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Abstract

The mechanical properties and physical characteristics of aluminum alloy composites can be significantly improved by
adding reinforcing phases. However, the high loading of the reinforcement phase in Al17075-Al,0; composites has not been
thoroughly studied. In this work, a combination of semisolid metal powder processing and powder metallurgy is used to pro-
cess and manufacture A17075-Al,05 composites with a high reinforcement fraction of > 40 vol.%. The effects of processing
parameters on the microstructures and mechanical properties of the composite material are discussed in detail. The loading
limits of the high volume Al,O; reinforcement in A17075 composites are identified and linked to the processing parameters.
A methodology is introduced to estimate the consolidation temperature of Al7075 alloy using compaction testing. Al,O5
particles (the average particle size of 120 pum) were mechanically milled with A17075 powder (the average particle size of
20 um) for 10 min and 5 h using a high-energy planetary ball mill. The mixture was then compacted in the semisolid state
at 615 °C under the compaction pressures of 50 MPa and 100 MPa. By increasing the milling time from 10 min to 5 h, the
deformation of aluminum powders and the fracture of Al,O; reinforcement particles occur, restricting the loading limit of
reinforcement. The milling time also shows a dominant effect on the powder morphology, microstructure, and mechanical
properties of A17075-Al,0; composites. Increasing compaction pressure from 50 to 100 MPa significantly improved the
compressive strength of the composite from 218 to 652 MPa. Al17075-Al,05 composite with 40 vol.% of reinforcing phase
exhibits the highest hardness of 198.2 HV and 96.9% relative density when it is milled for 5 h and compacted at 100 MPa.
However, this composite shows the highest strength of 652 MPa when it is milled for 10 min. By increasing the reinforcing
phase to 50 vol.% and 60 vol.%, the hardness, density, and compressive strength of composites decreased. The composites
with 60 vol.% of reinforcing phase appeared overloaded. Results show that semisolid metal powder processing has huge
potential for the fabrication of high loading Al,O; in A17075 matrix with near theoretical density.
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1 Introduction

Aluminum alloys are popular lightweight alloys used in
different applications due to their desirable properties.
Among them, the 7000 Al series are more appealing
because of the high fracture toughness and high resistance
to stress corrosion cracking [1]. Good performance justi-
fies the high cost of this alloy compared to others. Despite
many standard applications, conventional materials do
not satisfy the wide range of expectations. Consequently,
aluminum-based metal composites reinforced with hard
ceramic materials are fabricated for catering the demands
of automotive, aerospace, and military industries [2, 3].
High strength with low mass are needed for structural
materials applications. Adding a high volume fraction of
particles can double the elastic modulus and strength of the
matrix alloy [4]. Low coefficient of thermal expansion and
improved thermal conductivity are some advanced char-
acteristics of highly loaded ceramics [4]. The composites
of aluminum alloys with a high volume of reinforcement
(>40vol%) have widespread applications in sporting goods,
automotive engineering, aerospace industry, and defense
technology [5, 6]. Aluminum matrix composites containing
high volume fraction ceramic particles are also being used as
microprocessor lids and integrated heat sinks in electronic
packaging. They are also used as carrier plates and micro-
wave housing [7]. Although the addition of more than 30% by
volume of ceramic reinforcing particles is not recommended
for structural applications due to reduced material ductility,
it has been shown that aluminum matrix composites contain-
ing more than 50% by volume of reinforcing particles can be
strong and relatively ductile which justifies their use [4, 8, 9].
There has been research conducted on the manufactur-
ing methods of high volume fraction composites through
casting [7, 10], powder metallurgy [11], and infiltration
[12]. Despite improved properties of this kind of compos-
ites, there are limitations such as compositional control in
casting and sintering balance [13], ceramic powder per-
colation in powder metallurgy [14], and closed and half
closed pore problems in infiltration casting [15]. How-
ever, the major concern shared by all methods is wettabil-
ity and uniform dispersion of ceramic particles [16, 17].
Recently, Jiang e al. [18] and Zhu et al. [19] prepared SiC/
Al6082 aluminum matrix composites by squeeze casting
and squeeze casting combined with stir casting, respec-
tively. It was shown that SiC content and squeeze casting
parameters had significant impacts on the microstructure
and mechanical properties of the 6082 aluminum alloy.
To achieve a uniform distribution of the reinforcement
phase and the possibility of producing complex-shaped com-
ponents with large dimensions, the combined process of pow-
der metallurgy and semisolid forming can be used. Powder
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metallurgy is one the manufacturing methods of metal matrix
composites in a solid state, which causes the uniform distribu-
tion of particles within the matrix [20]. It is less likely to form
intermetallic phases in powder metallurgy [21]. Semisolid
powder processing (SPP) is a novel technology that combines
powder metallurgy and semisolid metal forming [22]. The
ability of SPP in terms of uniform distribution of reinforce-
ment by mechanical milling has been demonstrated [23]. A
method that has the advantages of powder metallurgy and
semisolid forming methods is very important for the indus-
trial production. For example, Javdani et al. [24] used blended
powder semisolid forming to fabricate A17075/A1,0; compos-
ites and eliminate the drawbacks of conventional semisolid
powder metallurgy. They fabricated the A17075/A1,0; metal
matrix composites for the first time using this method.

The SPP has been successfully applied in the processing
of composite materials such as Al-Cu reinforced with h-BN
[25], Al6061 with SiC [26] and A17075 with 5, 10, and 20
wt.% of Al,O5 [24]. However, to the best of our knowledge,
the SPP of Al 7075/A1,0; for high loading reinforcement
of > 40 vol.% has not been reported yet. Al,O5 is one of
the common ceramics used as a reinforcing phase in metal
matrix composites. Due to the working temperature in the
SPP method and the high thermal stability of this phase [27],
it was used as a reinforcement in this research.

It has been widely proven that the matrix microstructure and
its consequent mechanical properties have a considerable influ-
ence on the overall performance of the composites [28, 29].
The matrix structure strongly depends on the semisolid forming
temperature. Although it has been more than 30 years since the
introduction of SPP, no in-depth research has been conducted
concerning the optimal semisolid forming temperature and high
reinforcement loading limit of Al,O5 in A17075. Understand-
ing the role of various materials and process parameters on
the properties of the final product is the essential step in the
evaluation of the suitability of such composites for industrial
applications. To the best of our knowledge, few studies have
been conducted to fabricate the high-loading Al,05-A17075
composites. The objective of the present study is to determine
the optimal SPP temperature for A17075 matrix composites and
prepare composite powder with uniform dispersion of high-
volume fraction reinforcing phase. Then, a sample is manufac-
tured using SPP to demonstrate the effectiveness of the method
to achieve the desired mechanical properties.

In this study, A17075/Al,05 composites with reinforcement
loadings of >40 vol.% were manufactured by a combination
of semisolid processing and powder metallurgy. Since the
mechanical properties of metal matrix composites are a func-
tion of the production parameters [30], the effects of reinforce-
ment volume fraction, milling time, and compaction pressure
on the microstructure, mechanical properties, microhardness,
and density were investigated.
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2 Materials and methods
2.1 Preparation of Al7075 powder

Al7075 elemental powder alloy was used as the base mate-
rial. High purity (99.96%) gas atomized aluminum powder
(Khorasan Powder Metallurgy Company, Iran) with an average
size of 20 pm was used as the starting material. The constitu-
ents and characteristics of the A17075 powder are presented in
Table 1. Elements of the A17075 alloy were sufficiently sup-
plied to the ethanol shower and became ultrasonic at 25 kHz
frequency and 23 °C. After half an hour of homogenizing,
the mixture was placed into a resistance oven to vaporize the
solution. Then, dried powders were mechanically alloyed in a
mechanical ball mill machine for 5 h, leading to a homogene-
ous alloy.

2.2 Preparation of Al7075/Al,0; powder composite

Semispherical Al,O; powders (Iran Alumina Company, Iran)
with an average size of 120 pm were used as the reinforcement.
The blending process of the A17075 with different amounts of
Al,05 (40, 50, and 60 vol.%) was executed with a high energy
planetary ball mill. The stainless steel balls used had 10 mm
and 15 mm diameters. The ball-to-powder weight ratio was
approximately 5:1 and the mill rotated at 250 rpm. Composite
powders were divided into two parts, one milled for 10 min
and the other for 5 h. To avoid any unjustified cold welding and
clustering of milled particles, stearic acid, as a process control
agent, was added at 2.5 wt.% of the total powder charge. The
powder composite samples were dried in the air after mixing.

2.3 Determining the appropriate semisolid
temperature

MoS, was sprayed on the die wall and the punch for lubrica-
tion in order to reduce die wall friction effects. A17075 powder
samples were weighed and poured into the die cavity to be
compacted at different temperatures (575, 585, 595, 605, 615,
and 625 °C). For each specimen, 12 g powder was used to
fill the die cavity. The prepared powders were fed into the die
and placed inside the PID controlled furnace. The temperature
control was within +2 °C. The samples were cold compacted
under 10 MPa to produce a weakly bound substance.

Then, the set was fixed inside a screw-driven universal
testing machine. The die and powders were heated in the

furnace, while the load and displacement of upper ram were
controlled and measured by the testing system. Once the
material was heated to the desired semisolid temperature,
the upper ram moved down at a velocity of 0.07 mm/s and
compressed the semisolid powder. To accurately measure
the furnace and powder temperatures, two K-type thermo-
couples were embedded inside the furnace and die set hole.
A uniaxial constant compressive pressure of 50 MPa was
applied at indicated semisolid temperature. The applied
pressure was held for 45 min to equalize the temperature and
the pressure. Fabricating parameters including compaction
pressure, holding time, and punch velocity were selected in
accordance with the previous experimental studies [23, 24].

The machine was equipped with a closed-loop control
system to stabilize the pressure within the experiment
period. All samples were cooled inside the furnace after
removing the pressure. The experimental layout is shown
in Fig. 1. The unit consists of an electrical furnace, a tem-
perature control unit, and a load cell. Table 2 lists fabri-
cated Al7075/A1,0; composite samples with the process
parameters.

The effects of semisolid temperature, density and com-
pressive strength of the fabricated samples were evaluated,
and finally, the appropriate semisolid temperature was
determined.
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Fig. 1 Experimental layout of the semisolid compaction process

Table 1 Elemental 7075 powder

. X . Element Al Zn Mg Cu Cr Fe Si Mn
constituents and particle size
Content (%) Balance 5.6 2.5 1.5 0.23 0.2 0.1 0.1
Particle size (um) 20 20 63 45 63 45 5 63
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2.4 Fabrication of AI7075/Al,0; composite by SPP

The milled Al7075/A1,05 powders were weighed and poured
into the forging die and placed inside the furnace. The same
procedure used in Section 2.3 was carried out for the com-
posite samples. This time, all the experiments were carried
out at the appropriate temperature specified in the previ-
ous section. The pressure (50 MPa or 100 MPa) was then
slowly applied and kept for 45 min. The cooling and pressure
removal processes were exactly like the former experiments.

3 Results and discussion
3.1 Semisolid temperature characteristics

The microstructure evolution of aluminum powder in the
semisolid region can be divided into three stages: the initial
coarsening of the grains within powders, the formation of
the continuous liquid layer on the particle surface, and the
final slight coarsening [31]. At semisolid temperature inter-
vals, alloying elements are concentrated in the liquid phase.
By varying the semisolid process temperature, not only the
liquid fraction, but also the composition of the liquid phase
can be controlled. In other words, the enrichment of alloying
elements, which influences the mechanical properties of the
alloy, differs in the liquid phase [32]. In addition, a dense
matrix with high strength could improve composite proper-
ties. The optimized semisolid temperature with an efficient
liquid fraction was investigated for the elemental A17075
alloy at different remelting temperatures of 575, 585, 595,
605, 615, and 625 °C. The proportional liquid fraction from
Differential Scanning Calorimetry (DSC) analysis equals to
8, 14, 20, 31, 42, and 60%, respectively. The solidus and
liquidus temperatures are 540 °C and 650 °C, accordingly.
The density of compacted samples was measured by
using the Archimedes principle. Figure 2 shows the rela-
tive density of forged A17075 elemental powder at different
temperatures. The relative density was increased by increas-
ing the temperature up to 615 °C. This is because the lig-
uid phase flows and fills the pores and voids between the
particles [23]. Therefore, the addition of liquid significantly
assisted the densification of the powder mixture, and near
full density was obtained. Although the sample’s relative

Table 2 Variable experimental parameters used for the fabrication of
Al7075/A1,0; composites

Variable Value

40%, 50%, and 60%
10 minand 5 h
50 and 100 MPa

Al,O; volume percentage
Milling time
Semisolid compaction pressure
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Fig. 2 Relative density vs. temperature diagram of forged Al17075 ele-
mental powder under 50 MPa

density in the semisolid region increased up to 615 °C (40%
liquid fraction), but it decreased in the sample produced at
625 °C (60% liquid fraction). The liquid phase was squeezed
out, which left solid particles to cluster over each other and
decreased the density. Due to many solid particles, this phe-
nomenon was more notable in high reinforcement loading
composites [23].

The true compaction curves for the elemental 7075
Al alloys compacted at different semisolid temperatures
are displayed in Fig. 3. The semisolid temperature had
an impact on the mechanical behavior of the alloy. The
compressive strength increased with temperature. As
the liquid fraction increased, the compressive strength
increased, as well. This is due to the increased amount
of liquid phase, which provides better adhesion between
grains at elevated temperatures. At temperatures higher
than 605 °C, and the liquid fraction over 20%, the den-
sity and compressive strength were the highest. This is
because of the increased amount of melting at the surface
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Fig.3 True compression curves of Al7075 alloys compacted under
50 MPa at different temperatures
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of Al particles rather than inside them [26]. This helps
the liquid phase to flow better and fill any unwanted
porosity generated in powder compaction. The ultimate
compressive strength became almost steady at a liquid
fraction of more than 40%. Similar compaction behavior
is the possible reason for this phenomenon. By increasing
the temperature to 625 °C, the strength slightly decreased
because of the primary particles’ growth. Also, due to
the lack of liquid phase at low temperature, the primary
particles were attached to each other and formed larger
particles under the applied pressure. These results are in
agreement with the previous works by Chen et al. [33,
34].

Despite higher relative density with increasing semisolid
temperature, the distribution of liquid and solid phases
became heterogeneous at more than 50% of the liquid phase
[35]. In this case, segregation of liquid and solid phases
caused agglomeration of solid particles. In composites, this
situation results in clustering of reinforcement at the bot-
tom of the die. For this reason, the proper temperature for
manufacturing Al7075 base composites is 615 °C with a
corresponding liquid fraction of 40%.

Figure 4 shows the scanning electron microscopy (SEM)
of the A17075 powder compacted at the optimal semisolid
temperature of 615 °C and 50 MPa pressure. It is com-
prised of fine globular grains (bright phase) surrounded by
a continuous liquid film (dark phase). These results suggest
that the optimal temperature for semisolid compaction of
Al7075 elemental powder can be 615 °C with a correspond-
ing increase in density and compressive strength.

Solid phase

i

Liquid phase\

Fig.4 The semisolid microstructure of Al7075 compacted at 615 °C
and 50 MPa

3.2 Morphological changes and microstructure

It is evident that milling time has a significant influence on
the powder morphology, which itself significantly affects
the microstructure and mechanical properties of the manu-
factured composites. Figure 5 shows the powder morphol-
ogy before and after the milling. Figure 5a, b show 20 um
Al7075 and 120 um Al,O; particles before milling. The
major challenge related to metal matrix composites is the
homogenous distribution of reinforcements within the
matrix to achieve the defect-free microstructure [25]. It is
due to the fact that a uniform distribution of reinforcements
will result in composites with improved mechanical proper-
ties. However, a clustering of the reinforcement particles
will be a major constraint which requires a careful synthesis
method. The uniform distribution of alumina particles in
Fig. 5c, achieved by planetary ball milling, eliminates this
shortcoming. As seen in Fig. 5c, e, the milling duration had
an enormous effect on the morphology of composite powder
at high reinforcement loadings. To ensure that the homog-
enizing and alloying of 7075 aluminum alloy were success-
fully accomplished, energy dispersive spectroscopy (EDS)
analysis was conducted. Figure 5g shows the dispersion of
alloying elements in the microstructure of A17075 alloy.
The powder particle size changes with the milling time.
This is due to two opposing factors of cold welding and
the fracture of powder particles. While the cold welding
increases the particle size, the fracture reduces the size. In
the early stages of milling, the powder particles are still soft
and the cold welding predominates. Milling the powders
for a short time does not make any noticeable changes in
the morphology of the matrix and reinforcement particles
(Fig. 5¢). Thus, it could be claimed that no intensive alloy-
ing has happened and only the reinforcement particles were
homogeneously dispersed between the matrix phase parti-
cles. Mixing with the ceramic particles also could increase
the brittleness of Al7075 particles, and consequently, it
increases the rate of fracture. Hence, with the continued
milling, the particles get work hardened and become more
brittle and their fracture leads to a reduction in the parti-
cle size. Thus, the rate of fracture tends to increase with
increasing the milling time [36]. Large Al,O; particles in
10 min milled composites are distributed between 20 um
aluminum particles. By increasing the milling time, the large
and brittle alumina particles are simultaneously fractured
with plastic deformation of soft Al particles (Fig. Se). The
observed microcracks in Fig. 5d are considered the nuclea-
tion sites for crack propagation. As a result, 120 um Al,O;
particles decreased to an average size of 1 um after 5 h of
high energy planetary ball milling (Fig. 6). The difference in
the size of ceramic particles after ball milling causes differ-
ent changes in the morphology of composite powders [37]. It
has been reported that the particle size is stabilized and does
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Fig.5 SEM micrographs of
powder morphology: a 7075
elemental alloy; b 120 um
Al,O; particles; ¢ 10 min
milled composite powder; d
alumina particle after milling;

e 5 h milled composite powder;
f magnified particle, g EDS
analysis of the 7075 alloy in the
marked region of (a)

not change with further milling [36]. Also, by comparing the
morphology of aluminum particles before and after milling,
these particles experienced plastic deformation and flatten-
ing. The reason is the acceleration of the milling process in
the presence of alumina particles. Particle dispersion was
successfully accomplished during 5 h milling, but the per-
centage of equiaxed grains was still less, and most of them
were irregular. Despite the tendency of aluminum particles
to plastic deformation and cold welding, the brittle alumina
particles hindered their cohesion by fragmentation and adhe-
sion to the surface of aluminum particles. Therefore, the
distribution of Al,O; particles was homogeneous in both
cases. Once fracture occurred, fresh particle surfaces were
produced, and due to the high reactivity of these surfaces,
the cold welding again became predominant leading to an
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increased particle size, as depicted in Fig. 5(f) for a milling
time of 5 h. Also, the agglomeration of fragmented particles
on the aluminum particles is seen in some areas of Fig. 5f.
The microstructure along the forged direction in the
cross-section of the A17075-50 vol.% Al,O, composite com-
pacted under 100 MPa pressure at 615 °C is shown in Fig. 7.
It contains uniformly distributed Al,O; particles, which are
attained from the morphology of powders after being milled.
The microstructure of samples apart from the experimental
situation is a function of the morphology of milled powders.
As seen in Fig. 7a for 10 min milled samples, 120 ym Al,O;
particles remained almost intact and were homogeneously
distributed in the matrix. The microstructure of composite
samples with fragmented reinforcements reveals that their
distribution is predominantly at grain boundaries and, to a
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Fig.6 Al,O; particles after 5 h milling

less degree, at the matrix phase (Fig. 7b). This heterogene-
ous distribution is due to the adhesion of small broken par-
ticles to the surface of aluminum particles seen in Fig. Se.
Figure 8 demonstrates the SEM micrographs of the sam-
ples compacted at 50 MPa and 100 MPa. Dark spots aligned
with white arrows are pores between aluminum particles
caused by less compression of spherical particles and solidi-
fication shrinkage. By comparing Fig. 8a, c, it is concluded
that porosity is generated due to more solidification shrink-
age in 10 min milled samples. Therefore, in high loading
composites, small particles fill the matrix pores better. This
conclusion is in agreement with Kang et al. studies [38].
Also, for both samples, the amount of porosity is decreased

Fig.7 Optical micrographs of
forged samples with 50 vol.%
Al,0O; milled for a 10 min and
b 5 h and compacted under
100 MPa pressure at 615 °C

and more homogeneous distribution of the reinforcement is
achieved by increasing the compaction pressure from 50 to
100 MPa (comparing Fig. 8a, ¢ with Fig. 8b, d), which is
due to the percolation of liquid phase between the attached
alumina particles at high pressure. Additionally, the bond
strength at the interface between the matrix and reinforce-
ments can be improved. As shown in Fig. 8b for high loading
composites, even at high pressure, the resistance of large
particles against the flow of the liquid phase is more than
that of the fragmented particles. As a result, the porosity of
10 min milled composites is higher than 5 h milled ones.
For analyzing the effect of high-volume fraction rein-
forcement on aluminum matrix composites, SEM micro-
graphs of 60 vol.% Al,O; are shown in Fig. 9. As seen in
Fig. 9a, the surface of 5 h milled composites is full of black
areas. These are empty spaces that belong to the reinforce-
ment phase and are separated from the matrix in the sur-
face preparation stage due to the weak bond strength. The
solidification of primary aluminum dendrites causes the
segregation of particles by the solid-liquid interface dur-
ing consolidation process. This becomes more evident with
the finer particles [27]. Thus, it can be concluded that the
maximum reinforcement loading of these composites should
be less than 60 vol.% and reach a maximum of 50 vol.%.
In contrast, Fig. 9b relates to a 10 min milled composite
with the same amount of reinforcement loading (60 vol.%
fraction). Good distribution with proper consolidation is
achieved for this composite. The main difference of this
composite is the existence of microcracks on the reinforce-
ment particles. The significant reason for cracking is the
brittleness of alumina and low resistance to tension revealed
in the solidification shrinkage. By increasing the volume of
reinforcement, the pressure contribution of the soft matrix
phase decreased. This situation when the matrix phase has
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Fig.8 SEM micrographs of
Al17075/40 vol.% Al,0O; milled
and compacted for a 10 min at
50 MPa, b 10 min at 100 MPa,
c¢5S5hat50MPa,andd 5 h at
100 MPa

almost no contribution to the load-bearing capacity and just
fills the cavities created by the alumina structure is called the
loading limit [39]. In the case of 10 min milled composites
with 60 vol.% Al,O5, the matrix phase support is decreased
but not eliminated. This behavior is exhibited not only in
compression but also in tension.

3.3 Density

Figure 10 demonstrates the relative density of the samples
against Al,O; content at different pressures. The liquid fraction
of a composite depends not only on the forming temperature
but also on the amount of reinforcement. As prescribed by the
rule of mixtures, the theoretical density of the samples rises
linearly with the increase of Al,O5 content [28]. As seen in
Fig. 10, the measured relative density for high loading com-
posites decreased by increasing Al,O5 volume fraction. It also
shows lower experimental density compared with the theoreti-
cal density. The lower experimental density is due to the exist-
ence of porosity between reinforcements, which is not filled
with the liquid phase. By increasing the reinforcement, the
amount of the liquid phase decreased and the reinforcement
hindered its penetration into the empty spaces. This leads to
the clustering and agglomeration of Al,O; particles. Therefore,

@ Springer

. 50 .pm

higher compaction pressure increased the probability of lig-
uid phase flow into the pores between the particles. The rela-
tive density of composites with high compaction pressure
(100 MPa) is higher due to increased bonding and decreased
porosity.

Irregularly shaped powders have high compressibility com-
pared to the spherical ones [40]. Therefore, ball milling, which
causes deformation of aluminum particles, affects the density
of composites. Lack of compressibility of spherical particles
and the inability of large alumina to penetrate between them
caused 5 h milled composites with 40 vol.% Al,Oj to have the
highest relative density. However, the agglomeration of this
reinforcement at higher than 40 vol.% loading diminished the
density and other mechanical properties, like hardness. The
density of composites with 60 vol.% Al,O; decreased for both
types of milling powders. The reason is that the reinforcement
volume increased, but on the other hand, the pressure contribu-
tion from the other phases decreased. Equation (1) shows the
contribution of each phase to the total pressure of the punch
[23]:

Aspos Axro7s
Pr = PAl203A— + Papors A (D
T T
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BN

Empty spaces

Fig.9 The microstructure of 60 vol.% Al,O; content: a 5 h milled
and b 10 min milled composites

Here, P, and A; are the total pressure and the total contact
area. P75 and Py, o are pressure contributions from the
AlLOj5 and Al7075 phases, respectively. Ay o, and Ap075
are the contact areas between the punch and each phase.
Since the pressure from pores is negligible, it is not consid-
ered in the equation. At constant pressure, it is observed that
degrading the area of reinforcement particles is in accord-
ance with the increase of the supporting pressure by this
phase. Therefore, with increasing the reinforcement parti-
cles size, the pressure contribution of the soft matrix phase
increased, providing the driving force for this phase to fill
the porosity.

There are three different contact cases that can occur for
the mixture of Al7075 and Al,O; powders: between Al7075
and Al7075, Al7075 and Al,O;, and Al,O5 and Al,O; par-
ticles. Among these cases, the contact between Al,O; and

B50 MPa ©100 MPa

(a)
100
T
I
£ T
] T
D
=
2
k|
)
T
= T
Al O;vol.%
B50 MPa @100 MPa
(b)
100
T
1 T
T

Relative density

50 60
AL O; vol.%

Fig. 10 Variation of relative density with the reinforcement volume
fraction and semisolid compaction pressure for a 5 h milled and b
10 min milled composite powder

Al,Oj; particles can result in bonding between them as these
particles cannot deform plastically. This can cause the
formation of clusters or long-range network of Al,O5 that
inhibits densification. By increasing the volume fraction
of Al,O; reinforcement, the probability of contact between
Al,O; particles increases. Consequently, the relative density
of composites decreased by increasing the volume percent-
age of Al,O; particles (Fig. 10).

3.4 Hardness and compressive strength

The effects of powder preparation and compaction pressure
on the Vickers hardness of high loading composites were
studied using the SCTMC micro Vickers hardness tester
model HV-1000 by applying 5 N load and holding it for 15 s.
The reported values are shown in Fig. 11a, representing the
average of 4 measurements. The highest hardness pertains to
5 h milled 40 vol.% fraction-loaded composites compacted
at 100 MPa. Contact area, which is a significant factor of
composites’ mechanical properties [41], is improved for
fragmented particles and enhances the bond strength. Thus,
at the same volume fraction, the hardness of composites
with small reinforcements is higher than the hardness with

@ Springer
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Fig. 11 a The hardness at various experimental conditions and b the
compressive curves under 100 MPa pressure at 615 °C

the large ones. However, by increasing the Al,O; loading
to 50 vol.% and 60 vol.% fraction, hardness reduction was
observed, which is another criterion for the lack of loading
limits of these composites.

By increasing the compaction pressure from 50 to
100 MPa, the hardness values significantly increased for all
samples. Increasing the applied pressure facilitates the liquid
phase that will greatly accommodate solidification shrink-
ages and will fill pores and gaps within the powder mixture
which results in the improvement of hardness values.

Opposite to the rule of mixtures, the hardness decreased
by increasing reinforcement volume fraction in high load-
ing composites. It is observed that the hardness decreased
almost linearly with increasing the Al,0; volume for both
kinds of samples, whereas, for the 100 MPa compacted

composites, the reduction only accelerates for the 60 vol.%
fraction milled for 5 h. This reduction is also sharp for all
the 50% and 60% reinforced samples. Good distribution of
Al,O5 particles in the matrix phase hinders the generation
of local hardness. For these composites, the local hardness
was observed as a result of the particles interlocking and the
decrease of matrix phase load support. These metal matrix
composites are mentioned as overloaded composites. As
a result, the aggregation of the two opposite features of
increasing volume fraction and decreasing density causes
a minor growth in composites’ hardness compared with the
unreinforced alloy.

Compression tests were performed to inspect the effects
of milling time and semisolid compaction pressure on the
mechanical properties of the Al7075-40 vol.% Al,O5 com-
posite. All the samples were machined to the 12.7 mm diam-
eter and 25.4 mm height and underwent compression test
using Shimadzu AG-25 TB with a crosshead speed of 1 mm/
min. The variation of compressive properties for 10 min and
5 h milled composites with 40 vol.% alumina content pre-
pared at 50 MPa and 100 MPa is presented in Table 3. First,
the effect of compaction pressure on compressive strength
is considered, and it is concluded that samples compacted
at 100 MPa exhibited a reasonable modulus of elasticity.
This confirms the obvious effect of the compaction pres-
sure in high loading composites. The results also showed
that 10 min milled composites had higher strength than 5 h
milled ones. Uniform distribution of the reinforcing particles
within the matrix phase confirms this result in Fig. 7a.

The compression curves of the composites with differ-
ent milling time (10 min and 5 h) prepared under 100 MPa
are shown in Fig. 11b. The compressive strength decreased
with increasing reinforcement content of more than 40 vol.%
Al,O;. This might be the result of more aggregation of the
reinforcing particles and the following porosity displayed at
high loading composites. The compression response of sam-
ples milled for 10 min is superior to the samples containing
small alumina particles as a result of long milling time of
5 h. This is due to the fact that tiny particles’ barrier action
led to poor bonding of the reinforcement and the matrix
particles [42].

Flow curves from the compression tests for 60 vol.% alu-
mina composites reveal more reduction in ultimate strength,

Table 3 Compressive strength

N Material Elastic modulus ~ Compres-
i ot el o @Ry s
(MPa)
Compacted at 50 MPa 10 min milled Al7075-40% Al,05 81 218
5 h milled A17075-40% Al,O; 79 210
Compacted at 100 MPa 10 min milled Al7075-40% Al,04 112 652
5 h milled A17075-40% Al,O; 108 549
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especially in the case of 5 h milled samples. Debonding of
the interface and decreased mechanical strength due to the
difference in thermal expansion coefficients of particles are
very common in the composites with high Al,0; volume
fraction [43]. As a result, the volume fraction of 60 vol.%
Al,O; is overloading for compaction pressure of 100 MPa.

All the specimens manifested brittle fracture behavior
through surface examination. As shown in Fig. 11b, the
ductility recorded for 5 h milled composites is higher than
the 10 min milled ones. However, it is still low with a maxi-
mum amount of approximately 0.88% elongation recorded
for the 5 h milled 40 vol.% Al,O; composite. Despite this
low amount of ductility, SPP provides higher elongation to
fracture for high loading composites rather than other meth-
ods with almost similar materials demonstrated by Prater
et al. [44] and Kouzeli et al. [45].

4 Conclusions

In this study, the mechanical characteristics of A17075-
Al,O; composites prepared by semisolid processing and
powder metallurgy were investigated. The conclusions are
as follows:

1. The best mechanical properties of AI7075 powder with
arelative density of 99.6% were obtained when the alloy
is formed at the optimal reheating semisolid temperature
of 615 °C. However, by increasing the temperature to
625 °C, the density slightly decreased to 99.3%.

2. The change in particles size was not very noticeable in
the composites milled for 10 min while it was severely
reduced for the composites milled for 5 h. By increasing
the milling time, the large and brittle alumina particles
fractured and aluminum particles experienced plastic
deformation and flattening.

3. A uniform and homogenous distribution of the reinforce-
ment particles among the matrix particles was achieved
after 10 min milling. However, the uniformity was not
evident after 10 min milling.

4. Different reinforcement distribution was identified for
the SPP of A17075/A1,0; composites. In the compac-
tion of composites milled for 10 min, the reinforcements
were evenly distributed within the matrix phase without
any changes in their morphology. For the composites
milled for 5 h, the agglomeration of fragmented rein-
forcement particles was observed at grain boundaries
of Al7075 grains after solidification.

5. After SPP processing, the maximum hardness of 198
HYV and relative density of 96.9% were achieved for the
composite with 40 vol.% reinforcement milled for 5 h. It
was observed from the micrographs that the fragmenta-
tion of the reinforcing particles and their irregular shape

improved the compressibility of reinforcement parti-
cles. The hardness and relative density of composites
decreased by increasing the Al,O; volume fraction to
50 vol.% and 60 vol.%.

6. The compaction pressure was key to SPP processing of
Al7075-Al1,05 with high loadings of >40%vol, so den-
sity, hardness and compression strength increased by
increasing compaction pressure.

7. The compressive strength decreased with increasing
reinforcement content. The volume fraction of 60 vol.%
Al,O; appeared overloading for compaction pressure of
100 MPa.
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