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Abstract. In this work, the consolidation of composite powders of Al-xAl2O3 and Al-8Zn-xAl2O3

(where x=0, 1, 2, and 3 wt.%) has been studied. Al and Al-8wt.%Zn powders with a mean particle
size of 5 µm were obtained by mechanical milling in a ball mill for 30 hours in hydrogen atmo-
sphere. The milled powders were mixed with α-Al2O3 with a mean particle size of 0.4 µm in several
percentages and consolidated by hot pressing. The effect of zinc addition and alumina content on
density and hardness of consolidated samples was evaluated.
It was found that zinc has a very strong effect on the sinterability of the composites, increasing the
density of consolidated samples up to 97% of the theoretical density for Al-8Zn-xAl2O3 composites
compared to a density of up to 75% reached in Al-xAl2O3 composites. Alumina particles increase
the hardness of the Al-8Zn sample but decrease the density of the consolidated samples due to
increased friction effects between particles.

1. INTRODUCTION

Parts made of sintered aluminum combine low
weight, good corrosion resistance and high strength
[1]. By introducing hard carbide or oxide particles
into the aluminum matrix, strength at room and high
temperatures as well as stiffness and wear resis-
tance can be improved [2,3]. Silicon carbide and
alumina particles have been used for this purpose.

Several processing routes such as casting or
powder metallurgy have been used to produce alu-
minum based composites. However, in casting, low
wettability of the reinforcement particles by liquid
aluminum frequently causes agglomeration of the
particles resulting in non-uniform properties [4].
Powder metallurgy on the other hand produces
better distribution of the reinforcement particles and
therefore homogeneous properties.

The strengthening of the matrix is more effec-
tive if the reinforcement particles are small and are
homogeneously distributed. Reducing the particle
size of the powder of the matrix phase, e.g. through

mechanical milling, can help to improve this distri-
bution [5,6].

During mechanical milling of aluminum powder,
aluminum oxide particles resulting from the natu-
rally formed protective oxide film on aluminum sur-
face, are introduced into the alumina matrix, help-
ing to improve its strength through dispersion
strengthening. However, this protective oxide film
acts as a barrier during consolidation, affecting
severely the final density. This film prevents the
diffusion of atoms and the creation of bonds be-
tween particles. Some elements [1] have been
added to aluminum powder before sintering to im-
prove the sinterability. These elements do not form
an oxide film on their surface, which helps to im-
prove the bonding between particles. Some ele-
ments, such as zinc, are liquid at temperatures
normally used for sintering of the aluminum pow-
der, helping to improve the consolidation trough
capillary forces by filling the voids between the
particles.
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Fig. 1.  SEM-micrograph of the Al-8 wt.% Zn milled
powder.

Fig. 2. X-ray diffraction patterns of the Al-8 wt.% Zn milled powder before and after sintering obtained
using copper Kα radiation.

In this work, the sinterability of aluminum pow-
der with zinc and alumina additions was studied.
Before sintering the particle size of both aluminum
and aluminum-8 wt.% zinc powders was reduced
by mechanical milling in order to improve the dis-
tribution of the reinforcement particles and there-
fore its strengthening effect. Density and hardness
of consolidated samples were evaluated and the
microstructure was studied by means of scanning
electron microscopy.

2. EXPERIMENTAL PROCEDURE

Pure aluminum (99.9%) and zinc (99.9%) powders
with a mean particle size of 50 µm and 40 µm, re-
spectively, were used in this work. Pure alumi-
num and a mixture of aluminum with 8 wt.% of zinc
were mechanically milled using a tumbler ball mill

made of stainless steel (vial and balls) during 30
hours. The purpose of the mechanical milling was
to reduce the particle size of the original powders
of matrix in order to obtain more uniform distribu-
tion of Al

2
O

3
 particles. The atmosphere inside the

ball mill was hydrogen. Stearic acid was added as
a process control agent. The mean particle size of
the milled powder was measured using laser dif-
fraction.

The milled powders were mixed with 1, 2, and
3 wt.% of α-Al

2
O

3
 with a particle size of 0.4 mm in

an alumina ball mill with alumina balls for three
hours.

In order to consolidate the powders, samples
of ten grams were put into a graphite die and heated
in vacuum at 400 °C for 30 min in order to elimi-
nate the stearic acid. After this step,  the tempera-
ture was raised to 650 °C, a pressure of 10 MPa
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Fig. 3. Optical microscope images of the microstructure of the consolidated samples, a) Al-8 wt.% Zn
sample, b) Al-8 wt.% Zn-3 wt.% Al

2
O

3
 sample.

Fig. 4. Density as a function of alumina content for Al-8Zn/Al
2
O

3
.

Fig. 5. Variation of hardness as a function of alumina content for Al-8Zn/Al
2
O

3
.

was applied for 1 hour at this temperature. The
sample was then cooled at room temperature.

The compacted samples were characterized by
means of scanning electron microscopy (SEM).

The density of the consolidated samples was mea-
sured by the Archimedes Method. The hardness
of the consolidated samples was measured using
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a Vickers hardness tester employing a load of 100
gf applied for 12 s.

3. RESULTS AND DISCUSSION

Fig. 1 shows a SEM-micrograph of the mechani-
cally milled Al-8 wt.% Zn powder for 30 hours. It
consists of rounded particles with a mean particle
size of 5 µm.

During consolidation at 650 °C zinc melts and
dissolves in the aluminum matrix. The figure 2
shows the diffraction patterns of the Al-8 wt.% Zn
before and after consolidation. Before consolida-
tion aluminum and zinc are present as two distinct
phases, what is demonstrated by the peaks of the
fcc and hcp lattices of pure aluminum and pure
zinc respectively. However after consolidation the
peaks of zinc disappear and only the peaks of the
Al-8 wt.% Zn alloy are left. The shift of the peaks of
aluminum to the right shows that zinc was dissolved
in aluminum.

The microstructures of the consolidated
samples, (a) Al-8 wt.% Zn and (b) Al-8 wt.% Zn-3
wt.% Al

2
O

3
 are shown in Fig. 3 (Optical microscope

images). This figure shows that the particles of a-
Al

2
O

3
 are homogeneously distributed in the alumi-

num-zinc matrix.
Fig. 4 shows the density of the consolidated

powders as a function of alumina content. The
density of the Al-Zn/Al

2
O

3
 consolidated powder

decreases continuously when the alumina content
increases. This is believed to occur due to in-
creased friction forces during consolidation of the
powders produced by the hard alumina particles.
This friction effect is increased by the
submicrometer particle size of alumina. Density of
the composites with pure aluminum matrix remains
approximately constant at very low values. In this
case the friction effect of alumina is not clear due
to the very low density reached for samples with-
out Al

2
O

3
 particles. The upper line (theoretical den-

sity) indicates the expected values for a 100%
dense material for the Al-8 wt.% Zn/Al

2
O

3
 compos-

ite.
The variation of hardness as a function of alu-

mina content for Al-8 Zn/Al
2
O

3
 composites is shown

in Fig. 5. It can be observed an initial increase of
the hardness at low alumina content. However, at
high alumina content hardness decreases as a
consequence of the increased porosity of the
sample. Hardness of sintered aluminum is not re-
ported due to the great porosity of the samples
making difficult to take a reliable measurement. In

this figure the hardness of pure wrought aluminum
is shown for comparison.

Zinc forms a liquid phase at the sintering tem-
peratures and it is alloyed to aluminum as is shown
in Fig. 2. This liquid phase helps to fill the voids
between particles by capillary forces and creates
bonds between matrix particles, therefore in-
creases density and hardness. The alumina par-
ticles increase the hardness but reduce density due
to friction effects. Al and zinc form a solid solution,
so additional increase in hardness is obtained in
the Al-8Zn by solid solution strengthening.

4. SUMMARY

1. The zinc addition has a strong effect on consoli-
dation behaviour. Zinc melts during sintering and
helps to fill the pores and to create strong bond
between particles of the matrix, therefore in-
creases density and hardness of the consoli-
dated samples.

2. Hardness and density were influenced by the
alumina content. Increasing alumina content de-
creases density due to friction effects. Alumina
increases hardness of the Al-8Zn until 2 wt.%
but higher contents decreases the hardness due
to increased porosity (low density).

ACKNOWLEDGEMENTS

This work has been supported by Instituto
Politécnico Nacional and CONACYT (México). One
of the authors (DHS) is recipient of COFAA-IPN
and SNI fellowship.

REFERENCES

(�)	��������	

���
����
���������

�����
�
����������������
��	*���

���������
���	��������	���+�	,-�
�	�!!�.�

(")	��	���/��-�	���������������������
�������

������
��	*0
-�	1��2	���	�
���	�!!$.�

( )	 �������
���������������!"��!"���
���

���	/2	0�	1�	3��	���	1�	�	4�����-	*5���

�!��.�

(6)	�����7-�	3���	�

��5��	3���	����+2�	8���

92�����+	7-���	���	0���9:��	�-�	;;

#
!����
�����������������	��	*"##<.	666��

(<)	7�7�	3
�-�	��=	��
�������
����������

���
���������������������������
�
����

$
"��������%������"����	�
��&'�	���	/2

>�1�7�-�	*?79�	�!!�.�

(@)	7�	���2�����2����	>�	����������	���	'�9�

'�
���	��=	���!��!������������
��
�

�������������
�����	���	/2	'�9	'�
��	*����

�!!#.�


