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Al matrix nanocomposites were produced by wet milling of Al and nano-alumina powders in a toluene
media. X-ray diffraction patterns, inductively coupled plasma, carbon measurement analysis and scan-
ning electron microscopy show that impurities introduced by decomposition of toluene and abrasion of
balls and vials are uniformly dispersed in the Al matrix as Al4C3 and Fe-Al intermetallic particles. Though

producing homogenous nanocomposites, these second phase particles seem to have a retarding effect on
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densification of nanocomposite powders.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Mechanical alloying (MA) as a well known method for pro-
duction of advanced materials usually suffers the problem of
contaminations [1-3]. The contaminations usually are introduced
by abrasion of balls and vial, or mechanochemical decomposition
of process control agents (PCA).

Presence of contaminations is usually deemed as a detrimen-
tal phenomenon in various applications [4]. However it could be
welcomed in some minor usages such as increasing thermal sta-
bility of nanocrystalline materials [5], accelerating synthesis of
nanocrystalline materials [6], improvement of sintering proper-
ties [7], increasing electrocatalytic performance of alloy electrodes
[8] and improving mechanical properties of some milled products
[9-12].

Higher amounts of impurities may be expected in the case of wet
milling of active metals such as aluminum, when collisions between
vial, particles and balls take place in a hydrocarbonic media. How-
ever, there are several cases in which authors did not report
any contamination caused by decomposition of toluene [13-15,6],
hexane [16-18] or acetone [19] during mechanical milling of Al
compounds.
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On the other hand, there are cases indicating an effective
presence of oxygen and carbon produced by mechanochemical
decomposition of toluene or hexane during wet milling of Al
[20-24]. This study focuses on production of Al nanocomposites
reinforced by nano-alumina powder, as well as aluminum carbide
and Fe-Al intermetallic inclusions introduced by decomposition of
PCA and abrasion of balls and vials respectively.

2. Experimental

A high purity aluminum powder (Aldrich, no.: 518573, flakes, particle size:
1mm) was separately mixed with 1, 3 and 7 vf% of MR70 alumina (Dso~ 500
nm) and alumina nano-powder. Chemical composition of the as received Al
powder was determined by inductively coupled plasma (ICP-AES-3410) analysis
(Table 1). In order to calculate the mean particle size of nano-alumina powder,
Brunauer-Emmett-Teller (BET) analysis was used to obtain surface area of nano-
powder. Supposing mono sized spherical particles, a particle size of 39 nm was
obtained for nano-alumina powder from Eq. (1):
d=—2_ (1)

Qs BET«p
where d is the particle size, as gt is the surface area obtained by BET analysis and p
is the density.

The mixtures were wet milled in a P5 planetary mill up to 22 h using stainless
steel cup and balls in toluene media. The ball to powder ratio was 20:1 and the mill
speed was maintained at 300 rpm. The produced powders were dried at 100°C.

Chemical composition of each sample after milling was analyzed by ICP, and an
ELTRA CS2000 carbon measurement instrument was used to quantify carbon impu-
rity introduced by toluene. Each value obtained by carbon measurement instrument
contains +0.002 wt% error.

X-ray diffraction (XRD) patterns of powders were taken using a Philips
(PW3710) X-ray diffractometer (30 kV and 25 mA) with Cu K« radiation. Each peak
was fitted on a pseudo-Voigt model [25], Ko, stripping was done through the
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Table 1

Chemical composition of the as received Al powder obtained by ICP.
Element Ni Cu Zn Mn Fe Cr Zr Mg Si Al
Weigh percent <0.03 0.004 0.008 0.002 <0.02 <0.02 0.001 <0.004 0.005 Balance

Rachinger method [26], afterward grain size of different samples was calculated
by the Williamson-Hall method [27]:

Bc059=%+2nsin9 (2)

where B, 1, 6, D and n are full width at half maximum (FWHM), the wave length,
peak position, crystallite size and lattice strain, respectively.

Particle size distribution of the powders was obtained using a Frisch Particle
Sizer‘analysette 22'.

In order to obtain bulk samples, the powders were pressed by an iso-
static press in the air atmosphere (1GPa), the green samples were sintered at
640°C for 30, 60, 120, 240 and 480 min in the Ar atmosphere using a tube
furnace.

The surface of sintered samples was examined using a Cambridge (Stereo
Scan s360) scanning electron microscope (SEM). A Philips CM 200 FEG

Fig. 1. SEM images of as received (a) Al and (b) submicron alumina powder. Morphology of (c) Al-1 vf% nano-alumina, (d) Al-3 vf% nano-alumina, e) Al-7 vf% nano-alumina,
(f) Al-1 vf% submicron alumina, (g) Al-3 vf% submicron alumina and (h) Al-7 vf% submicron alumina powders milled for 22 h.
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Fig. 2. Particle size distribution and Ds( of the composite powder after milling up to 22 h for samples reinforced by (a) 1 vf% nano-alumina, (b) 3 vf% nano-alumina, (c) 7 vf%
nano-alumina, (d) 1 vf% submicron alumina, (e) 3 vf% submicron alumina and (f) 7 vf% submicron alumina powder.

transmission electron microscopy (TEM) was used to investigate samples
microstructure.

3. Results and discussion
3.1. Powder synthesis

Fig. 1 shows SEM images of as received and milled powders. A
marked decrease in particle size of Al powder after milling can be
seen. Composite particles are shapeless and tend to smaller sizes as
volume fraction of reinforcement phase increases. In order to study
the effect of volume fraction and particle size of alumina phase on
particle size of composite powders, accurate values of particle size
were obtained by particle size analyzer. Fig. 2 shows the effect of
volume fraction of alumina phase on particle size of the composite
powders. It can be observed from the figure that greater volume
fractions result in smaller particle sizes. However, the reduction in
particle size is more prominent in composites with smaller rein-
forcing particle. The final particle size of milled powders depends
on the equilibrium between fracture and cold welding mechanisms

[1]. A ductile particle has a greater tendency toward cold welding
rather than fracture, and there is a contrary trend for hard parti-
cles [28-30]. On the other hand, according to the Orowan theory
[31], strength of particulate metal matrix composites increases as
volume fraction of reinforcement phase increases or particle size of
reinforcement phase decreases. Because higher volume fraction or
smaller particle size of reinforcement phase result in harder com-
posite particles, the tendency for fracture increases. Accordingly,
the higher volume fraction or smaller particle size of alumina phase
result in smaller particle size of composite powders.

Table 2 shows that considerable amounts of impurities are intro-
duced during milling caused by abrasion of balls and vials. Though
there is no trend for the effect of alumina phase on the amount of
impurities introduced from stainless steel, the amount of carbon
clearly depends on volume fraction of alumina phase. Fig. 3 shows
that between 3.5 and 4.6 wt% carbon exists in the milled samples
and the amount increases by volume fraction of the alumina phase.

Considering the effect of second phase particles on lattice of
a ductile matrix during milling, one can understand the effect of
alumina phase on the amount of carbon impurity. Toluene can be
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Table 2
Chemical composition of the powder samples after milling obtained by ICP.
Ni Cu Zn Mn Fe Cr Zr Mg Si
1 vf% nano-powder 0.014 0.006 0.01 0.2 5.41 0.18 <0.003 0.08 <0.03
3 vf% nano-powder <0.003 0.005 0.01 0.02 413 <0.04 <0.003 <0.04 <0.03
7 vf% nano-powder 0.04 0.004 0.007 0.01 334 <0.04 <0.003 <0.04 <0.03
1 vf% submicron-powder 0.01 0.004 <0.007 0.01 2.69 <0.04 <0.003 <0.04 <0.03
3 vf% submicron-powder 0.02 0.002 0.01 0.01 272 <0.04 <0.003 <0.04 <0.03
7 vf% submicron-powder <0.003 0.003 0.01 0.01 2.51 <0.04 <0.003 <0.04 <0.03
decomposed by Al to produce hydrogen and aluminum carbide: 800 a
Al ™ 6- Al-7 vi% submicron powder
3CgH5CH3 + 28Al = 7A14C3 +12H, 700 ° AL * 5- Al-3 vi% submicron powder
. . . . . . Al + 4- Al-1 vi% submicron powder
Kinetic of the reaction depends on intensity of balls impact, the 600 ath 5 ALY oA
produced heat in collision zones and defects in Al lattice. The lat- Feal 0O — -
. . - Ak -powder
ter is affected by the amount of reinforcement phase; because of _ 500 m] SRR
.. . . . =) - Al- -
the additional deformation that soft particles must undergo during @ ® 1AL vi nane;povder
milling in the presence of hard non-deformable particles, there is a Z a0
higher density of imperfections for a ductile matrix with a higher g + ® E
volume fraction of second phase particles [12]. T 3004 + *+ * [ ]

As defects in Al lattice increases, there is a higher potential for
reaction and consequently a more efficient progress in decompo-
sition of toluene. Accordingly, higher amounts of alumina phase
introduce more carbon to system.

The instability of Al lattice increases as the density of imper-
fections increases, thus a higher potential for reaction and
consequently a more efficient progress in decomposition of toluene
would be for higher amounts of alumina phase.

3.2. Sintered samples

XRD patterns of the samples sintered for 30, 120 and 480 min are
typically presented in Fig. 4. After sintering for 30 min, small peaks
of Al4C3 appear, and longer periods result in much noticeable peaks.

One can notice a slight sharpening in Al peaks as the sintering
time is prolonged. In order to monitor the peak sharpening over
time, FWHM of (11 1) reflection of Al is plotted for different sam-
ples. Fig. 5 shows that sintering time has a negligible effect on peak
sharpening, thus one can conclude that microstructure of the Al
matrix does not change very much during sintering, i.e. neither a
considerable grain growth nor recovery take place during sintering.

Moreover, the result of Williamson-Hall equation for Al peaks
confirms that grain size of sintered samples remained between
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Fig. 3. Effect of volume fraction and particle size of alumina powder on carbon
impurity introduced to the system from decomposition of toluene.
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Fig. 4. XRD patterns of the samples sintered for (a) 30 min, (b) min 120 and (c)
480 min.
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Fig. 5. Effect of sintering time on FWHM of (111) reflection of Al

50 and 150 nm. As a typical sample, the Williamson-Hall plots of
sintered Al-7 vf% submicron alumina are shown in Fig. 6.

The stagnation of grain growth is attributed to the Zener effect
[32], results from the submicron and nano-alumina particles and
the produced aluminum carbide inclusions. Similar results indicat-
ing stability of nanostructured metals at the presence of second
phase particles can be found in the literature [33-37]. Moreover,
in both nano and submicron reinforced composite powders, the
grain boundary moves and the change in the neck area could also
be delayed by the presence of alloying elements (Fe, Mg, Mn, ...)
which could pin the boundary [38,39].

TEM images of Al reinforced by 3 vf% nano-alumina sintered for
120 min confirm the result of Williamson-Hall equation (Fig. 7).
One can clearly notice the stability of nanostructured matrix
of Al after sintering (Fig. 7(a)), and a uniform distribution of
nano-alumina particles marked with arrows within the Al matrix
(Fig. 7(b)).

As a typical sample, optical microscope (OM) and SEM images of
polished surface of the Al sample reinforced by 7 vf% nano-alumina
powder sintered for 120 min are presented in Fig. 8. OM images
show that micrometric white particles are dispersed in the matrix
(Fig. 8(a) and (b)). Back-scattered electron (BSE) images also show
a uniform distribution of these white micrometric particles within
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Fig. 6. Williamson-Hall plots of Al matrix reinforced by 7 vf% submicron alumina
powder sintered for 30, 60, 120, 240 and 480 min.

T

Fig. 7. Bright filed TEM images of Al reinforced by 3 vf% nano-alumina powder sin-
tered for 120 min (a) the nanostructured matrix and (b) distribution of alumina
particles (marked with arrows).

Al matrix (Fig. 8(c), (e) and (g)). Energy dispersive spectroscopy
(EDS) indicates that there are Fe-Al intermetallic compounds, the
white color is because of the presence of Fe element with a higher
atomic weigh compared to Al (Fig. 8(h)). One should consider that
the difference in color in BSE mode is due to phases with different
chemical compositions, while secondary electron (SE) mode forms
image due to the difference in topography. However, no marked
sign of Fe-Al intermetallics peaks can be seen in the XRD patterns
(Fig. 4), maybe due to the small portion of these phases or the over-
lap between peaks of FeAl as the most probable intermetallic phase
and Al peaks.

There are also some fine particles that are visible in SE mode, as
white tiny dots in Fig. 8(d) or submicron inclusions marked with
arrows in Fig. 8(f), but no trace of them can be seen in BSE mode,
which can be ascribed to Al4Cs particles. Absence of these fine par-
ticles in BSE mode should be due to the lower spatial resolution
of BSE mode compared to SE mode. A similar microstructure can
be seen for the Al sample reinforced by 3 vf% submicron alumina
powder sintered for 240 min (Fig. 9). BSE image just depicts the dis-
tribution of Fe-Al intermetallic particles, but a higher magnified SE
image shows a distribution of submicron particles, which can be
attributed to Al, O3 or Al,Cs particles.

Fig. 8 clearly shows a poor densification in a way that almost all
initial composite particles suffer absence of substantial neck forma-
tion/growth or coarsening mechanism. This is shown more clearly
in Fig. 10; an incomplete densification can be seen for the Al sam-
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Fig. 8. OM and SEM images of the Al sample reinforced by 7 vf% nano-alumina powder sintered for 120 min (a) X 100 (OM), (b) X 200 (OM), (c) X 600 (BSE), (d) X 1000 (SE),
(e) X 1000 (BSE), (f) X 6000 (SE), (g) X 6000 (BSE) and (h) EDS of a white particle.
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Fig.9. SEM images of the Al sample reinforced by 3 vf% submicron alumina powder
sintered for 240 min (a) X 1000 (BSE) and (b) X 10000 (SE).

ple reinforced by 7 vf% nano-alumina powder sintered for 60 min.
Considering some necks marked with arrows and circles, one can
simply realize that one or several retarding mechanisms prevent
neck growth and coarsening.

In order to facilitate rationalization of densification behavior,
sinterability of each sample was calculated using Eq. (3):

s_Ps—Pe 3)
PT — Pg

where ps is the sintered density, pg is the green density and pr is

the theoretical density.

Fig. 11(a) shows that sintering durations more than 120 min has
no effect on sinterability of the samples reinforced by nano-alumina
powder, while it increases sluggishly for the samples reinforced by
submicron alumina particles up to 480 min. Moreover, sinterabil-
ity decreases markedly as the volume fraction of alumina phase
increases.

Fig. 10. SEM image (SE) of the Al sample reinforced by 7 vf% nano-alumina powder
sintered for 60 min; arrows and circles mark the necks place.
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Fig. 11. Effect of sintering time on sinterability of Al nanocomposites (a) reinforced
by nano-alumina and (b) reinforced by submicron alumina powder.

Remembering the limited grain growth of Al matrix during
sintering, one can elucidate the poor densification and the trend
observed in Fig. 11 according to the vital role of grain growth
for densification. A very clear effect of grain growth on sintering
was reported by Slamovich and Lange [40], approved by theoret-
ical studies [41-43]. In order to reduce the free energy of system,
formation of necks between the initial touching particles is ther-
modynamically feasible for any type of particles. Neck growth
continues as long as the decrease in free energy due to a decrease
in the external surface energy is more than the increase in free
energy due to the increasing surface area of the boundary between
particles. After that, densification proceeds by re-initiation of neck
growth or coarsening (smaller particle to ‘donate’ its mass to the
larger particle), both of them require grain boundary movement.
Accordingly, the densification trend in Fig. 11 can be realized;
the pinning force of alumina particles on Al grains decelerates
neck growth or particle coarsening (Fig. 11(b)) or even stops them
(Fig. 11(a)). The more inhibiting effect of the higher volume frac-
tions is due to its effect on the pinning force estimated by Zener’s
theory [44].

Another retarding mechanism also should be considered; in an
atomic scale point of view, the matter transfers between source
and sinks during sintering in order to reduce the free energy of
system [43]. Though have not an important influence on sinks, sec-
ond phase particles cause the free surface of the metal containing
them to become less effective as a source of matter because, as
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the surface recedes, particles are exposed and a new, high energy
interface is created [45]. Accordingly, the higher volume fraction
of reinforcement phase, the smaller the inter-particle spacing and
thus a more effective presence of alumina particles at surfaces will
be, causing a negative effect on the sintering as can be seen in
Fig. 11. This rationalization also can be used to explain the poor
neck formation/growth and coarsening seen in Figs. 8 and 10.

4. Conclusion

Al matrix nanocomposite reinforced by Al,03, Al4C3 and Fe-Al
intermetallic particles were produced by wet milling in toluene
media using stainless steel cup and balls. XRD patterns and car-
bon measurement confirmed the mechanochemical decomposition
of toluene by Al ICP analysis and SEM images showed presence
of Fe impurity and distribution of Fe-Al intermetallic particles in
the Al matrix. The nanostructured matrix of Al and a fine distri-
bution of nano-alumina particles within matrix were affirmed by
TEM images. Moreover, a poor densification progress was observed
which is attributed to the inhibited grain growth due to the Zener
mechanism as well as the effect of fine second phase particles
on deactivation of sources from which matter transfers during
sintering.
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