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In this work, four different volume fractions of Al2O3 (10, 20, 30 and 40 vol.%) were mixed with the fine
Al powder and the powder blends were milled for 5 h. Scanning electron microscopy analysis, particle
size analysis and bulk density measurements were used to investigate the morphological changes and
achieving the steady state conditions. The results showed that increasing the Al2O3 content can provide
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the steady state particle size in 5 h milling process. It was found that increasing the volume fraction of
Al2O3 leads to increasing the uniformity of Al2O3. Standard deviations of microhardness measurements
confirmed this result. The XRD pattern and XRF investigations depicted that increasing the Al2O3 content
causes an increase in the crystal defects, micro-strain and Fe contamination during 5 h milling process of
nanocrystalline composite powders while the grain size is decreased. To investigate the effect of milling
time, Al–30 vol.% Al2O3 (which achieved steady state during 5 h milling process) was milled for 1–4 h.

the m
The results depicted that

. Introduction

Aluminum metal matrix composites are ideal materials for
tructural applications in aerospace, automotive and military
ndustries due to their high mechanical properties such as strength,
tiffness, wear resistance and good physical behaviors including
ight weight, and electrical and thermal conductivity [1–5]. Rein-
orcing the ductile aluminum matrix with stronger and stiffer
econd-phase reinforcements like Al2O3, SiC, AlN, Si3N4, Al4C3 and
iC provides a combination of properties of both metallic matrix
nd ceramic reinforcement components resulting in improved
hysical and mechanical properties of composite [6–11].

Al2O3 is known as a suitable reinforcement for the Al matrix
ince it is chemically inert with Al and can be also used in higher
emperatures, in comparison with the un-reinforced aluminum,
ith accompanying benefits of resistance to creep [12]. Uniform
ispersion of the Al2O3, particles with steady state conditions and
fine grain size of the matrix contribute to improve the mechanical
roperties of the composite. Further, mechanical properties of the

omposite tend to improve by increasing the volume fraction of the
einforcements [12–14]. Recently, nanostructured composites have
een found considerable attention due to their unique mechani-
al behavior [15]. Mechanical alloying (MA) is a simple and useful
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illing time lower than 5 h, do not achieve to steady state conditions.
© 2011 Elsevier B.V. All rights reserved.

technique for achieving a uniform distribution of the fine particles
within nanocrystalline composites [12].

There exist numerous studies about Al–Al2O3 nanocrystalline
composite investigating the steady state conditions [16–21]. For
example, Razavi Tousi et al. used high energy ball milling to pro-
duce a nanostructured Al matrix composite reinforced by 20 wt%
submicron Al2O3 particles. They showed that addition of alumina
particles as the reinforcement has a strong effect on the size,
morphology and pressability of the powder. They also worked to
decrease the time taken to reach a steady state using the milling
time and found for 20 wt% submicron Al2O3, after 10 h milling the
steady state is achieved [22]. Suryanarayana studied the steady
state conditions and concluded that with increasing the alumina
amount the time taken to achieve steady state is decreased [12].
Razavi Hesabi evaluated the structural change during mechanical
milling of nanometric and micrometric Al2O3 reinforced Al matrix
composites and found when hard alumina particles are added to
aluminum powder, the fracture occurs earlier, and thus the steady-
state condition, i.e. formation of equiaxed particles, is achieved after
shorter milling time. Zebarjad et al. investigated the microstruc-
ture of Al–Al2O3 composite produced by mechanical milling and
found that increasing of milling time causes to make fine alumina
powders and uniform its distribution. Also leads the composite

towards steady state condition in which, all microstructure proper-
ties such as powder size, powder shape and distribution of alumina
within aluminum remain fixed. They analyzed the initial and milled
powders at different times and showed that at the beginning of
milling the powders will tend to absorb iron and gradually their

dx.doi.org/10.1016/j.jallcom.2011.01.177
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:alizadeh@icst.ac.ir
dx.doi.org/10.1016/j.jallcom.2011.01.177
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Table 1
The size distribution and purity of starting materials.

s
[

A
c
t
i
t
b
o
A
d
w
t
b
c
p

2

o
t
(
s

4
6
c
f
t
a
n
(
i

a
A
o
m
U

w

t
d
i

C
p
s
w
i
A
U

3

3

(
c
t
e
t

Material D10 (�m) D50 (�m) D90 (�m) Purity

Al 20.36 80.93 205.966 99.5%
Al2O3 4.674 15.743 44.105 99%

usceptibility decrease until steady state condition is prevailed
3].

Although there exist numerous investigations in the field of
l–Al2O3 nanocrystalline composite investigating the steady state
onditions, however there is no sufficient information about low
ime milling in the literatures. The main goal of the present work
s to investigate the synthesis behavior and steady state condi-
ions of nanocrystalline Al–Al2O3 composites powders produced
y low time milling process. It must be mentioned that one of the
bjectives during the present work is to find the volume fraction of
l2O3 in which the steady state of composite powders is achieved
uring a specified low time milling. Another aim in the present
ork is to ensure that after low time milling a homogeneous dis-

ribution of Al2O3 in the aluminum matrix is achieved. The reason
ehind this is the fact that a uniform distribution of reinforcements
ould potentially result in composites with improved mechanical
roperties.

. Experimental procedure

Pure Al powder with the purity of 99.5% and fine Al2O3 powder with the purity
f 99% were used as starting materials for milling operation. The particle size dis-
ribution of starting powders was determined using a laser particle size analyzer
Mastersizer 2000, Malvern Instruments, UK) and the results of this analysis are
hown in Table 1.

The powder blends with composition of Al(100−x)–Al2O3(x) (x = 10, 20, 30 and
0 vol.%) were milled using a planetary ball mill (Fritsch GmbH, model ‘Pulverisette
’) in a hardened chromium steel vial and balls (10 mm diameter). The milling pro-
ess was carried out at 300 rpm under argon atmosphere. All samples were milled
or 5 h with the ball to powder weight ratio 10:1. To investigate the effect of milling
ime (lower than 5 h) the 30 vol.% Al2O3 samples were milled for 1–4 h. To avoid
ny excessive cold welding of powder particles amongst themselves and inter-
al surfaces of the vial, 2–4 wt% ethanol was used as the process control agent
PCA). As the volume fraction of Al2O3 was increased the amount of PCA also was
ncreased.

The morphology of as received and milled powders was characterized using
scanning electron microscope (SEM, S360, Cambridge, UK). The distribution of
l2O3 particles in the Al matrix in the milled powder blends was obtained using the
ptical microscope (OM). The particle size distribution of milled powders was deter-
ined using the laser particle size analyzer (Mastersizer 2000, Malvern Instruments,
K).

The variation in bulk density of powders at the different volume fraction of Al2O3

as measured according to the standard Hall method (ASTM B417).
The hardness test was performed to measure the hardness of specimens using

he Duramin-1 hardness tester at room temperature with a 100 gF load and a 15 s
well time. Any hardness value was an average of ten measurements for each spec-

men.
X-ray diffraction (XRD) with a D8 Bruker diffractometer (40 kV and 40 mA) and

u K� radiation (� = 0.154 nm) was used to analyze the crystal structure of the milled
owders. The XRD patterns were recorded in the 2� range of 30–120◦ with the step
ize of 0.01◦ . The grain size and lattice strain changes during the milling process
ere calculated by Williamson–Hall method for at least four peaks after removing

nstrumental broadening that was determined using the XRD pattern of an annealed
l powder. The X-ray fluorescence investigation was done using XRF (XMF 104-
nisantis-Germany) to chemical analysis of the milled samples.

. Results and discussion

.1. Evolution of morphology

Fig. 1 shows the SEM image of as received Al (Fig. 1a) and Al2O3

Fig. 1b) powders. This figure confirms the results of Table 1. As it
an be seen, the as received Al powder includes a wide size dis-
ribution of plate-like particles and the as received Al2O3 powders
xhibit a narrow distribution of irregular shaped particles. Since
he Al particle size is almost five times more than Al2O3 particle
Fig. 1. SEM micrograph of starting powders: (a) Al and (b) Al2O3.

size (see also Table 1), the SEM micrograph of Al powders is taken
with a less magnification.

Fig. 2a and d shows the SEM micrographs of Al–Al2O3 compos-
ite particles containing 10, 20, 30 and 40 vol.% Al2O3 milled for 5 h.
These figures depict the effect of Al2O3 content on the morpholog-
ical changes during 5 h milling. Comparing Fig. 1a and Fig. 2a and
d reveal that 5 h milling the Al particles together with the Al2O3
particles causes elimination of plate-like morphology of particles.
According to Fig. 2a and d, increasing the volume fraction of Al2O3
causes an increased agglomeration in the composite powders pro-
duced during 5 h milling. Moreover, it can be found from Fig. 2a and
d that the composite particle size is a function of Al2O3 content.

In order to quantify the effect of Al2O3 amount on the composite
particle size, the median size (D50) of 5 h milled powders including
0, 10, 20, 30 and 40 vol.% Al2O3 were determined using the laser

particle size analyzer. The results of this analysis are shown by Fig. 3.
As it can be seen from Fig. 3, increasing the Al2O3 amount from 0 up
to 20 vol.% causes a considerable decrease in the composite particle
size while after that the composite particle size do not change with
Al2O3 amount.
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Fig. 2. SEM images of composite powder after 5 h ball milling for: (a) 10 vo
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Fig. 3. Median size of 5 h milled pure Al and Al–Al2O3 composite powders.
The results mentioned above may be justified as follows: during
A of this system, the Al powders with Al2O3 particles sticking onto

hem are cold welded with other surfaces. As a result, the Al2O3 par-
icles are entrapped in the Al matrix and provide easier propagation
f cracks in the Al matrix under cyclic loading during the milling
l.% Al2O3, (b) 20 vol.% Al2O3, (c) 30 vol.% Al2O3 and (d) 40 vol.% Al2O3.

process. This phenomenon is intensified by cold working induced
during MA process [23]. Therefore, in the Al–Al2O3 system, par-
ticle deformation-cold welding and fracture are two mechanisms
which take place through milling process. When the Al2O3 content
is low, the Al particle deformation and cold welding are predomi-
nant mechanisms [13]. Due to this causes, the composite powders
with 10 vol.% Al2O3 include relatively large irregular (less equiaxed)
particles (see Fig. 2a) compared to those with higher Al2O3 con-
tents (see Fig. 2d). By increasing the Al2O3 content, contribution of
the fracture mechanism is increased and consequently the particle
size is more decreased. Moreover, the presence of Al2O3 particles
increases the local deformation of the Al matrix enhancing the work
hardening rate of the Al matrix, changing the slip characteristics
and increasing the yield point [24]. Therefore, it is reasonable to
believe that the presence of Al2O3 particles leads to decreasing
the fracture toughness of the Al powders increasing their frac-
ture during milling. Moreover, there exists the phenomenon of size
reduction by breaking the hard (Al2O3) particles. This phenomenon
is intensified when the volume fraction of Al2O3 is increased. Con-
sequently increasing the volume fraction of Al2O3 particles leads to

a decrease in the particle size of the composite powder during the
low time milling. According to Fig. 3, this decreasing is continued
until creation of a balance between the rate of welding and fractur-
ing. This behavior may be related to the steady state achieving in
the composite particle size.
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To study the steady state achieving, one can evaluate the varia-
tion in the bulk density of powders during the MA process [25]. It
is known that the powder density depends on the size, morphol-
ogy, and size distribution of its particles. Therefore, a change in the
Fig. 4. SEM images of powders in

As mentioned already, the purpose of this work is to study the
anocrystalline composite powder during low time milling process.
o it is necessary to investigate the milling time lower than 5 h. To
valuate the effect of milling time, four samples including 30 vol.%
l2O3 were milled for 1–4 h. Fig. 4a and d shows the SEM micro-
raphs of these samples. It can be found from these figures that the
omposite particle size is a function of milling time. With increas-
ng the milling time, the composite particle size is decreased. Also,
ome agglomerated powders are seen in the 4 h milled composite
owders.

To quantify the effect of low time milling on the composite par-
icle size, the median size (D50) of 30 vol.% Al2O3 powders milled for
–4 h were determined using the laser particle size analyzer. The
esults of this analysis are shown by Fig. 5. Generally, the results
how that increasing the milling time from 1 up to 4 h causes a
ecrease in the composite particle size. The milling times of 1, 2
nd 3 h are not adequate to create a considerable decreasing in the
50. While after 3 h milling, there exist a considerable decreasing in
he median size of 30 vol.% Al2O3 powders. This figure also shows
he amount of D50 for 5 h milled powders with same volume per-
entage of Al2O3. As it can be seen the decreasing of D50 is continued
lso until the 5 h milling time. However this figure reveals that the
50 for 4 and 5 h milled samples are near together.
g 30 vol.% Al2O3 milled for 1–4 h.
Fig. 5. The median size of 30 vol.% Al2O3 powders milled for 1–4 h.
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ig. 6. The bulk density of Al–Al2O3 composite powder as function of volume frac-
ion of Al2O3.

ulk density of powders during MA means that the particles mor-
hology is changing. In other words, the steady state has not been
chieved yet. Vice versa, the steady state of particle size has been
chieved [25,26]. Fig. 6 shows the bulk density of unmilled pure
l powders (black square sign) and the 5 h milled powders includ-

ng 0, 10, 20, 30 and 40 vol.% Al2O3 (white circle sign). This figure
hows that 5 h milling of pure Al causes a considerable decrease in
he density of the powders. As it can be seen, the density from 25%
f the theoretical value (for unmilled pure Al) drops to 10% of the
heoretical value (for milled pure Al). This reduction is related to
he morphology of pure Al after 5 h milling process. Fig. 7 shows
he SEM image of pure Al milled for 5 h. Comparing Figs. 1a and 7
how that after 5 h milling of pure Al, the particles are deformed
nd a more flattening is noticed. This phenomenon results in the
eduction of density of the milled powder. According to Fig. 6, when
he volume fraction of Al2O3 is increased from 0 up to 20 vol.%, a
onsiderable increase is observed in the bulk density of 5 h milled
owders. After that, the density shows a slight decrease which can

e related to the agglomeration of milled powders containing 30
nd 40 vol.% Al2O3 (see Fig. 2c and d). In fact, it can be resulted
rom Fig. 6 that the steady state is achieved in the 20 vol.% Al2O3.
his result confirms the result of Fig. 3.

Fig. 7. SEM micrograph of pure Al (0 vol.% Al2O3) after 5 h milling.
Fig. 8. Variation of bulk density versus the milling time for the samples including
30 vol.% Al2O3.

Fig. 8 shows the variation of bulk density versus the milling time
for the samples including 30 vol.% Al2O3. According to this figure,
generally the bulk density is increased with milling time. However,
from 1 up to 3 h milling times, the bulk density increased slowly,
while after 3 h a considerable increasing is seen in the bulk density
of composite powders. In this figure, the variation of bulk density is
continued until 5 h milling time. Although increasing of bulk den-
sity is continued also up to 5 h milling time, however its values for 4
and 5 h milled samples are near together. This means the 4 h milled
powders is closed to the steady state conditions.

3.2. Embedding of Al2O3 particles within Al powders

One of the objectives in the present work is to ensure that after
low time milling process a homogeneous distribution of Al2O3 in
the aluminum matrix is achieved. To confirm that this distribution
is uniform OM images of samples were provided. Fig. 9 shows the
OM images of the nanocrystalline Al–Al2O3 composite with dif-
ferent volume fractions of Al2O3 milled for 5 h. The sample with
10 vol.% Al2O3 includes the Al2O3 particles with a relatively broad
size distribution. As it can be seen from Fig. 9a, the particles A, B
and C is almost ∼44, ∼21 and ∼9 �m in diameter respectively. As it
can be seen, the 5 h milled samples with 20, 30 and 40 vol.% Al2O3
include approximately uniform size and distribution of Al2O3. In
fact, during milling of these samples the Al2O3 particles are broken
and their size is decreased. However in the samples with 40 vol.%
Al2O3 there exist some agglomerated region that can be related to
the fining of Al2O3 particles during milling process.

As mentioned before, the uniformity of the reinforcement influ-
ences the mechanical properties of the composite. Fig. 10 illustrates
the hardness behavior of the composites as a function of volume
fraction of Al2O3. Each microhardness point in this diagram is an
average of 10 measurements. This figure also depicts the stan-
dard deviations (SD) of microhardness measurements. As Fig. 10
shows, when the volume fraction of Al2O3 is increased from 10 up
to 40 vol.%, the hardness of composite is increased from 121.2 up
to 164.9 HV. The noticeable point in this figure is the behavior of
standard deviations versus volume fraction of Al2O3. As it can be
seen, when the volume fraction of Al2O3 is increased up to 20 vol.%,
a severe decrease is observed in the SD while after that the SD of
microhardness shows a slight change. Decreasing the SD means

that uniformity of Al2O3 distribution in the Al matrix is increased.
Thus it can be confirmed that increasing the Al2O3 content leads to
increasing its uniformity.

Fig. 11 depicts the OM images of samples including 30 vol.%
Al2O3 milled for 1–4 h. As it can be seen, the sample milled for 1 h
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Fig. 9. The OM images of the composite with

ncludes non-uniformly dispersed Al2O3 particles. With increasing
he volume percentage of Al2O3 its uniformity is increased. Fig. 11d
hows that the sample milled for 4 h includes approximately uni-
orm size and distribution of Al2O3 particles. The variation of
ardness and its SD for the 30 vol.% Al2O3 samples milled for 1–4 h
re illustrated in Fig. 12. In general, increasing the milling time from
up to 4 h causes an increase in the hardness. Variation of hardness
nd its SD is continued up to 5 h (with the same volume percentage
f Al2O3). As it can be seen the increasing of hardness is contin-
ed also for 5 h milling time. However this figure reveals that the
ardness for 4 and 5 h milled samples are near together. The stan-
ard deviation shows a continuous decreasing with increasing the

illing time. As a result of this figure, it can be seen that there is no

niformity in the hardness and SD for the samples milled for the
imes lower than 5 h.

ig. 10. Variation of hardness and standard deviation (SD) with volume fraction of
l2O3.
ent volume fractions of Al2O3 milled for 5 h.

3.3. Grain refinement and structural evaluation

The above investigations show that the milling time less than 5 h
is not suitable to produce uniform composite powder. Therefore to
investigate the grain refinement, the 5 h milled samples are studied
and the effect of volume percentage of Al2O3 is investigated.

Fig. 13 shows the XRD plots taken from Al–Al2O3 powder includ-
ing different Al2O3 contents milled for 5 h. The structural evaluation
and grain refinement are investigated using this figure. Investiga-
tion of Fig. 13 reveals that during 5 h milling, with increasing the
volume fraction of Al2O3, a slight shift in the position of the Al peaks
is noticed and the Al peaks are also broadened. For example, Fig. 14
shows the variation of Al peak broadening and displacement for
the plane of (1 1 1). This figure includes the XRD peak of unmilled
pure Al (peak a) and the XRD peaks of the samples including 0, 10,
20, 30 and 40 vol.% Al2O3 milled for 5 h (peaks b–f). As it can be
seen, the peak broadening is increased with increasing the volume
fraction of Al2O3. Moreover, with increasing the Al2O3 content, the
peaks show a shift towards the higher angles. Table 2 shows the
results of XRF investigations. As the XRF measurements reveals,
increasing the Al2O3 content leads to increasing the Fe content in
the composite powders. So the Al peak displacement can be related
to dissolution of Fe contamination into the milled powder. Fig. 15
shows the Al peak displacement for the three main Al peaks (the

planes of (1 1 1), (2 0 0) and (2 2 0)). Figs. 15 and 14 show that the
peak position of 5 h milled pure Al (0 vol.% Al2O3) powders is near
to that for the unmilled pure Al powders. On the contrary, when
10 vol.% Al2O3 is added, a considerable displacement is observed.

Table 2
The results of XRF investigations for the samples including various Al2O3 contents.

vol.% Al2O3 10 20 30 40

wt% Fe 1.35 1.71 1.88 1.91
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milling time. Also the lattice strain increases from 0.87% to 1.1%. The
interaction of the dislocations (generated during MA process) with
the hard particles generates sub-boundaries which in turn results
Fig. 11. The OM images of samples

his means that the presence of Al2O3 has a considerable effect
n the formation of crystal defects during 5 h milling. Also, Fig. 15
llustrates that when the Al2O3 content is increased, the rate of
eak displacement is decreased. This means that with increasing
he Al2O3 content, the rate of crystal defect formation is decreased.

The grain size of Al powders was calculated using the XRD pat-
ern (Fig. 13) by William–Hall method [27] via following equation:

s cos � = k�

d
+ 2ε sin � (1)

here ˇs is the peak broadening in radians, � is the position of
eak maximum, K is the Scherrer constant (0.9), � is the X-ray

avelength (� Cu K�1 = 0.15406 nm), d is the crystallite dimension

nd ε is an approximate upper limit of the lattice distortion. The
nstrumental broadening (ˇi) was removed by applying the follow-
ng equation according to Gaussian–Gaussian relationship using an

ig. 12. Variation of hardness and its SD for the 30 vol.% Al2O3 samples milled for
–4 h.
ing 30 vol.% Al2O3 milled for 1–4 h.

annealed aluminum powder:

ˇ2
s = ˇ2

e − ˇ2
i (2)

where ˇe is the FWHM (full width at half maximum) of the mea-
sured XRD peak.

Fig. 16 shows the crystallite size and lattice strain as functions
of volume fraction of Al2O3. The results show that due to increasing
the alumina from 10 vol.% up to 40 vol.%, the grain size of monolithic
aluminum particles decreases from 114 nm to 93 nm at a constant
in the decomposition of the initial large grains into smaller ones.
The decreased size of the Al grain when milled at the presence of

Fig. 13. XRD patterns of Al–Al2O3 powder for different Al2O3 contents after 5 h
milling times.
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Fig. 14. XRD main peak of Al representing the peak broadening and displacement
versus increasing the Al2O3 content.

Fig. 15. Displacement of (1 1 1), (2 0 0) and (2 2 0) Al peaks as a function of volume
fraction of Al2O3.
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[10] Y. Ozcatalbas, Compos. Sci. Technol. 63 (2003) 53–61.
[11] Q. Hua, P. Luo, Y. Yan, Mater. Sci. Eng. A 486 (2008) 215–221.
ig. 16. Crystallite size and lattice strain as functions of volume fraction of Al2O3.

he hard Al2O3 particles can be in part attributed to hindering the

islocation movement by Orowan bowing mechanism, leading to
n increase in the dislocation density thereby accelerating the grain
efining progress.
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4. Conclusions

The low time milling process was employed to investigate the
synthesis behavior of nanocrystalline Al–Al2O3 composite powder.
The following results can be listed briefly:

1. For 5 h milling, as the volume fraction of Al2O3 is increased the
particle size of nanocrystalline composite is decreased and the
agglomeration of the particles is increased.

2. The particle size decreasing is continued until creation of a bal-
ance between the rate of welding and fracturing. This behavior
can be related to the steady state reaching in the composite
particle size.

3. As the volume fraction of Al2O3 is increased, the morphology of
composite powders is changed from plate like to a shape near
the equiaxed.

4. The results of median size measurements and bulk density
showed that for 5 h milling process the steady state is achieved
at 20 vol.% Al2O3

5. For 5 h milling process, increasing the volume fraction of Al2O3
improves the distribution of Al2O3 in the Al matrix. However,
there is not a considerable nonuniformity of Al2O3 in the low
volume fraction. Thus it can be concluded that 5 h milling
process can be suitable to produce a uniform nanocrystalline
Al–Al2O3 composite.

6. For the composite powders including 30 vol.% Al2O3 (which
achieved steady state during 5 h milling process) the milling
times less than 5 h, do not reach to steady state conditions.

7. At a low time milling process, increasing the volume fraction
of Al2O3 leads to an increase in the crystal defects.

8. During 5 h milling process, due to increasing the Al2O3 amount
from 10 vol.% up to 40 vol.%, the grain size of monolithic Al par-
ticles decreased from 114 nm to 93 nm and also the lattice strain
increased from 0.87% to 1.1%.

9. This study showed that during low time milling process, the
steady state conditions may be attained in the high volume
percentage of Al2O3.

10. Especially in this research, the 5 h milling of 20 and 30 vol.%
Al2O3 composite is suggested and other milling times (1–4)
and volume percentages of Al2O3 are not recommended for
manufacturing of low time milled nanocrystalline composite
powders.
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