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Abstract

Al-10% Al,03-10% ZrO, nanocomposite
powders were fabricated by high-energy milling of
the blended component powders. Planetary
Monomill ""Pulverisette 6" was used in milling the
powders for 45 hours at 300 rpm and a ball-to-
powder ratio of 10:1. A uniform distribution of
the AlLLO; and ZrO, reinforcements in the Al
matrix was successfully obtained after powders
milling process. This uniform distribution was
confirmed by characterizing these nanocomposite
powders by scanning electron microscopy (SEM).
X-ray diffraction (XRD) patterns were recorded
for the milled powders, and analyzed using
Williamson—Hall method to determine the
crystallite size and the lattice strain. The
crystallite size measurements were obtained using
TEM observations in order to compare these
results with those obtained from XRD
Keywords:  Al-Al,O3-ZrO,. High-energy milling;
Nanocomposites

I. Introduction

Metal matrix composites have both the
metallic properties of ductility and toughness, and the
ceramic properties of high strength at elevated
temperatures. Aluminum composites have attracted
considerable attention in structural and functional
applications owing to their light weight and high
specific strength [1]. The homogeneous distribution
of the fine reinforcement (ceramic) throughout the Al
matrix and a fine grain size of the matrix have a great
effect in improving the mechanical properties of the
composite[2].

High energy ball milling is used as a processing
method to fabricate MMCs [3-7]. This process is a
powder processing method in which powder particles
go through a repeated process of cold welding,
fracturing, and rewelding. The continuous interaction
between the fracture and welding events tends to
refine the grain structure and leads to a uniform
distribution of the fine reinforcement particles in the
metal matrix [8].

Al matrix can be reinforced with different ceramic
particles of different shapes and sizes to achieve the

desired properties [9-12]. In this study, both alumina
and zirconia were used as the reinforcement material
for Al matrix. Alumina used, because it is chemically
inert with Al, and also can be used at elevated
temperatures [7]. Zirconia is also one of the most
important ceramic materials, due to its excellent
mechanical properties like flexural strength and
fracture toughness, which makes it also suitable for
its use in ceramic engines and in many other ceramic
components in industrially severe conditions as wear
applications [13].

The aim of the present investigation is to synthesize
and characterize aluminum reinforced with a uniform
dispersion of specified weight fraction nanometer-
sized alumina and zirconia particles, starting from
micron size. The alumina-zirconia system is
presented as a model system to create advanced
material of Al-Al,03-ZrO, hybrid nanocomposite
with new properties.

I1.  Experimental Work

2.1 Materials

The materials used in the experiments were
Commercial aluminum powder with a particle size of
(-210 + 90 pm) , Commercial alumina powder with
particle size smaller than 44 pm and zirconia powder
with particle size smaller than 38 um. Scanning
Electron Microscope (SEM) analysis using a JEOL-
JSM 5400F for the powders is given in Fig. 1. Fig.
1(a) shows that Al particles are irregular in shape and
alumina particles in Fig. 1(b) are almost spherical. It
can be seen from Fig. 1(c) that zirconia powders tend
to form conglomerates of particles.
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Fig. 1: SEM images for the as-received powders: (a) Aluminum (b) Alumina (c) Zirconia

2.2. Milling of powders

Planetary Monomill "Pulverisette 6" was used for the
mechanical milling of the powders mixture. Grinding
is carried out under Argon gas atmosphere at 300 rpm
milling rotation speed and ball-to-powder ratio of
10:1. Stearic acid was used as a process control agent
(PCA) to prevent the aggregation of powders during
milling. The duration of milling process is fixed at 30
min at a time in order to avoid temperature rise and
the samples were taken at different periods of time at
7,12, 15, 21, 30, 38 and 45 hours.

2.3 Structural Analysis and Characterization
X-ray diffraction patterns were recorded for the as-
received and milled powders using a Philips PW
1710 X-ray diffractometer using Cu Ko radiation (A =
0.15406 nm) at 40 kV and 30 mA settings. The XRD
patterns were recorded in the 26 range of 20—-90".
The changes of peak shape, during the powder
milling process, are related to microstructural
changes. The experimental line broadening may be
related to three contributions, which are the
crystallite sizes, lattice strains and the instrumental
effects [14]. There are techniques, such as the
Williamson—Hall [15] and Halder—-Wagner methods
[14], used to determine the grain size and the
equivalent strain.
In the Williamson—Hall (WH) treatment, the full
width at half maximum (FWHM), B, due to sample
imperfections is related to the crystallite size, D, and
the distortions, €, by the equation:

B =d e+ 1/D .o (1)

Where B* = B cos 0 /A and d* = 2 sinb/A; 0 is the
Bragg angle and A is the used X-ray wavelength (A =
0.15406 nm). The experimental breadth of a given
reflection was fitted for the peak breadth from the
instrument by Voigt functions using the Originpro 8
software. FWHM is corrected, using silicon as
standard reference material. values of and d” can be
calculated correctly from the previous equations.
Then from plotting B against d ~ crystallite size and
strain can be obtained where, the intercept of the plot
of B against d” gives 1/D and the slope gives the
strain [16].

2.4 Microstructural characterization

After milling, the powders were
characterized for their microstructure and distribution
of Al,03&ZrO, particles in the Al matrix using a
JEOL-JSM 5400 F scanning electron microscope
(SEM). Energy dispersive X-ray analysis (EDS) of
the powders mix, without milling, and the as-milled
powders was applied for compositional analysis. The
microstructure was observed by transmission electron
microscopes (TEM) using Joel JEM-100CXI|I. Direct
TEM observations used in measuring the crystallite
size and the results are compared with the results
obtained from Williamson—Hall method.

1. Results and Discussion
3.1 X-ray diffraction analysis

Fig. 2 shows the X-ray diffraction patterns of the Al-

10%AI1,03-10%ZrO, powders milled with rotation
speed 300 rpm at different periods of time (7, 12, 15,
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21, 30, 38 and 45 hours). It can be seen that line
broadening increases with milling time. Due to high
energy milling which involves repeated deformation,
cold welding, and fragmentation, structural changes
such as decrease in crystallite size, accumulation of
microstrain, and dislocations occur in deformed
powder. So, the X-ray line broadening analysis has
been used to characterize the microstructure in terms
of crystallite size and lattice strain. Line profile
analysis confirmed the evolution of the apparent size,
D, and the equivalent lattice strain, g, with milling
time [2,17]. The profiles of all Bragg reflections are
broadened; this is related to the reduction of

crystallite size and to the important lattice strain
introduced by milling.

The broadening increases with milling time in XRD
pattern and can be shown clearly with plotting single
peak lines of Al-Al,03-ZrO, powders milled for
different times. Fig. 3 shows profiles plotting for only
the first peak (P1), of the milled powders for different
times. It’s noted that with milling time, peak
broadening increases and the peak is shifted to higher
0 values. The change of the lattice parameter during
milling is probably one of the reasons of this shift
which was observed by others [18, 19].
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Fig. 2: XRD patterns of Al-Al,03-ZrO, powders milled for different times; 7, 12, 15, 21, 30, 38 and 45 h.
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Fig. 3 : Bragg reflections Profiles of the first peak- of milled Al-Al,05-ZrO, composites powders for
different times (15, 21, 30, 45 hours).
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By using the previous equations; p=p cos® /A and d
=2 sin6/A; values of Band d” can be calculated.
From Plotting " against d, the crystallite size D, and
the lattice strain € of composites at different times are
obtained. Where, the curve intercept gives 1/D and
the slope gives the strain. Al D and ¢ values for
different samples (7, 12, 15, 21, 30, 38 and 45 hours)
of the AI-Al,0;3-ZrO, nanocomposite are obtained
and plotted in Fig. 4 . Fig. 4 shows the variation of
the crystallite size and of the lattice strain against
milling time obtained by Williamson—Hall method,
for Al-Al,03-ZrO, powders milled at 300 rpm. It can

be seen that the rate of the grain refinement
continuously decreases reaching, after 45h of milling,
the value of 25.36 nm. While, the lattice strain shows
a continuous increase to a value of 0.139%. From
Fig.4 , It’s noted that the milling induces a higher
lattice strain and an evolution of the finest particles,
mainly in the extended times of milling. The low
crystallite size can be related to the action between
the levels of stress produced by a milling device, and
the degree of dynamic recovery in the milled material
[17, 18].
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Fig. 4: Changes of crystallite size and lattice strain of the milled Al-Al,O5-ZrO, powders as a function of
milling time (a) crystallite size (b) lattice strain .
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3.2. Microstructural observations

The main objective of the investigation was to ensure
that a homogeneous distribution of Al,03& ZrO; in
Al matrix was achieved after milling. The uniform
distribution of reinforcements could potentially result
in composites with improved mechanical properties.
Fig. 5 shows the SEM images of Al-Al,03-ZrO,
powder particles at different milling times for 300
rpm milling speed. As expected at initial milling time
the reinforcement particles distribution was not
uniform and they are far from each other. But,
increasing milling time causes breakage of the big
and brittle reinforcement powders. With continued
milling the powder particle size decreased due to the
predominance of the fracturing of powder particles
over the cold welding process. At 7h milling Fig. 5
(@), particles have been under deformation and cold
welding therefore, flattened particles were formed.
This is because aluminum particles are soft and their
sizes increased by cold welding. The rate of
fracturing tends to increase with increasing milling
time. The fragmentation of the flattened particles was
detected and equiaxed particles are formed after 15h
of milling, Fig. 5 (b).

At 30h milling time Fig. 5 (c), because of work
hardening of the soft aluminum powders, along with
cold welding of the particles, fragmentation was
happened in a large amount and particle size
decreased. Also, alumina and zirconia reinforcement
particles have been moved in welded aluminum and
confined between them. At 45h milling time, Fig. 5
(d), because the particles work hardened and become
brittle, so the fracturing rate of the particles increases
and the particles size decreases. The larger particles
at Fig. 5 (d) appeared to be agglomerates of many
smaller particles and at longer milling times the
powder particles were more uniform in size
compared to the early stages of milling. These SEM

results of powder particles at different milling times
are generally in agreement with those observed by
others [2,7,20] for a different system (Aluminum-
alumina powder).

Milling of Al-10%Al,05-10%Zr0O, powders-300rpm
extended to 45 hours. It is important to know that the
uniform distribution of alumina and zirconia
reinforcements in Al matrix begins early as observed
from SEM images (Fig. 5). But milling continued till
45 hours in order to reach to nanosize for the
particles as much as possible, especially the milled
particles starting from micron size. And the dominant
reason for stopping milling is the diffraction pattern
for the different samples and peaks broadening. At
45h milling, fine particle size leads to broadening of
the peaks and it is difficult to find sharp peaks in the
diffraction pattern, consequently the height of the
peaks is smaller.

3.3 EDS Analysis

EDS analysis of the Al-10% Al,05-10% ZrO, mix
without milling and the as-milled powders showed
that contamination is found in the milled powder as a
result of the high energy milling process. The factors
contributing to the powder contamination increase;
small size of the powder particles, availability of
large surface area, and new fresh surfaces formation
during milling. Fig. 6 shows the EDS spectra for the
Al-Al,03-ZrO, mix without milling and the as-milled
Al-Al,03-ZrO, powders milled at 300 rpm for 45 h.
It can be seen from the peaks present in the as-milled
Al-Al,03-ZrO, spectrum a presence of additional
elements due to contamination from the milling
media. Contamination (e.g. Fe) has been found to be
normally present in most of the powders milled with
steel grinding medium [21].

478 |Page



M S Aboraia, H S Wasly, M A Doheim, G A Abdalla, A E Mahmoud / International Journal of
Engineering Research and Applications (IJERA) ISSN: 2248-9622 www.ijera.com
Vol. 3, Issue 3, May-Jun 2013, pp.474-482

a)

Flattened Al

18pm 8888192

equiaxed Al
particles

c)

Al particles
decreased &
Al,O5confined
between them

Particles size
decreased &
the powder
become more
uniform

479 |Page



M S Aboraia, H S Wasly, M A Doheim, G A Abdalla, A E Mahmoud / International Journal of
Engineering Research and Applications (IJERA) ISSN: 2248-9622 www.ijera.com
Vol. 3, Issue 3, May-Jun 2013, pp.474-482

Fig. 5: SEM micrographs of milled Al-Al,03-ZrO, powder particles at different milling times:
(@) 7h, (b) 15h, (c) 30h (d) 45h
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Fig. 6 : EDS patterns of Al-Al,O3-ZrO, powders milled at 300rpm for 45 h: (a) Al-Al,O5-ZrO, mix
without milling, (b) as-milled Al-Al,O5-ZrO, powders, milled at 300 rpm for 45 h.
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3.4 TEM Analysis

Fig. 7 shows TEM picture of the Al-10% Al,0;-10%
ZrO, nanocomposites powder milled at 300rpm for
45h. The crystallite size measurements were obtained
using TEM observations in order to compare these
results with results obtained from XRD analysis. The
more commonly methods have been used to
determine the grain size are XRD methods. Sample
preparation for XRD is simple and the resulted
information is an average of a large number of grains.

But for direct TEM, the results can be daunting, due
to the time-consuming for sample preparation, the
very small area investigated and the doubt about
whether it is representative of the whole sample
studied. Furthermore, it is possible to easily obtain
the lattice strain data from the same analysis but it is
more difficult by TEM methods. Fig. 7, shows that
the crystallite size measurements were obtained using
TEM observations are at range (21.7-25.3 nm).

—
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Fig. 7: TEM microstructure of Al-Al,03-ZrO, powders milled at 300rpm for 45 h

3.5 Comparison between crystallite size
measurements from XRD and TEM

Regarding the comparison between the
results obtained from the Williamson—Hall method
and direct TEM observations; Ungar [22] reviewed
the meaning of size obtained from peak broadening
in XRD patterns and compared these values with
those obtained by direct microstructural studies, e.g.,
TEM. He pointed out that the two measurements can
be: (1) identical to each other, (2), totally different or
(3) in good qualitative correlation.

In this work the crystallite size value from WH
method is 25.36 nm and from direct TEM is (21.7—
25.3 nm). So, the grain sizes obtained by
Williamson—Hall  method and direct TEM
observations are nearly the same i.e. they are in
agreement with Ungar observations. Suryanarayana,
[21] reported that the grain sizes obtained by the X-
ray peak broadening studies, after incorporating the
appropriate  corrections, and the direct TEM
techniques are expected to be the same, and this is
achieved in this work and also in other cases for
different system [23-25].

IV.  Conclusions

In the present study, nanosized powders of
Al-10% Al,03-10% ZrO, have been synthesized by
high energy mechanical milling. A homogenous
distribution of the (Al,05-ZrO,) reinforcements in the
Al matrix was obtained. Characterization of the

mechanically milled powders confirmed uniform
distribution of the reinforcement phase. By using WH
method, it has shown that crystallite size decrease
with milling time to steady value of 25.36 nm. At the
same time, the lattice strain increases to a value of
0.139%. The grain sizes measurements obtained by
the X-ray peak broadening studies, and the direct
TEM techniques are nearly the same. Advanced
material of Al-Al,0s-ZrO, hybrid nanocomposite can
be fabricated. We believe that this is the first study on
such nanocomposite hybrid systems with expected
new properties.
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