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In this study, aluminum/alumina composites with 1 and 3 vol% reinforcement particles were
produced using powder metallurgy (PM); this was then followed by simple shear extrusion
(SSE). Three SSE inserts with different distortion angles () were used in the SSE equipment.
Three pressure values of 400, 600 and 800 MPa were selected for powder compression.
Additionally, three different temperatures of 530, 550 and 570°C were chosen to evaluate the
suitable sintering temperature and achieve the optimal SSE process. The effect of post-sintering
annealing treatment on SSE feasibility was also investigated. In addition, porosity was measured
by the Archimedes method and the microstructure of samples was evaluated using optical and
scanning electron microscopy. Evaluation of the crystalline texture was examined by the X-ray
method. It was found that the pressure of 800 MPa was the optimal value for the cold compression
of powders and the temperature of 570°C was the best sintering temperature. It was also observed
that the temperatures 400°C and 450°C had no effect on increasing the number of SSE passes.
Porosity of the Al-3 vol% alumina sample was changed from 5.75% to 5.02% after three SSE
passes with @ = 10°. A preferred crystallographic texture was not seen due to the amount of
effective strain and the presence of micro-pores, but a very low intensity cube texture {001}

<100> was seen in some regions.
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1. Introduction

containing particulates are particularly interesting to the

industrial community due to their isotropic behavior [1,

Particle reinforced aluminum matrix composites
(AMCs) have unique and desirable thermal and
mechanical properties such as light weight, high
strength, and high elastic modulus. They are also
relatively accessible and inexpensive, as compared to
their continuous fiber and lamellar reinforced peers; they
can be manufactured by both conventional and new

techniques. In addition, discontinuously reinforced AMCs
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2]. Aluminum/alumina composites offer considerable
potentials for wear resistance and high temperature
applications in aerospace and aviation industries [3, 4].
There are different methods for manufacturing
aluminum/alumina composites; including powder
metallurgy (PM) [5], compo-casting [6], squeeze or stir
casting [7], spray forming [8] and severe plastic
deformation (SPD) [9].
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The PM method is one of the most interesting ways
due to several reasons. It offers some advantages not
found in ingot melting or diffusion welding. The most
significant feature is the low producing temperature,
which prevents strong interfacial reactions, decreases
undesirable alumina/aluminum reactions and also,
ensures the uniform distribution of reinforcement
particle powders in the matrix, in comparison with other
AMC production techniques [10, 11].

An interesting topic over the last decade has been the
introduction of SPD as a new way to manufacture ultra-
fine-grained (UFG) materials by applying a large strain
onto the materials [12]. One of the recent and attractive
SPD procedures is simple shear extrusion (SSE), as
presented by Pardis and Ebrahimi [13]. By passing the
material through the deformation channel, increased
shear strain could be exerted on the sample in a gradual
manner [9]. The maximum shear effective strain is
imposed at the middle plane with a maximum distortion
angle and parallelogram shape. At the second half of the
SSE channel, the distortion angle (&) is gradually
decreased until it becomes zero. It is possible to produce
a more homogeneous material by passing the 90° rotated
samples in each consecutive cycle; this is done by using
the sequential clockwise rotation as the route C [14].

The advantages of using SPD on porous composites
include the formation of the demanded shape, control of

porosity,
improvements in properties, unusual microstructure, and

matrix ~ work  hardening, noticeable
development of complicated shapes [15].

Zabihi et al. [16] investigated the improvement of the
mechanical properties of aluminum/alumina composite

samples manufactured via powder metallurgy and this

was followed by SSE. Hardness, ultimate shear strength
and shear yield strength of the SSE-ed pure aluminum
and aluminum/alumina composites were found to
increase because of an increase in the number of SSE
passes and distortion angles.

However, no investigation has yet focused on the
simple shear extrusion capability at different
compression and sintering conditions; also, different
annealing temperatures and the crystalline texture of
powdered Al/alumina composites should be evaluated.
In this study, therefore, aluminum and alumina powder
particles were mixed under argon atmosphere and then
sintered at vacuum furnace. Different conditions for the
preparation of the samples were examined to achieve the
best conditions for the SSE operations. Finally, the

texture evaluation of the SSE-ed samples was done.

2. Experimental Procedure

2.1. Materials

Received commercial aluminum powder with ~95%
purity and particle size < 30 pum, as well as alumina
powder with the size of 2-11 pm and polyhedral shape
were utilized. The chemical composition of aluminum
powders is shown in Table 1. Alumina powders

specifications are also given in Table 2.

2.2. Milling process

Aluminum powders were mixed with 1 and 3 vol%
of AlbOs in a rotary-vibratory high energy planetary ball
mill running at 110 rpm for 30 min. In this process, 20
balls composed of cold work tool steel with different
sizes (3-10 mm in diameter) and 58-62 HRC hardness

were used. The weight ratio of balls to powders was 8:1.

Table 1. Chemical composition of aluminum powders according to energy dispersive spectroscopy analysis

Element Line Int(eczs)lty l;l:::)gr Conclusion  Units Take ng Aznog’:)e 35.0°
Al Ka 950.20 5.513 94.690 wt.%
P Ka 4.33 0.981 0.550 wt.%
Ag La 7.12 0.788 3.754 wt.%
Te La 2.21 0.553 1.006 wt.%
100.000 wt.% Total

Table 2. Characteristics of alumina powders particles as the reinforcement material [9]

Average particle
size (um) crystal (°C) (GPa)

Type of Melting point Young’s modulus Density Heat conductivity Mohs-
(g em?)

Thermal coefficient
(W m' k1) hardness of expansion (10-°k™!)

2-11 Hexagonal 2050 410

39 25 6.5 8.3
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Stearic acid [17] was used as a process control agent

(PCA) with a proportion of 1 wt.% of the total powders.

2.3. Compression and vacuum sintering process

Pure aluminum powders were prepared for
comparison with other samples. These samples were
pressed at the ultimate pressure of 400, 600, and 800
MPa in a hardened 1.2080 steel die with the interior

space of 11x11x45 mm?

at room temperature.
Manometer equipment was set up at the ram of the press
to accurately measure the amount of applied pressure.
Sprayed diluted graphite emulsion was used as a
lubricating material for the die walls and the bottom of
the punch. Prior to sintering, mixed powder particles
were degassed in a vacuum resistance furnace in order to
decrease the residual stresses and strain hardening which
would lead to an increase in the compactability of the
powders. The compressed powders were then vacuum
sintered at 530°C, 550°C and 570°C for 90 min under
vacuum condition (at 0.000004 mbar). The samples were

gradually air-cooled.

2.4. Samples preparation

After sintering, the samples were cut perpendicular
to the compression axis by a wire-cut machine; this was
followed by grinding and polishing. All samples reached
the final dimensions of 10 mmx10 mm in cross section

and 40 mm in height.

2.5. Annealing before the SSE process

The annealing treatment was performed on the
sintered parts at 400°C and 450°C for 30 min to achieve
a better condition for the formability of the samples
before the SSE process. Annealing is a heat treatment
process that results in a softer or more relaxed state in

the worked materials.

2.6. Simple shear extrusion (SSE)

The SSE process was done by a hydraulic control
drive press with a capacity of 160 tons and ram speed of
0.5 mm/s at room temperature. This process was
continued until the samples were cracked or fractured.
Schematic view of the SSE procedure, done in the one

step, as represented in Fig. 1(a) and 1(b), shows the SSE
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die with distortion angle (@) = 8°. A thin layer of teflon
tape was used as the lubricating material between the
specimens and the die. Bisection SSE-dies had a channel
distortion angle with a,,, = 22.5°, 10°, 8°, and
Bmax =5.1°. The equivalent strains enforced by the SSE
dies are shown in Table 3.

Effective (¢.¢¢) and shear strains (y) were calculated
according to the analysis of other researchers. Pardis et
al. [13] introduced a relation between the shear strain,
effective strain and distortion angle based on the von-

Mises criterion. Their findings can be summarized as

follows:
y=2tana (€))]
14
& =— 2
o =3 )
a powder

compaction

Shear Direction
——

Cross Section Area

Fig. 1. (a) Schematic view of the SSE process, and (b) SSE
die inserts with @ = 8°.
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Table 3. SSE strains per pass of different dies applied on the

samples
Distortion angles (°) Y Eeff
a=8 0.281 0.1622
a=10 0.353 0.2038
a=225 0.829 0.4786

2.7. Quantitative texture evaluation

Powdered metal-matrix composites can be modified
by the heavy plastic deformation process. It was
expected that the process of deformation would lead to
an uncommon increase of the strength behavior of the
composite, and this would be accompanied by the
particular changes of the metallic matrix textures.
Texture measurements were then applied to characterize
the orientation distribution of the crystalline grains in
polycrystalline samples. XRD techniques are based on
the elastic scattering of X-rays from structures that have
a long-range order. One way to calculate the orientation
distribution function (ODF) of a polycrystalline material
is directly using the X-ray diffraction spectra. The X-ray
source and the detector were oriented so that a specific
value of 20 would be determined. This procedure could
make the measurement of the single Bragg reflection
possible. The texture samples were provided by
mechanical grinding and then polished to the final

thickness of about 5 mm.

2.8. Porosity measurement

The experimental density of the specimens after
vacuum sintering and SSE was estimated via the
Archimedes method, according to the ISO 2738 standard
[18]. The theoretical density was calculated by applying
the mixture rule, based on the volume fraction of the

matrix. Micro-porosities of the prepared samples were

29

calculated from the difference between the anticipated
and declared density. Porosity percentage of the samples

was calculated by the following equation [16]:

me

P=|1-
pm(l _Vp) + oY

X 100

)

where P’ is the porosity percentage, p,,. is the measured
density, p,, is the theoretical density of the material and

V, is the volume fraction of reinforcement.

3. Results and Discussion

3.1. SSE process

Material forming process involves plastic
deformation, that leads to changes in both whole shape
and cross-sectional areca. However, while the
manufacturing techniques of porous composites have
been widely reported, there are limited studies on the
severe plastic deformation of the composites. Although
the pores may become smaller, they are not eliminated
completely [19]. It is not, therefore, possible to precisely
predict the deformation characteristics of porous
composites, due to the inconsistency of the total volume
caused by porosity closure [15].

To perform the SSE, the sintered parts pressed with
the

Simultaneously,

least pressure, 400 MPa, were first tested.
the

mentioned earlier were considered and tested for this

three sintering temperatures
pressure.
Table 4

information with the variables of compression pressures,

shows the SSE process feasibility
sintering temperature, annealing temperatures before the

process and distortion angles.

Table 4. Preparation conditions and SSE process feasibility

Sintering temperature (°C)

Applied pressure (MPa) 530 550 570 Descriptions

400 Failed Failed Failed For all distortion angles

600 Failed Failed Failed For all distortion angles
Failed Failed Failed a =22.5°

800 2Pass 2 Pass 3 Pass a =10°  Without annealing treatment
2 Pass 2 Pass 3 Pass a=28°
Failed Failed L Pass a=225°

200 with micro-cracks With annealing treatment
2 Pass 2 Pass 3 Pass a=10° at 400°C and 450°C
2 Pass 2 Pass 3 Pass a=28°

IJMF, Iranian Journal of Materials Forming, Volume 9, Number 2
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Shear strains were increased by increasing the «a
value in the die, whereas all samples with ¢ = 22.5° and
powder compression stresses less than 800 MPa were
fractured without any successful passes. In addition,
different annealing temperatures before the SSE process
had no positive effect on the obtained results.

At the output of the die channel, in the pass with
a = 22.5° and powder compression stresses less than
800 MPa, the cracking defect was first seen at the tips of
the sample as well. This was because shear stresses and
their distributions along the cross-section were the most
important factors in the nucleation of edge cracks [20],
as affected by the non-uniform deformation. It could be
because of the inconvenient sample structure, such as
micro-porosities and impurities, insufficient compression
force and sintering temperature, and the effect of very
fragile bond strength in some regions in cold compression
when followed by the sintering process, as reported by
some researchers [9, 16, 21]. With the increase of the
sintering temperature, hardness and strength could also

be increased due to the densification process [17].

3.2. Microstructural investigations

Fig. 2 illustrates the SEM images of the raw materials
utilized in this study. Aluminum powders represented a
wide size distribution of semi-spherical particles (Fig.
2(a)). Reinforcement powder particles also displayed
irregular polyhedral particles with a narrow size
distribution (Fig. 2(b)). As can be seen, Al,O3 powders
showed a relatively high agglomeration.

Figs. 3(a) and 3(b), respectively exhibits the optical
micrographs of pure Al and Al-3 vol% alumina metal
matrix composites after being subjected to the vacuum
sintering process. According to Fig. 3(a), micro-
porosities could be observed in all areas of the matrix.
Fig. 3(b) also represents the aluminum matrix containing
coarse alumina particles, particle-free regions, and
reinforcement coalescences. Selecting the appropriate
pressure for compressing powders (800 MPa) and the
modified temperature for the vacuum sintering process
could reduce the fine pores and improve the initial
conditions for the mechanical work. Pressure values of
825 and 850 MPa were used to press the powders, but

there was no change in the number of extrusion passes.
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& Spot Magn.  Det WD pr
18 kV50 1000x SE _10.4 1

Fig. 2. SEM morphologies of raw materials: (a) Al powder
and (b) alumina particles.

Fig. 3. Optical micrographs of (a) pure Al and (b) Al-3 vol%
alumina after vacuum sintering.

1JMF, Iranian Journal of Materials Forming, Volume 9, Number 2
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The microstructure was not uniform, and in some
areas, accumulation of reinforcing particles and micro-
pores could be observed. Some previous studies [9, 22]
have also shown that a sample free of porosity could not
be produced unless the sintering temperature would be
close to 600°C. However, the content of micro-pore
coalescence is low, and the material has a good
capability for mechanical working [21].

Figs. 4(a) and 4(b) demonstrate the optical and SEM
micrographs of the side direction-transverse direction
(SD-TD) plane of the SSE-ed Al-3 vol% alumina
composite sample after three SSE passes. Before the first
pass, the samples contained very coarse alumina
particles and large particle-free zones. As a result of the
shear strain, the distribution of reinforcing particles in
the matrix was changed during the SSE process. In
addition, the percentage of residual porosities decreased
in comparison to the sintering process. The SSE process
closed the micro-pores and redistributed the coarse

agglomerated particles in the microstructure [16, 17].

particles
10 pm

coarse agglomerated
particles

¢

micro
porosity
AccV SpotMagn Det WD Bp FH— 2m
200kV/40 8000x SE 74 1
Fig. 4. Optical and SEM micrograph of the (SD-TD) plane of
the SSE-ed Al-3 vol% alumina composite sample after three
SSE passes.
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3.3. Texture development

Orientation distribution function (ODF) can be
achieved through evaluating a set of pole figures. Here,
four planes were used to calculate the crystallographic
texture in the aluminum matrix composites, whereas for
each of the indices, the needed pole figure (PF) was
extracted. This method could be used to calculate ODFs
from experimental PFs. Since the X-ray diffraction
peaks of {111} and {110} planes were fully overlapped,
the planes of {200}, {220}, and {311} were picked out
to measure their complete PFs. Texture measurements
were considered in the square cross section of the
specimens in the plane perpendicular to the extrusion
force (transverse direction-side direction (TD-SD)). The
ODFs were presented as ¢, constant sections.

Pole figures and inverse pole figures of the pure
aluminum with different SSE conditions were obtained
from the XRD analysis, as presented in Fig. 5. The
plastic deformation of pure aluminum for which
effective shear strain value of ~ 0.61 was applied could
be seen in Fig. 5(a); the value of ~ 0.47 is shown in Fig.
5(b). The amount of porosity percentage, as shown in
Fig. 5(a), was 4.7%; meanwhile, according to Fig. 5(b),
it was calculated to be 4.84%. On the other hand, contour
lines showed a very concise shear texture with a
{100}<011> component, as well as a very low intensity
cube texture {001}<100>, as could be observed in some
regions. With respect to anisotropy in the structure,
<100> direction had the highest density, while the <111>
direction had the lowest one, regardless of porosities;
they were reduced by increasing the porosity content.

A preferred crystallographic texture was not
observed due to the amount of effective strain, the
presence of micro-porosities and structural integrity [23-
25]. As can be seen, there was no dominant texture after
one and three passes for the composite sample. The
linear contours of the ODF images for the composite
samples were similar to that of the pure aluminum.

For a more accurate comparison of the texture
changes during the SSE process, an Al-3 vol% alumina
composite sample was used and PFs were prepared for
passes 1 and 3 with the distortion angle of 10°, as

presented in Fig. 6.
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111 Max=2.0

1.00
120
140
1.60
180
[001] [110]
(1111 Max.=1.6
100
— 110
— 130
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4 fﬂl
‘{ [~
[001] [110]

Pass 1
Distortion angle=10°

{11 Max-20

A

[001] [110]

Pass 3
Distortion angle=10°

Fig. 6. Pole figures and inverse pole figure of Al-3 vol% alumina with @ = 10° (a) 1 pass, and (b) 3 passes.
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Figs. 7(a) and 7(b) show the ODF plots of the
experimental texture for Al-3 vol% alumina with 1 pass
and 3 pass samples and ¢ = 10°. The diagram shows that
the overall texture intensity was decreased for the 3 pass
sample. The preferred orientations of simple shear
deformation disappeared in opposite directions during
other SSE passes. This could be attributed to a shear
reversal and shear strains counteraction in further passes
[26]. Fig. 7(c) illustrates the ODF plot of SSE-ed pure Al
with 1 pass in a die with ¢ = 10°. The Texture
component was slightly sharper, as compared to Fig.
7(a). Based on the plastic deformation of the ceramic
particulate reinforced aluminum matrix composites [27-
28], researchers have corroborated that the rotations
within the deformation zones in AMCs are dependent on
both strain and slip systems in the matrix. For the present
composite, the alumina particles were much harder than
aluminum powders; also, they had a rather relatively
anisotropic shape. As deformation occurs, large alumina
particles with porosities are also presumed to disturb the

slip pattern in the matrix.

3.4. Porosity content

In addition to the mentioned factors, porosity
percentage has a significant effect on the mechanical
performance  of  aluminum/alumina  powdered
composites [9]. In fact, the existence of porosities in
aluminum matrix composites manufactured by powder
metallurgy process leads to lower mechanical properties.
After vacuum sintering, the porosity of the samples
decreased due to an increase in the SSE passes, resulting
in the increase of the applied shear strain. Consequently,
after using the die with a distortion angle of 10°, the
porosity of pure aluminum changed from 5.2% to 4.7%
after 3 passes; in addition, the porosity of the composite
including 3% of reinforcement was changed from 5.75%
to 5.02%. As could be observed, the amount of porosity
increased with a rise in the amount of reinforcement
particles. Furthermore, the increase of @ angle and SSE
passes led to higher strain; this was then followed by
pore reduction [18]. Porosities in aluminum-based
composites could act as the preferred cracking starting

points and diffusion pathways for cracks. As the applied

IJMF, Iranian Journal of Materials Forming, Volume 9, Number 2
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Fig. 7. ODF plots of the experimental texture for the Al-3
vol% alumina with (a) 1 pass, (b) 3 passes and (c) pure Al 1
pass samples with @ = 10°.

strain increased, the alumina powder particles were
separated and the extrusion pressure rose; therefore, the

pores were gradually closed [18, 29].

4. Conclusion

In this paper, Al/ 1 and 3 vol% alumina composites
were manufactured by powder metallurgy, followed by
the SSE process. The effects of cold compaction
pressures, sintering temperatures, and post sintering
annealing treatment on the SSE feasibility were then

evaluated. In addition, porosity measurement and the
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presence of possible texture were examined. Findings

could be summarized as follows:

1. Among different pressure values for the cold
compression of the powder, 800 MPa and the
sintering temperature of 570°C were the optimal
choices for applying the SSE process.

2. Annealing heat treatment after sintering on the
samples at two different temperatures 400°C and
450°C had no effect on increasing the number of the
SSE passes.

3. A preferred crystallographic texture was not seen
due to the amount of effective strain and the
presence of micro-pores. Contour lines illustrated a
very concise shear texture with {100}<011>
component; also, a lower intensity cube texture
{001}<100> was seen in some regions.

4. Ata constant shear strain, increasing the reinforcing

particles reduced the texture intensity.
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