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Nanostructured Al composites with 2.5 wt.% aluminum nitride (AIN) were fabricated by powder
metallurgy using mechanically milled aluminum powder mixed in a planetary ball mill with dif-
ferent particle sizes of AIN (50 nm and 1 um) as reinforcement. After 20 h milling, the powders
were die-pressed uniaxially in a steel die and then sintered at 670 °C for 2 h. The morphologies
and properties of the obtained powders were determined by scanning electron microscopy and
X-ray diffraction analysis. The results have indicated that the crystallite sizes of the composites
decreased by increasing the milling time, resulting in sizes of 46 nm and 55 nm for the compo-
sites containing large (1 pm) and small (50 nm) AIN particles, respectively. After 20 h of milling,
the microhardness of the nanocomposites with AIN particle sizes of 1 um and 50 nm were 101
and 122, respectively. The flexural strength of the composite containing smaller AIN particles (50
nm) was higher than that of the composite containing larger AIN particles (1 pm). The testing
results have indicated that the strength and hardness properties of the composite containing
smaller AIN particles are better than those of the composite with larger AIN particles.

© 2015 Published by Semnan University Press. All rights reserved.

1. Introduction

increase the residual stress in the fabricated prod-

Aluminum matrix composites (AMCs) have at-
tracted much attention in automotive, aerospace,
and military industries due to their advantageous
mechanical and physical behavior [1, 2]. The rein-
forcement of metal matrix composites with ceramic
particles results in a combination of the metallic
properties (ductility and toughness) and the ceram-
ic properties (strength and high modulus) [3-5]. The
reinforcing particulates used for Al-matrix compo-
sites are always SiC, Al203, AIN and TiC etc., and
have the particle size within decades micrometers.
The tensile strengthand elastic modulus of AIN/Al
composite materials increases obviously with the
increase in the volume fraction of AIN particles, but
the related plasticity reduces sharply. The coarse
particles will induce the stress concentration and
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ucts. The residual stress makes the size of product
unstable. The investigations on the Al-matrix com-
posites reinforced by submicron (0.1-1 Im) and na-
nometer (<0.1 Im) particulates are widely studied
[6-9]. Aluminum nitride (AIN) is a good example of
a ceramic reinforcement material; its appropriate
physico-chemical, mechanical, and thermal proper-
ties make it a suitable candidate as a reinforcement
material for aluminum [10].

Mechanical alloying (MA) has been used to
achieve the homogeneity of particle distribution
throughout a matrix [11, 12]. MA involves two op-
posing processes, namely, cold welding and fractur-
ing. Stearic acid is used as a process control agent
(PCA) to nullify the forces of the cold welding during
MA.
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This technique, first developed by Benjamin [13]
to produce nickel super alloys hardened by oxide
dispersion, consists of the repeated welding-
fracturing-welding of a mixture of powder particles
in a high-energy ball mill. The process is used to
produce a variety of materials and alloys: supersat-
urated solid solutions, amorphous and nanostruc-
tured materials, intermetallic compounds and metal
matrix composites (MMCs) [14]. To obtain bulk
composites from mechanically alloyed powders,
several consolidation techniques have been em-
ployed, such as sintering [15], hot-pressing [16],
severe plastic deformation [17], and hot extrusion of
loose or prepressed powders [18]. The purpose of
this study is to investigate the effects of the powder
characteristics on the microstructures and mechani-
cal properties of composites prepared by MA-cold
pressing technique.

Wang et al. fabricated AIN/Al composite by
means of a combined method of wet mixing, cold
isostatic pressing and hot extrusion [19]. They ob-
served that in compare with pure aluminum, the
composite has better mechanical properties, lower
coefficient of thermal expansion and higher dimen-
sional stability.

Abdoli et al. made Al-AlN-nanostructured com-
posites via 25 h high energy ball-milling of powder
mixture with the different content of AIN, followed
by cold press and sintering. The sinterability,
tribilogical and corrosion behavior of composites
were investigated at predefined conditions [20].
They observed that sinterability of composites is
degraded by increasing the reinforcement content
and wear resistance is improved by increasing the
volume fraction of AIN and this improvement was
more pronounced at the higher fraction of rein-
forcement.

In the present study, aluminum matrix rein-
forced with 2.5%wt. of AIN particles produced via
mechanical alloying (MA) and cold pressing. Me-
chanical and structural properties of bulk nanocom-
posites such as crystal size, lattice strain of matrix
alloy and microhardness in different periods have
been studied.

2. Materials and experimental procedure

High-purity spherical shaped aluminum powders
(Al) with an average particle size of 5 um (Fig. 1a)
and AIN particles were used as starting materials.
The size of the AIN particles are 1 um (composite 1;
Fig. 1b) and 50 nm (composite 2; Fig. 1c).

The AIN particles were mixed with the aluminum
powder and mechanically were milled to produce
Al-AIN composites containing 2.5 wt. % of AIN as
reinforcement. To minimize the extreme cold weld-
ing of the aluminum powders, 2 wt. % of stearic acid
was used as a process control agent. Ball milling was
executed at a rotation speed of 270 rpm, and the
ball-powder weight ratio was 7:1. In this order, a
hardened chromium steel vial containing ten steel
balls (high chromium-carbon steel) was used. The
vial was evacuated and then filled with the pure ar-
gon gas to prevent oxidation during the milling pro-
cess. The composite powders were compacted by
cold pressing at a pressure of 200 MPa. The as-
milled powders were then heated at 670 °C under
argon atmospher for 2 h. The samples were with-
drawn at time intervals of 5, 10, 15, and 20 h for
morphological and structural studies. The X-ray dif-
fraction (XRD) patterns of the powders in air were
collected using a Philips X-ray diffractometer with
CuKa radiation. The average crystal sizes and lattice
strains were obtained using the Williamson-Hall
equation;

Bcos@ = kA/d + 2nsin@ (1)

where 3, A, 6, D, and 7 are the full width at half
maximum (FWHM), wavelength, peak position, crys-
tal size, and lattice strain, respectively [21, 22].
Morphological characterization of the specimens
was carried out using scanning electron microscopy
(SEM; MIRA\\TESCAN). A schematic illustration of
the preparation process of Al-AIN composites is
shown in Fig. 2.

3. Discussions

3.1 Morphological evolution of mixed powders dur-
ing milling process

Fig. 3 shows the SEM micrograph of composite
powders containing micro sized AIN particles (1
um) (composite 1) after several milling times. De-
spite the ductile nature of the Al powder [23], the
presence of AIN particles prevents the formation of
large flake-like particles [23]. As shown in Fig 3(a),
the resultant particles after 5 h milling are not as flat
as the unreinforced Al particles. As the milling time
increases to 10 h, the aspect ratios of the irregular
particles gradually decrease (Fig. 3(b)). After in-
creasing the milling time to 15 h, equiaxial particles
with stable shapes and a more normal size distribu-
tion are almost formed (Fig. 3(c)).
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Figure 1. Morphology of as-received powder particles: (a) SEM
micrograph of Al, and (b) AIN (1pm), (c) AIN (50 nm) powders.
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Milling for longer than 20 h had no further ef-
fect on the morphology (Fig. 3(d)). It is clear that the
presence of AIN particles decreases the necessary
milling time and also decreases the time needed to
reach steady-state which confirms the result of pre-
vious study [24].

Compasite
1
2

Figure 2. The illustration of the preparing process of Al/AIN
composite

3.2 Structural characterization

Pute Al > Milling Cold Sintering
puwier Pressing

AIN 50

Fig. 4 shows the XRD patterns of composite pow-
ders containing micro sized AIN particles (1 pm)
(composite 1) milled for different times, revealing
the structural evolution of the powder mixtures as
the milling process progresses. As shown in this fig-
ure, by increasing the milling time, the peaks gradu-
ally broaden, and their intensities decrease.

This noteworthy phenomenon (peak broaden-
ing) is probably due to the decrease in the crystallite
size and the increase in the lattice microstrain,
which has been previously reported by Alizadeh et
al. and Sharifi et al. [23, 25]. The XRD pattern of
composite 1 and composite 2 containing micro sized
(1 pm) and nano sized (50 nm) AIN particles after
20 h milling is shown in Fig. 5, indicating the effect
of particle size on intensity of XRD peaks. The peak
intensities of composite 2, which contains smaller
particles is higher than that of composite 1. The ef-
fect of sintering on composite structure is shown in
Fig. 6. The Al;03 peaks appear in the composites
after sintering, probably due to the high reactivity of
the aluminum powders, which are easily oxidized
during sintering. The intensity of Al,0; peaks in
composite 2 is higher than that of composite 1,
which is probably due to the high surface area of
composite 2 compared to composite 1.

Figure 3. Morphology of composite powder containing
micro sized AIN particles (composite 1) after (a) 5 h, (b) 10
h, (c) 15h and (d) 20 h milling.
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Figure 4. X-ray diffraction patterns of Al-2.5%B4C nanocompo-
site powders after (a) 5 h, (b) 10 h, (c) 15 h, and (d) 20 h of mill-
ing time
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Figure 5. Comparison of X-ray diffraction pattern of composite 1
and composite 2 after 20 h milling
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Figure 6. Comparison of X-ray diffraction patterns of compo-
site 1 and composite 2 after Sintering

3.3. Crystallite size and lattice strain

Crystallite size and lattice strain are important
parameters for milled powders since they have a
significant effect on compacting of the powders dur-
ing sintering and the properties of obtained Al ma-

trix strengthened by fine dispersions [26]. The aver-
age crystallite size of the Al matrix in the composites
was estimated using XRD result. The crystallite size
and the lattice strain were calculated based on Wil-
liamson-Hall plots; the results are shown in Table 1.
Williamson-Hall (W-H) analysis is a simplified inte-
gra | breadth method where both size-induced and
strain-induced broadening is decon-voluted by con-
sidering the peak width as a function of 20 [27].

The results indicate that the crystallite size de-
creases by increasing the milling time. This varia-
tion can be explained by the sever deformation of
the powder particles that occurs with increasing the
milling time, lead to an increase in the crystalline
defects including point defects and dislocations [26].
The effect of increasing dislocation density on
strengthening mechanism has been previously re-
ported [28].

The presence of defects indeed results in an in-
crease in the system energy and the lattice strain.
On the other hand, after high energy milling (20 h),
the crystallite sizes are 55 nm and 46 nm for com-
posite 1 and composite 2, respectively. During the
MA process, additional deformation of the matrix
alloy is imposed by the hard ceramic particles, as
reported by Abdoli et al. [28]. As milling time in-
creases, severe plastic deformation brings about a
deformed lattice with a high density of dislocations
[30, 31].

3.4. Mechanical properties of the composites

The hardness value of the alloy as a function of
milling time is shown in Fig. 7. As shown in this fig-
ure, the hardness improves by increasing the milling
time. The average hardness values of composite 1
and composite 2 after 20 h are 101 HV and 122 HV,
respectively.

Table 2 shows the flexural strength of the two
composites after 5 and 20 h of milling. The same
tendency is observed in flexural strength of compo-
sites. The specimens containing smaller AIN parti-
cles (composite 2) exhibit improved powder density
and compressibility, resulting in higher hardness
value and flexural strength than that of composite 1.
It has been reported that [32] the smaller particles
normally has an advantage in a higher density. Ther-
fore, the prior particle boundary (PPB), which
comes from the packing of various sizes of powders,
usually affects the mechanical property of the com-
posite and increases the hardness and strength in
the composite containing smaller particles.
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Table 1. The crystallite size of powder and lattice micro-strain for
composite 1 and composite 2

Lattice strain Crystallite size Milling time -
Composition

(%) (nm}) ()
0.00110 72 5
0.00115 55 10 Composite
0.00125 51 15 2
0.00140 46 20
0.00125 63 5 Composite
0.00165 55 20 1
140 .
composite 2
120
S
i 100
é 80 composite 1
S 60
I
40
20
0 5 10 15 20
Milling Time (h)

Figure 7. Averaged hardness values of composite 1 and compo-
site 2

Table 2. Flexural strength values of composites

Flexural strenght (MPa) Milling time (h) Composition
5 145 C ite 2
20 204 omposite
5 99 .
20 153 Composite 1

4. Conclusions

Al-AIN nanostructured composites were made
by the high energy ball milling (20 h) of a powder
mixture with 2.5% wt. content of AIN followed by
cold pressing and sintering. The properties of the
specimens were evaluated by XRD and SEM, and the
flexural strength and hardness of the composites
were also determined. During the mechanical alloy-
ing, the crystallite size decreases by increasing the
milling time. After 20 h of milling, the crystallite siz-
es of composites 1 and 2 were 55 nm and 46 nm,
respectively. The mechanical properties of the spec-
imens were studied using hardness and flexural
strength tests. The microhardness of composite 1
and composite 2 after 20 h of milling were 101 and
122, respectively. The flexural strength of the com-
posite containing smaller AIN particles (composite
2) was higher than that of the composite containing
larger AIN particles (composite 1).
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