)
forms during ball milling, because of radius difference between nickel
and aluminum, it is expected that expansion in the nickel lattice
happens and thus Ni diffraction peaks should be detected at lower 2θ.
But since such a peak shift is not seen in phase analysis results, it can
be concluded that Ni(Al) solid solution has not been formed during

2.1. Characterization
Ball milling was carried out in a Retsch planetary ball mill. The
constant ball milling conditions are mentioned in Table 1 and only ball
milling time differs for different samples.
Starting powders were weighed into stoichiometric composition
corresponding to Eq. (1):
3NiO þ 8Ni þ 13Al ¼ Al2 O3 þ 11NiAl

ð1Þ

Stearic acid (1 wt% of the powder mixture) was used as process
controlling agent (PCA) to avoid oxidation and excessive cold welding
of powders to vial and balls.
Temperature variations of outer wall of the ball mill vial were
studied as an indirect indicator of the temperature changes inside the
vial. For this purpose, two RoHS Thermochromic Liquid Crystal Reversible
Temperature Indicating Strips were attached on the outer wall of the vial.
Table 1
The ball milling conditions.
Vial

Stainless steel vial with volume of 250 ml

Balls
Ball milling speed (rpm)
ball-to-powder ratio
Process controlling agent (PCA)
Raw materials powder mixture
weight (g)
Ball milling time (h)
Ball milling atmosphere

WC balls with approximate weight of 8.4 g/ball
280
10/1
Stearic acid (1 wt% of the powder mixture)
Total weight: 5.85 (Ni:2.63, NiO:1.25, Al:1.97)
1, 2, 3, 4.5, 6, 10, 15, 20, 40, 60
Air

2.2. Materials
Raw-materials used in this work were Al (Merck-art no.1056), Ni
(Merck-art no.12277) and NiO (Merck-art no.6723) powders. Particle
size measurement showed that d50 of Al, Ni and NiO was 68 ± 0.5,
5 ± 0.1 and 9 ± 0.3 μm, respectively. Fig. 1 shows scanning electron
microscopy micrographs of the starting powder particles. The aluminum
and nickel powder particles had spherical morphologies while nickel
oxide powder particles showed an irregular shape.
3. Results and discussion
3.1. Phase analyses
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Fig. 2. XRD patterns of powder samples ball milled for 0 to 6 h. Observation of peaks of
product phases after 2 h of ball milling, peak intensity weakening for starting materials
with progression in milling.

vial wall. By increment in pressure, according to Eq. (2), the system
proceeds towards decrement in volume or increment in density.


dΔG
¼ ΔV
dP

Fig. 1. SEM micrographs of starting powder particles: (a) Al, (b) Ni and (c) NiO.

milling. Studies on heating of the nickel aluminum binary system demonstrated that the phase formation sequence is NiAl3/Ni2Al3/NiAl/Ni3Al
[29,30]. However, in XRD patterns of ball milled powder, the only
formed nickel aluminide phase is NiAl. In reactive milling, mechanical
energy is employed to initiate chemical reactions. Intense mechanical
pressure in ball milling causes formation of new surfaces, plastic deformation and increase in lattice defect density which makes the kinetics
and thermodynamics of reactions in ball milling very different from
that of thermally activated reactions. Ball milling leads to particle reﬁnement and thus reduction in diffusion distances (by reduction in interlamellar spacing) which lowers the activation energy for diffusion
signiﬁcantly [8,26,28]. During milling, the system temperature is more
or less constant and around room temperature. However, intense
pressure is imparted drastically on powder particles by balls and the

ð2Þ

In Eq. (2), variations of Gibbs free energy between the pressure of
1 atm and the imparted pressure on powder particles by ball impacts
should be considered. As mentioned, in a ball milling system the
activation energy for the required reactions to occur is obtained
from mechanical energy rather than from thermal energy. Therefore,
in such a system, the highest probability of formation belongs to a
phase for which formation reaction results in a higher extent of
volume reduction [31]. In Table 2, calculation of normalized volume
reduction percentage in the formation reaction of different nickelaluminides in Ni-Al system is reported.
According to Table 2, the formation reaction of NiAl causes the
highest volume reduction, so NiAl is the only phase which is expected
to form in the system. Researchers have also observed formation of
the only phase of NiAl in powder system with stoichiometric composition of Ni50-Al50 [35–37].
Phase analysis results for powders ball milled for 10 h and more is
demonstrated in Fig. 3. It is observed that after 10 h of ball milling,
just two product phases of NiAl and Al2O3 exist in the system. As the
milling progresses, only peak broadening of phases is seen in XRD
patterns. The aim of continuation of milling for more than 10 h is to
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Table 2
Volume reduction percentage in the formation reaction of different nickel-aluminide phases.
Phase

Density (g/cm3)

Formation reaction

Normalized volume reduction percentage in the formation reaction

NiAl3
Ni2Al3
NiAl
Ni3Al

3.95 [32]
4.76 [32]
5.85 [33]
7.26 [34]

Ni + 3Al = NiAl3
2Ni + 3Al = Ni2Al3
Ni + Al = NiAl
3Ni + Al = Ni3Al

(ΔV/V0)% = (VNiAl3-3VAl-VNi) / (3VAl + VNi) ∗ 100 = −3.34
(ΔV/V0)% = (VNi2Al3-3VAl-2VNi) / (3VAl + 2VNi) ∗ 100 = −3.48
(ΔV/V0)% = (VNiAl-VAl-VNi) / (VAl + VNi) ∗ 100 = −11.71
(ΔV/V0)% = (VNi3Al-VAl-3VNi) / (VAl + 3VNi) ∗ 100 = −6.07

achieve uniform distribution of phases in powder particles. In addition
to reﬁnement of crystallites and increment in lattice strain, the lower intensity of alumina peaks than that with NiAl ones is because of the lower
atomic scattering factor of Al2O3 than NiAl. The atomic scattering factor
is proportional to atomic number in a phase. The higher the atomic
scattering factor of a phase is, the sharper and more distinguishable
the peaks are. The material with lower atomic scattering factor shows
peaks with lower intensity and, in longer ball milling times, these
peaks diminish. It seems that the atomic scattering factor is very important in affecting peak intensity [8]. In other works, researchers faced the
same problem in deﬁning alumina peaks properly in XRD patterns. In a
work by Marashi et al. [38] in WC-Al2O3 system, despite the existence of
34.24 wt% of alumina, alumina peaks could not be distinguished even
after 2 h of milling. Hosseinpour et al. [39] in Mo-ZnS system in
presence of alumina, could not observe alumina peaks in XRD patterns,
although they had 26 wt% of alumina in their system.

Fig. 3. XRD patterns of powder samples ball milled for 10 to 60 h. Observation of only
product phases peaks after 10 h of ball milling, peak broadening with milling prolongation.

3.2. Finding ignition time (tig) in ball mill
According to phase analysis results in Fig. 2, after ball milling for 1 h
only starting materials exist in the system, while in sample ball milled
for 2 h, products began to appear. Therefore, it is expected that the reaction between raw materials has happened between 1 and 2 h of ball
milling. To ﬁnd the ignition time of the exothermic reaction, RoHS
Thermochromic Liquid Crystal Reversible Temperature Indicating Strips
are used as explained in Section 2.1. For this purpose, the ball mill was
turned off every ten minutes and the temperature of the vial wall was
recorded. It should be mentioned that before starting the ball milling
process, the temperature indicating strips showed 20 °C as the wall
temperature. The wall temperature was 30 °C after 60, 70, 80, 90 and
100 min of milling, indicated by the temperature indicating strips. But,
after 110 min of milling, the wall temperature increased abruptly and
the temperature indicating strip showed a sudden 5 °C increase. So, it
is concluded that an exothermic reaction has happened between 100
and 110 min of ball milling and caused the temperature of the vial
wall to increase.
In Fig. 4, phase diffraction lines for powder ball milled for 110 min
are reported. Peak positions for identiﬁed phases by X'Pert High Score
Plus software are also reported. As can be observed, product phases of
NiAl and Al2O3 plus starting materials phases of Ni and Al are present
in the system while it seems that NiO is mainly consumed. Therefore,
the sudden increase in temperature in addition to the formation of reaction products indicate that around 110 min of ball milling mechanically
induced self-propagating reactions (MSR) has happened.
To compare the temperature difference caused by the occurrence of
the exothermic reaction between raw materials in theory with in
experimental observation, for which the temperature indicating strips
indicated 5 °C increment, some assumptions are made. It is assumed
that: 1) The reaction between raw materials has occurred completely,

Fig. 4. XRD pattern of ball milled powder for 110 min and standard diffraction cards of
predicted existing phases (NiO diffraction lines are reported just for comparison).
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between raw materials with stoichiometric composition according to
Eq. (1), the released heat is calculated as follows in Eq. (3):
ΔH1 ðReaction; 298 KÞ ¼ ΔH f ðAl2 O3 ; 298 KÞ þ 11ΔH f ðNiAl; 298 KÞ
–3ΔH f ðNiO; 298 KÞ ¼ −2259 kJ ¼ −2:259000 J

ð3Þ
Since the mass of the raw materials inside the ball mill vial is
m = 5.85 g, the released heat from reaction in powder mixture of
raw materials inside the ball mill vial will be:
ΔH2 ðReaction; 298 KÞ ¼ ΔH1 ðReaction; 298 KÞ  m=M ¼ −12651:4 J

ð4Þ

Considering the heat absorbing materials absorb heat released by
the reaction according to Eq. (4), the temperature rise is estimated to
be as follows:
Fig. 5. Weight percentage of phases versus ball milling time based on Rietveld reﬁnement
results on X-ray diffraction data, 1–60 h of milling. Starting the formation of NiAl and Al2O3
at 110 min, presence of NiO until 110 min, presence of Al until 3 h and Ni until 6 h of
milling.

2) Since the reaction happens very fast, only the ball mill vial, balls and
powder mixture inside the vial absorb the released heat.
The thermodynamic data which have been used in calculations have
been extracted from reference [40]. The heat capacity of the powder
mixture is calculated based on the mixture rule. The ball mill vial mass
is 2950 g. Mass of the powder mixture in theory is M = 8MNi +
3MNiO + 3MAl = 1044.56 g. If the reaction happens completely


ΔT ¼ ΔH2 = ΣmCp ¼ 9:5 ° C

ð5Þ

The small difference between the calculated ΔT in theory in Eq. (5)
and the measured ΔT in experimental conditions of the present work
indicates that the above-mentioned assumptions for ΔT calculations
are appropriate.
Therefore, by the temperature change in ball mill vial and results of
phase analyses in Fig. 2, occurrence of mechanically induced selfpropagating reaction after 110 min of milling is approved. According
to these ﬁndings, it seems that NiO has been reduced by Al completely
and the reaction between Ni and Al has occurred. Because of the high
speed of these reactions, it is not possible to deﬁne their priority.

Fig. 6. Changes of (a) crystallite size and (b) lattice strain of NiAl phase with ball milling progression. NiAl formation starts at 110 min of milling.

Fig. 7. Changes of (a) crystallite size and (b) lattice strain of Al2O3 phase with ball milling progression. Al2O3 formation starts at 110 min of milling.
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While Udhayabanu et al. [41] observed that NiO reduction in the
presence of Al happened gradually during milling. These researchers
attributed the slow reaction rate of NiO reduction to wet milling in
toluene medium. Toluene adheres on reactant particle surfaces,
preventing them from reacting with each other. Also, these researchers
observed γ-Al2O3 peaks by heating the 20 h ball milled powder to 900 °C
and then α-Al2O3 peaks by heating to 1100 °C. They suggested that the
amorphous alumina has formed in a substitution reaction because of
fast heat dissipation in toluene medium.

3.3. Amount of existing phases with ball milling progression
Fig. 5 illustrates changes of the present phases' amount in the ball
mill vial versus milling time based on results of quantitative analysis
of Rietveld reﬁnement. Ni, Al and NiO amounts in the mixed
powder and have the same values as the ball milled powder for 1 h.
After 110 min of ball milling and the occurrence of the exothermic
reaction, NiO is mainly consumed and the aluminothermic reaction is
relatively complete. Since the amount of Ni and Al shows a signiﬁcant
reduction, it seems that the NiAl observed in the powder sample is
formed as a result of the reaction between Ni and Al in addition to the
reaction between NiO and Al. By further milling, the reaction between
Ni and Al continues and so the amount of Ni and Al decreases and
more NiAl and Al2O3 product phases form. After 10 h of ball milling,
only product phases are present in the sample. Calculation of weight
percent of products according to stoichiometric reaction in Eq. (1)
indicates that in the ﬁnal sample there should be 9.8 wt% of Al2O3 and
90.2 wt% of NiAl in theory. Results of Rietveld reﬁnement calculations
in Fig. 5 indicate that the 10 h ball milled sample is composed of
11.4 ± 0.4 wt% of Al2O3 and 88.6 ± 0.6 wt% of NiAl. This slight difference might be because of oxidation during milling in air atmosphere.

It can be seen in Figs. 6(a) and 7(a) that as expected with increment
in ball milling time, the crystallite size of the phases decreased. Both ﬁgures demonstrate that the rate of decrease in crystallite size is very high
during the early stages. The reason for this outcome can be explained as
follows: at early stages of ball milling, intensive stresses lead to an increase in dislocation density which gradually results in the formation
of regions with high dislocation density inside the grains. By milling
prolongation and so increment in lattice strain, the crystal disintegrates
into sub-grains which are separated by low-angle grain boundaries to
lower the strain. Thus, decreasing the effective size in the crystalline region or crystallite reﬁnement is the dominant mechanism during milling [7]. With continued milling, the rate of crystallite size reduction
decreases over time until a steady state is achieved. This steady state
variation is because of the contribution of more than one mechanism simultaneously. By the increase in crystal defect density, local temperature rises. So recrystallization and growth become active which result
in grain growth. Finally, competition between plastic deformation via
dislocation motion, which tends to decrease grain size, and the recovery
and recrystallization behavior of the material, which tends to increase
grain size, determines the ﬁnal grain size.
As observed in Figs. 6(b) and 7(b), internal lattice strain of the
phases increases at all times, but its increment rate reduces by progression in ball milling. The main reason for the accumulation of such strains
is the stress localized by increasing density of dislocations and other lattice defects by milling [7]. As mentioned, by progression in milling and
activation of recovery and recrystallization mechanisms, increment in
lattice strain slows down [8]. Similar trends of changes of crystallite
size and lattice strain with milling time has been reported by other researchers in reference [15,18].
Because of relatively low intensity of alumina peaks, calculations relating to this phase might have reduced accuracy. Sakaki et al. [42] and
Bafghi et al. [43] in system of WC-Al2O3, expressed reduced accuracy in
results relating to alumina because of low intensity of its peaks.

3.4. Changes of crystallite size and lattice strain with milling time
3.5. Chemical analysis of different phases by milling progression
Crystallite size and lattice strain of product phases in Figs. 6 and 7 are
assessed by the Rietveld reﬁnement method. The ﬁrst data point refers
to 110 min. It seems that the occurrence of the exothermic reaction at
110 min of milling causes the formed nuclei to grow in a fraction of second; crystallite size of NiAl and Al2O3 after 110 min of milling is 34 and
53 nm, respectively.

Cross section of powder samples after different milling times (0, 1, 2,
6, 10, 20, 40 and 60 h) is investigated by SEM-BSE and EDS chemical
analysis.
In Fig. 8, SEM micrograph of mixed powder and probable phases
based on EDS analysis at different regions are shown. Raw materials

Fig. 8. SEM micrograph (BSE mode) of mixed powder and deﬁning probable phases based on EDS analysis of different regions. Raw materials can be observed in this image.
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can be observed in this image. Mixing of raw materials has not taken
place completely and regions fully made of Ni and Al are distinguishable. Showing regions made of NiO phase was not easy because of
smaller particle size of the primary NiO powder and since it is embedded in softer phases.
Fig. 9 shows SEM micrograph of powder ball milled for 1 h and its
likely phases based on EDS analysis results at different regions. Also,
EDS spectra of deﬁned regions are presented in Fig. 9. Better mixing
and further plastic deformation of raw materials can be seen in this
image. Typical lamellar microstructure is observed in many regions
nickel and nickel oxide particles are embedded in the soft aluminum
during the ball milling process. EDS result shows that some areas are
still composed of only nickel (region 1) and aluminum (region 2). In region 3, there is a mixture of nickel, aluminum and their oxides.
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Fig. 10 shows SEM micrograph of powder ball milled for 2 h with
probable phases at different regions based on EDS analysis results. Also,
EDS spectra of deﬁned regions are presented in Fig. 10. Regions 1 and 2
are composed of NiAl as the only phase. According to chemical analysis,
it seems that region 3 is rich in aluminum and oxygen and region 4 is
nickel-rich. These results are consistent with XRD results in Fig. 2, which
showed that several phases existed in the powder milled for 2 h.
Fig. 11 reports SEM micrograph of powder ball milled for 6 h with
probable phases corresponding to EDS analysis results. By milling progression to 6 h, existing phases are distributed more evenly in particles.
According to the results of chemical analysis, regions 1 and 2 might be
composed of NiAl. Region 3 seems to be rich in nickel and made of a
nickel-rich phase. Region 4 is made of a mixture of NiAl and a high proportion of Al2O3.

Fig. 9. SEM micrograph (BSE mode) of powder ball milled for 1 h and deﬁning probable phases based on EDS analysis of different regions. EDS spectra of deﬁned regions are presented.
Better mixing and further plastic deformation of raw materials can be observed in this image.
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Fig. 10. SEM micrograph (BSE mode) of powder ball milled for 2 h and deﬁning probable phases based on EDS analysis of different regions. EDS spectra of deﬁned regions are presented.
The reaction products are formed and raw materials still exist in this powder.

In Fig. 12, it is seen that after 10 h of ball milling, there are regions
made of NiAl in addition to regions made of NiAl and Al2O3 mixture.
These observations are consistent with XRD results for 10 h
ballmilled sample in Fig. 3, which showed that only NiAl and Al2O3
exist in this sample. So, it is expected that by milling for more than
10 h, just microstructure reﬁnement and more uniform distribution
of the brittle component (Al 2O 3) in the ductile component (NiAl)
may occur [7].
According to Fig. 13, after 20 h of ball milling the area of regions
composed of just NiAl is decreased in comparison with the 10 h ball
milled sample in Fig. 12 and microstructure develops towards more
uniform Al2O3 distribution in NiAl matrix in powder particles. Results
of chemical analysis show that iron impurity entered from ball mill
vial to the powder.
By prolonging the milling, better mixture of two phases develops
and Al2O3 is embedded in NiAl matrix to a greater extent. However, as
seen in Fig. 14, even after 40 h of milling there are small regions like
region 1 composed of only NiAl. In other places, uniform mixture of

NiAl and Al2O3 is evolved. In Fig. 14, there is a very small white region
composed of WC as a result of the entry of impurity from balls into
the powder.
SEM micrograph and EDS results in different regions of powder
milled for 60 h in Fig. 15 show that a uniform microstructure in the
powder is achieved, and in all particles, Al2O3 is well distributed in
the NiAl matrix. Fig. 15 (b) shows a powder particle with higher
magniﬁcation which exhibits uniform distribution of dark gray
phase in the matrix of light gray. Since this image is in BSE mode,
dark gray areas seem to be rich in Al2 O3 and light gray might be
composed of NiAl.
3.6. Morphology of powder particles composed of NiAl and Al2O3 by milling
progression
Fig. 16 shows powder particles from samples milled for 10, 20, 40
and 60 h. As can be seen in these images, after 10 h of milling, the morphology of powder particles is relatively spherical and such morphology
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Fig. 11. SEM micrograph (BSE mode) of powder ball milled for 6 h and deﬁning probable phases based on EDS analysis of different regions. Presence of reaction products as well as a small
amount of residual nickel and more even distribution of phases in particles can be observed.

is also observed over longer times too. By increasing milling time, particle size decreases. Reduction in particle size in intermetallic-ceramic
systems has been also reported in other references with NiAl-Al2O3
[23] and FeAl-Al2O3 [44] systems.

4. Conclusion
In the present work, the development of NiAl-Al2O3 nanostructured
composite via a mechanochemical reaction in a powder mixtures of

Fig. 12. SEM micrograph (BSE mode) of powder ball milled for 10 h and deﬁning probable phases based on EDS analysis of different regions. EDS spectra of deﬁned regions are presented.
Only reaction products can be observed.
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Fig. 13. SEM micrograph (BSE mode) of powder ball milled for 20 h and deﬁning probable phases based on EDS analysis of different regions. Better distribution of Al2O3 in NiAl matrix in
powder particles can be observed by milling progression.

13Al + 8Ni + 3NiO was investigated. The following conclusions can be
derived from the experiments:

• By continuation of ball milling to 10 h, raw materials were no longer
detected and just NiAl and Al2O3 existed in the ball mill vial. Increasing
ball milling time to 60 h resulted in better intermixing of synthesized

• In early stages of ball milling, that is up to 110 min, powder particles
experienced mixing besides intense plastic deformation. This process
caused layer-by-layer cold welding of phases on new and fresh surfaces of each other.
• For between 100 and 110 min of ball milling, a mechanically induced
self-propagating reaction (MSR) took place. Ignition of the exothermic
reaction caused a sudden temperature increase, NiO was consumed
totally, the Ni and Al amount decreased and NiAl and Al2O3 as the reaction products phases were formed. Volume changes resulting from
formation reaction of nickel aluminides were calculated. They showed
that NiAl is the only phase which is expected to form in the system because of its highest volume reduction.

Fig. 14. SEM micrograph (BSE mode) of powder ball milled for 40 h and deﬁning probable
phases based on EDS analysis of different regions. Better distribution of Al2O3 in NiAl
matrix in powder particles can be observed by milling progression.

Fig. 15. SEM micrograph (BSE mode) of powder ball milled for 60 h, (a) lower
magniﬁcation, (b) higher magniﬁcation, ﬁgures (a) and (b) are from two different
regions of sample. These ﬁgures approve uniform distribution of Al2O3 in NiAl matrix.
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Fig. 16. SEM micrograph (SE mode) of powder particles milled for (a) 10 h, (b) 20 h, (c) 40 h and (d) 60 h. Relatively spherical morphology in different milling times and reduction in
particle size is observed by milling prolongation.

phases, decrement in their crystallite sizes and increment in lattice
strains, as well as decrement in powder particles size. Crystallite
sizes of NiAl and Al2O3 were in nano-metric scale in all ball milling
times, and after 60 h they both reached around 8 nm.
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