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a  b  s  t  r  a  c  t

The  effect  of milling  time  on  the  microstructure  and  mechanical  properties  of Al and  Al–10  wt.%  Mg  matrix
nanocomposites  reinforced  with  5 wt.% Al2O3 during  mechanical  alloying  was  investigated.  Steady-state
situation  was  occurred  in  Al–10Mg/5Al2O3 nanocomposite  after 20 h, due  to  solution  of  Mg  into  Al  matrix,
while  the  situation  was  not  observed  in  Al/5Al2O3 nanocomposite  at the same  time. For  the  binary  Al–Mg
matrix,  after  10 h,  the  predominant  phase  was  an  Al–Mg  solid  solution  with  an  average  crystallite  size
eywords:
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echanical alloying

article size

34  nm.  Up  to  10  h,  the  lattice  strain  increased  to  about  0.4  and  0.66%  for  Al and  Al–Mg  matrix,  respec-
tively.  The  increasing  of  lattice  parameter  due  to dissolution  of  Mg atom  into  Al  lattice  during  milling
was  significant.  By  milling  for 10 h  the  dramatic  increase  in  microhardness  (155  HV)  for  Al–Mg  matrix
nanocomposite  was caused  by grain  refinement  and  solid  solution  formation.  From  10  to  20  h,  slower
rate  of increasing  in  microhardness  may  be attributed  to the completion  of alloying  process,  and  dynamic
and  static  recovery  of powders.
. Introduction

It is established that during mechanical alloying a solid state
eaction takes place between the fresh powder surfaces of the reac-
ant materials at room temperature. Consequently, it can be useful
o produce alloys and compounds that are difficult and impossi-
le to be obtained by conventional melting and casting techniques
1,2].

Al-based metal matrix composites, which possess high strength,
igh hardness, high-specific elastic modulus, etc., are being widely
sed in the aerospace and automobile industries [3].  Also, the
ddition of Cu, Mg  and Si into Al matrix improves the mechan-
cal properties caused by solid solution and age hardening [3].
l–Mg alloys because of their high specific strength (strength to
eight ratio) are used as matrix in Al-based nanocomposites [4,5].
echanical alloying has been used previously for the preparation

f a range of Al–Mg alloys with bulk Mg  concentrations varying
rom 3 to 70 at.% [4–12]. The equilibrium solid solubility of Mg  in
l at room temperature is only about 1 at.% [13], indeed, the solu-

ility of Mg  in aluminum has been increased substantially by the
echanical alloying process [6–10].
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Reinforcing of ductile Al matrix with hard particles such as
oxides provides a suitable combination of the properties of both
phases which, in turn, results in an improvement of physical and
mechanical properties of composites [14–17].  Uniform dispersion
of the fine reinforcements and a fine grain size of the matrix con-
tribute to improve the mechanical properties of the composite [16].

Therefore, the objective of present work is the investigation of
effect of milling time on morphological, microstructural and micro-
hardness changes of Al/5 wt.% Al2O3 and Al–10 wt.% Mg/5 wt.%
Al2O3powder mixtures during the mechanical alloying process
which has less been researched. In comparison with other work
in this area, Al–Mg alloy instead of pure Al was  used as matrix.

2. Materials and experimental procedures

Al  (99%, <23 �m),  Mg (99%, <136 �m) and Al2O3 (<135 �m)  powders were
mechanically alloyed under argon atmosphere to form Al–xMg/5 wt.% Al2O3 (x = 0,
10  wt.%) composites in a Fritsch planetary ball mill, while confined in sealed 250 ml
steel containers rotated at 250 rpm for a variety of milling times (2, 5, 10, 15 and
20  h). The container was loaded with a blend of balls (� = 10 mm,  mass = 4.14 g and
�  = 20 mm,  mass = 32.12 g). The total weight of the powder was about 20 g and the
ball to powder mass ratio was about 20:1. Stearic acid (2 wt.%) was  used as the
process control agent to prevent excessive cold welding of powder particles.
Milled powder samples at different stages of milling were investigated by Cam
Scan MV2300 SEM. Average particles size of powders at each stage was determined
by tangential method using SEM micrographs.

X-ray diffraction measurements were carried out in a Philips X’Pert High Score
diffractometer using Cu K� (� = 1.5405 Å) radiation over 20–140◦ 2�. To adjust the
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d for different times: (a) 2 h, (b) 5 h, (c) 10 h, (d) 15 h and (e) 20 h.
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Fig. 1. SEM micrographs of Al–10Mg/5Al2O3 powders mille

hift  of zero angle, the silicon crystal was used as a standard sample. The crystallite
ize  and lattice strain were estimated using the Williamson–Hall method [18]:

s cos � = K�

d
+ 2ε sin � (1)

here ˇs is the full-width at half-maximum of the diffraction peak, � is the diffrac-
ion angle, � is the X-ray wavelength, d is the crystallite size, and ε is the lattice
train. ˇs can be given as:

2
s = ˇ2

e − ˇ2
1 (2)

here ˇi is the width at half-maximum of the Si powder peaks used for calibration
nd  ˇe is the evaluated width.

Thus, it is clear that when we plot ˇscos � against sin � we  get a straight line
ith slope (ε) and intercept K�/d. The crystallite size (d) can be calculated from K�/d

K and � are determinate) and lattice strain is slop line (ε) [19].

The hardness of powders was determined by microhardness measurements

sing a Vickers indenter at a load of 250 milli-Newton and dwell time of 5 s. For mea-
urement of microhardness, the powder mixtures were cold pressed under 25 MPa.
rior to indentation, the surfaces of samples were polished using a sequence of
ncreasing grit sandpaper followed by a series of diamond pastes.

Fig. 2. Variation of particles size as a function of milling time for Al/5Al2O3 and
Al–10Mg/5Al2O3 powder mixtures.
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Fig. 3. X-ray diffraction patterns of Al–10Mg/5

. Results and discussion

.1. Morphology

Fig. 1(a–e) shows SEM micrographs of Al–10Mg/5Al2O3
anocomposite powders mechanically alloyed for different milling
imes. In the early stages of milling (from 2 to 5 h), the powders
re still soft and cold welding predominates. Consequently, the
articles size increases (Fig. 1(b)). Particles shape has become flat-
ened due to cold working effects during milling. As shown in Fig. 2
he maximum average particle size (37 �m)  is obtained after 5 h.

ig. 1(c) illustrates that after 10 h of milling, particles have become
ore rounded in shapes and finer in average size. It suggests that

redominant processes at this stage are cold working and fractur-
ng with probably some recovery. Powder particles after 15 h seem
powder mixtures for different milling times.

equiaxed with almost the same size, but some coarse particles still
remain (Fig. 1(d)). Eventually, when the milling time increased to
20 h (Fig. 1(e)) a balance is established between the cold welding
and fracturing events and a steady-state situation is obtained. It
means that the distribution of Al2O3 particles in the Al–Mg matrix
is very uniform at this stage [16]. Also the average particles size of
powder after 20 h milling is about 15 �m.

Also Fig. 2 shows for Al/5Al2O3 composite up to 15 h flattening
and coarsening trends are observed and after 20 h, particles become
finer and changing their shapes from flatten to almost equiaxed
shapes but a steep reduction trend in particles size is still observed.
The cold worked structure of Al matrix with high dislocation
density provides suitable conditions for diffusion of bigger Mg
atoms (Mg  atoms have a larger atomic radius than Al atoms) along
dislocation lines into Al lattice [6]. Additionally, the decreased
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article size during milling reduces the diffusion distances between
articles and facilitates diffusion. Diffusion is further aided by the

ncreased defect density and a local rise in temperature (at Al
nd Mg  interfaces). The combination of these effects would per-
it  sufficient diffusion to occur in the interfacial regions of the

anocrystalline grains to form solid solutions [20].
It is worthy to mention that, Al–Mg matrix is more brittle

han pure Al due to the presence of Mg  atoms and solid solution
ardening, which accelerates the fracturing phenomenon and the
echanical milling stages (Figs. 1 and 2).

.2. Microstructure

Fig. 3 shows X-ray diffraction patterns of Al–10Mg/5Al2O3
owder mixtures for different milling times. After 2 h milling all
haracteristics peaks of FCC aluminum, HCP magnesium and Al2O3
re observable in the XRD patterns. With increasing the milling
ime to 10 h the Al2O3 lines disappear due to the reduction of alu-

ina particles to submicron sizes and/or the low volume fraction
f the Al2O3 phase [16,21].  Also Mg  peaks disappeared completely,
hich indicates the formation of the FCC supersaturated solid solu-

ion of Al–Mg (Al(Mg)ss)due to the diffusion of Mg  atoms into
he Al lattice. This was inferred by the clear shift of the Al peaks
oward lower angles (Fig. 3(b)), due to the solution of the larger Mg
toms into the Al matrix. Moreover, neither the presence of Al–Mg
ntermetallics nor unalloyed Mg  was revealed from the diffraction
attern, which suggests completed solid solution formation. The
esults were in good agreement with previous findings [9–12], in
hich only Al–Mg solid solution was present in alloys up to 30 at.%
g.
Further milling to 20 h leads to broadening of the Al(Mg)ss

eaks and decreasing of their intensities, which indicate reduc-
ion in crystallite size and accumulation of heterogeneous strain
n the materials. Fig. 4 shows plot of ˇs cos � versus sin � for
l–10Mg/5Al2O3 system milled to 20 h. It was used to calculate the
rystallite size and the lattice strain from XRD data [19]. The peak
roadening due to crystallite size and lattice strain increases rapidly
ith increasing �, but the separation between these two  is clearer

t smaller � values. Therefore, it is desirable to use peaks at smaller
iffraction angles to separate these two effects [19]. Thus crystallite
ize was determined using 3 small angle peaks {(1 1 1), (2 0 0) and
2 2 0)}  in order to increase the precision of the measurements.

The effect of milling time on the crystallite size and the lat-
ice strain of composite powders is presented in Fig. 5. Up to

0 h, the crystallite size decreases rapidly to about 52 and 34 nm
or Al/5Al2O3 and Al–10Mg/5Al2O3 composites respectively and
rom 10 to 20 h grain refinement occurs slowly. Plastic deforma-
ion of powder particles during milling leads to the increase of
Fig. 5. Evolution of crystallite size and lattice strain for Al/5Al2O3 and
Al–10Mg/5Al2O3 powder mixtures on several milling times.

crystal defects such as point defects and dislocations [19,22]. The
defects increase lattice strain and its internal energy and there-
fore it becomes unstable. The dislocations rearrange themselves
to a lower energy state leading to the formation of low angle
sub-boundaries. At longer times of milling and therefore, higher
plastic deformation and generation of more dislocations, the mis-
orientations between subgrains at their boundaries increase and
eventually they turn into high angle boundaries and become grains
with nano-scale sizes [22,23].  Moreover for each milling time, the
crystallite size for Al–Mg matrix was lower than for Al. It can be
due to the formation of Al–Mg solid solution with higher work
hardening effect than pure Al which leads to the trend of crystal-
lite size reduction during milling and facilitation of nanostructure
formation.

Generally, the decrease in the crystallite size with milling time
is attributed to dislocation generation caused by severe plastic
deformation [20,24]. Also in Al–Mg systems, it is found that the
Mg concentration has a strong effect on the defect structure. With
increasing nominal Mg  content of the powder mixture the disloca-
tion density increases [6].

Additionally, up to 10 h the lattice strains increase rapidly to
about 0.4 and 0.66% for Al and Al–Mg matrix, respectively (Fig. 5). It
may  be caused by the introduction of dislocations, vacancies, impu-
rities and other lattice defects during milling [20]. Further milling
to 20 h had no observable effect on micro strain level. Also for each
milling time the micro-strain of alloyed matrix was higher than
pure Al due to the presence of Mg.  with diffusion of Mg  atoms in Al
lattice, interaction of these atoms with dislocations during milling
leads to increase in dislocation density [6] and subsequently strain
accumulation in particles.

As shown in Fig. 6 lattice parameter increases rapidly for Al–Mg
system due to introduction of bigger Mg  atoms into Al lattice
[6,8,20] and grain refinement [2,25–28]. Generally, the lattice
parameter dependence on grain size can be explained as below:

With decreasing the grain size, the volume fraction of grain
boundaries increases. It results in some pressure on the interfaces
and some tensile stress on the lattice. This consequently can lead
to an increase in lattice parameter [25,29].

Also unalloyed matrix shows slight increase in lattice parameter
due to grain refinement during milling.
3.3. Microhardness measurements

The profound high hardness of composite powders produced by
mechanical alloying method may  be due to: work-hardening effect
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f the milling operation, the effect of reinforcing phase [15,17] and
ano-structure alloy with higher dissolved alloying element much
igher than equilibrium content [28].

Fig. 7 shows microhardness changes against milling time. In the
l/5Al2O3composite after 20 h, microhardness increases to about
18 HV, due to the effect of reinforcing particles [15,17,30],  grain
ize refinement and accumulation of micro-strains [15]. Milling
peration leads to fracturing of big brittle alumina particles and
ore homogeneous distribution of fine brittle powders in ductile
l matrix, which provides local high distortion and work-hardening
ffects on matrix. Additionally, work hardening effects increase
ue to plastic deformation of pure Al during milling, subsequently
ardness values continues to increase.

Also the hardness (H) can be calculated from the maximum load
Fm) and the maximum penetration depth (hm) of the indentation
urves by the following equation [6]:

 = 0.03784 × Fm

h2
m

(3)

Up to 10 h, for Al–10Mg/5Al2O3 composite microhardness

ncreases rapidly to 155 HV and at longer milling times the increas-
ng trend continues with a slower rate (162 HV for 20 h). A distinct
ifference between microhardness values of Al and Al–Mg matrix
an be due to solid solution hardening [6,28,31]. Moreover, Al–Mg
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solid solution with higher work hardening effect than pure Al leads
to the trend of crystallite size reduction [6,20,28] during milling
which results in more increase in microhardness compared to
unalloyed matrix. From 10 to 20 h, slower rate of increasing in
microhardness may  be attributed to the completion of alloying pro-
cess and dynamic recovery caused by high work hardening effects
of deformed matrix. It can be also ascribed to static recovery of
highly deformed matrix with local increase of temperature in par-
ticles during collisions.

Generally, the strength of nanocrystalline solid solutions
depends upon both solid-solution hardening and grain-boundary
hardening, while the latter makes the major contribution to the
total strength. The increase or decrease in hardness is dependent on
the combined effects of the hardness increase resulting from solid-
solution hardening and the hardness increase or decrease resulting
from the changes in grain size and therefore grain-boundary hard-
ening. That is, if solute additions result in a smaller grain size the
total effect is hardening, while if they increase the grain size, the
result is softening [28].

4. Conclusions

The microstructure and microhardness changes of Al/5Al2O3and
Al–10Mg/5Al2O3 nanocomposite during mechanical milling were
studied. From this study the following conclusions could be drawn:

(1) Steady-state situation occurred in Al–10Mg/Al2O3 nanocom-
posite after 20 h milling, due to solution of Mg  in the Al matrix,
which accelerates the mechanical milling stages, while the situ-
ation was not observed in Al/5Al2O3 nanocomposite after 20 h.

(2) For the binary Al–Mg matrix, alloying process completed after
10 h milling and the predominant phase was an Al–Mg solid
solution.

(3) By milling for 10 h, decreasing in the crystallite size (to 52 nm
for Al and 34 nm for Al–Mg) and increasing in the lattice strain
(to 0.4% for Al and 0.66% for Al–Mg) due to the dislocation gener-
ation are observed. On the other hand, profound effect of Mg on
these variations is because of diffusion of Mg  atoms in Al lattice
and formation of AlMg-solid solution which causes generation
of more dislocations.

(4) With increasing milling time, the lattice parameter increases
slightly for Al matrix while for Al–Mg matrix increases rapidly
due to simultaneous effects of solid solution formation and
grain refinement.

(5) In the Al/5Al2O3 composite after 20 h, microhardness increases
to about 118 HV, due to the effect of reinforcing particles,
grain size refinement and accumulation of micro-strains. On
the other hand, for each time higher microhardness values of
Al–10Mg/5 Al2O3 composite can be due to solid solution forma-
tion. From 10 to 20 h, slower rate of increasing in microhardness
may  be attributed to the completion of alloying process and
dynamic recovery caused by high work hardening effects of
deformed matrix. It can be also ascribed to static recovery of
highly deformed matrix with local increase of temperature in
particles during collisions.
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