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Bimodal sized (Nano and Micron) Al2Oz3 particle-reinforced 7075AIl matrix composites were prepared by a new method
called rotary stirring-injection process. The Al.Os particles were injected into the molten 7075 alloy through the flows of
inert argon gas, and the rotary stirring was used simultaneously. The effect of bimodal sized Al.Os particles
reinforcement with average size of 30100 nm, 3—5 um and volume fraction of 1 %, 4 % on microstructure, hardness
and tribological properties of 7075 Al-based composite was investigated. Experimental results exhibited fine grains,
well-dispersed bimodal sized Al2Os3 particles and well-bonded interface between Al20s particles and 7075Al matrix. The
hardness and wear behavior of the bimodal sized Al203,/7075 composites were significantly enhanced, being compared
to the 7075AIl matrix and the single sized Al203,/7075 composites.
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1. INTRODUCTION

Particle-reinforced aluminum metal matrix composites
(AMMCs), which exhibit high strength, high hardness,
good wear resistance and light weight, are widely used in
the aerospace, architectural, marine and mineral processing
industries [1—3]. It is well known that the particle size has
significant influence on the mechanical properties of
aluminum metal matrix composites [4, 5]. In general, the
micron-sized particles are used to improve the strength of
the metal-matrix, while the ductility decreases severely. On
the other hand, the nano-sized particles can obviously
strengthen the metal-matrix without sacrificing the
ductility. However, the agglomerations appear when the
content of nano-particles is higher than 1 vol % [6, 7]. This
is due to the increasing surface area and surface energy of
nano-particles, which cause an increasing tendency for
agglomerations of reinforcement particles. Therefore, the
mixture of micron-sized and a little amount of nano-sized

particles might have significant influence on the
mechanical properties of the composites [8, 9].
There are several fabrication techniques to

manufacture particle reinforced Al alloy composites. The
fabrication methods can be divided into three types. These
are solid phase, liquid phase and semi-solid fabrication
processes [10]. Many investigators have focused on the
commercially important system, liquid process due to its
simplicity is more considered. However, the reinforced
particles are not readily wetted by liquid Al that can be the
most crucial factor in such techniques [11]. So various
methods are appeared to improve the wettability of
particles in the melt of Al such as: addition of some
alloying elements to the melt [12], making a wrapper on
the surface of particles by CVD or PVD methods [13],
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applying force to the melt and controlling atmosphere
[14, 15].

In this paper, a novel rotary stirring-injection process
was used to fabricate the bimodal sized (hano and micro)
Al>,03,/7075 composites, which can improve the incorpor-
ation of Al,Os, and 7075 Al matrix. The microstructure,
hardness and tribological properties were investigated and
the strengthening mechanisms were discussed. This
provides a new design idea and methods for the future
research.

2. EXPERIMENTAL APPARATUS AND
PROCEDURE

The bimodal sized Al;O3,/7075 composites contain
1vol % of nano-AlOz and 4 vol % of micron-Al2Os;
(denote as “nl + m4”). To identify the effect of bimodal
sized Al;O3, on the 7075 Al matrix, nano 1 vol % (denote
as “n1”’) and micron 4 vol %(denote as “m4”) Al,O3,/7075
composites were separately fabricated using the same
process. Table 1 shows the chemical composition of 7075
alloy, this alloy was used as matrix in the experiment, also
Al;O3 particles (selected as the reinforcement) with the
diameter of 30—100nm and 3—5 pm were prepared.

Table 1. The chemical composition of 7075 alloy

Zn Mg | Cu | Mn Ti Gr Si Fe Al

523 | 21 | 145] 03 | 0.16 | 0.23 | 0.22 | 0.22

Fig. 1 shows the schematic of designed equipment that
was used in this paper. The preparation process was
described as follows: Initially, a certain amount of 7075 Al
was charged into the graphite crucible and heated up to
700 °C for completely melting. Then the stirring and
injection process were applied. The stirrer was preheated
before immersing in the melt and located approximately at
the depth of 2/3 height of the molten metal in the crucible.
The argon gas flowed through the center of hollow stirring
rod, after stirring for 5 minutes the mixed Al,O3 particles




were fed into the molten matrix along with the flowing gas.
The rotary stirring and injection process continued for
about 20 minutes to make the reinforcement particles into
the melt. Finally, the molten metal was heated to 720°C
immediately and pored into the sand mold.

Electric motor

Powder

[ Gas-guide tube
EC
=0} Barometric
Barometric —{ T ission belt Swikel
switch
=t
Steel pipe
Thermocouple
Ar

Insulation sleeve
Crucible
The melt

Fig. 1. Schematic sketch of experimental setup

The phase compositions of the sample materials were
characterized by using X-ray diffraction (XRD;
X’PertPRO, D/MAX-2500). The Cu-Ka line generated at
40 kV and 200 mA was carried out to identify the phases
of the investigated alloys. For microstructure study, the
composites and matrix alloy were carried out by optical
microscopy (OM;VHX-600) and transmission electron
microscope (TEM;JEM-2100F). The OM specimens were
prepared according to the standard procedures, grinded
through 200, 400, 600, 1000, and 1500 grit papers and
etched with a solution (HF (2 ml), HCI (3 ml), HNO3 (5 ml)
and distilled water (190 ml)) for 15s. The TEM
specimens, 0.5 mm in thickness, were cut by spark erosion
and slowly thinned to 30 um in thickness by 600 and 2000
grit abrasive papers, followed by punching 3 mm diameter
discs. Finally, the discs were ion beam thinned. The Brinell
hardness tests were carried out under a HBS-62.5 tester
with a ball of 1.0 mm diameter at a load of 10 kg. Dry
sliding wear tests were carried out by using a CFT-1 type
pin-on-disk machine. The cast sample was the disk (30 mm
diameter and 10 mm height) and the pin was steel with a
hardness of 62 HRC. The applied load reached 25 N with
sliding speed of 600 r/min and the radius to 5 mm for
15 minutes at the room temperature.

3. RESULTS AND DISCUSSION

XRD investigations were carried out to identify the
phases presented in the composite samples with various
Al,Os3 particles, and the results were illustrated in Fig. 2, It

could be seen that diffraction peaks associated with the Al
phase and the Al,O3 phase were presented in the as-cast
Al;03,/7075 composites samples. As seen from Fig.2 b
and d), the intensity of Al,Os3 peaks increased with the
content of Al,O3,, and this indicated that the Al;Osp
entered into the 7075 Al matrix.
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Fig. 2. XRD patterns of 7075 Al and Al203,/7075 composites

Fig. 3 shows the optical micrographs of the as-cast
7075 Al and the composites with various Al,Oz particles.
As indicated, in the as-cast 7075 Al (Fig. 3 a), the average
size of 7075 Al grains is 107 pm. In the n1-Al;03,/7075
composites, the average size of 7075 grains is 77 pm
(Fig. 3 b). This is because the Al dendrites solidify firstly
during solidification, and the Al,O3; particles act as
nucleation sites during the solidification process [16], or
act as barriers to dislocations. In the m4-Al,O3,/7075
composites, the grain size is little different from that of the
7075 alloy (Fig. 3 ¢), and it appears some black points in
the microstructure. Furthermore, the average size of a-Al
grains in the (n1 + m4)-Al,03,/7075 composites is smaller
than others as shown in Fig. 3 d. It can be observed that the
bimodal sized particles have a significant effect on refining
the grain size of as-cast composites, which are also shown
in the previous studies [17, 18].

In order to study the effects of the rotary stirring-
injection process on distribution of the reinforcement
particles in the cast composite samples, a quantitatively
analysis was applied. At first, specimens from bottom,
middle and top piece of each composite sample were
prepared and then pictures from different parts of each
specimen were taken. Subsequently, different Al,Os
particles werw calculated using the image analyzer and the
average volume percentage (AVP) for each sample was
reported according to Eq. 1:

AVP— > 7volume percent.i

,(n=10-20)- D

Fig. 3. The OM micrographs: a—of as-cast 7075 alloy; b—n1-Al20sp/7075Al; ¢—m4-Al203/7075Al; d—(n1+m4)-Al203,/7075Al

composites
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Fig. 4. a—the TEM micrographs of (n1+m4)-Al203,/7075Al composites; b—the micron-Al2O3p boundary and distribution of nano-
Al20s3p ; ¢, d—shows the nano-Al203p and electron diffraction pattern

The results of image analyzing are listed in Table 2.
Distribution factor (DF) has been defined as the difference
between the volume percentages of dispersed particles in
the different part of samples and calculated according to:

[max(min)/P— AVP{x100
AVP ’

where max(min) VP is the maximum(minimum) volume
percentage for the sample; APV is the average volume
percentage (AVP) for each sample.

DF(%)=100— @

Table. 2. Volume percent and distribution of Al203 on the
surface of samples

Average volume T
Sample pgr?:ent of %'g:grbggg;]
particles (AVP)
n1-Al203p/7075Al 0.36 53
m4-Al20sp/7075Al 2.23 78
(n1 + m4)Al203p/7075Al 2.85 70

As it can be seen, the rotary stirring-injection process
has the ability to fabricate composites with homogenous
distribution of reinforcement particles and the method has
the most effect on the uniform distribution of particles.

Fig. 4 shows the TEM microstructures of the (n1+m4)-
Al>,03,/7075 composites. By the observation of Al,Ogp in
Fig. 4 a, it can be seen that the distribution of micron-
Al>O3, in the 7075Al matrix is uniform. Fig. 4 b shows the
higher magnification of Fig. 4 a, which illustrates that the
micron-Al2O03, bonded well with the matrix, and many
nano-Al20s, were distributed around the micron-Al;Osp.
The nano-Al;O3, were also bonded well with the 7075
alloy (Fig. 4 c), and the interface between Al,Os, and 7075
Al matrix is clean. Fig. 4 d shows the electron diffraction
pattern of nano-Al,O3,, and demonstrates that the nano-
Al,O3, are consistent with a hexagonal lattice cubic
structure. The results showed that Al,Os, successful
incorporate into 7075Al matrix. Fig. 5 gives the hardness
bar graph of the as-cast 7075 alloy and Al;O3,/7075
composites. It can be seen that under a HBS-62.5 tester
with a ball of 1.0 mm diameter at a load of 10 kg, the
hardness of the (nl+ md4)Al,03,/7075 composites were
higher than that of the non-reinforced alloy and single-
sized Al;O3, reinforced composites. The hardness of the
(n1 + m4)Al,03,/7075  composites are  remarkably
improved from HB 76 to HB 126 comparing with the as-
cast 7075 alloy. Besides, in contrast to the

319

(n1 + m4)Al,03, /7075 composites, the addition of nl-
Al>O3, and m4-Al;O3, obviously enhances from HB 109
and HB 113 to HB 126.

11
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Fig. 5. Hardness of 7075 alloy and Al203,/7075 composites
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Fig. 6 shows SEM morphologies of the worn surfaces
of as-cast 7075 alloy and Al>O3/7075 composites generated
at the normal load of 25 N, sliding velocity of 600 r/min,
the radius is 5 mm, and sliding time of 15 min. In the same
wear conditions, the smaller wear width and wear volume-
lose, the better wear resistance of the material.

Fig. 6. SEM morphologies of the worn surface: a—of as-cast
7075 alloy; b-nl; c—-m4; d-nl+m4 Al203/7075
composites



Table. 3. The hardness and tribological properties of the composites

Tribological properties
Sample Hardness, HB Groove width, mm Groove depth, um Wear lose, mm?
7075Al 76 1.726 148.67 0.6755
n1-Al20sp/7075Al 109 1.524 118.07 0.4686
m4-Al20sp/7075Al 113 1.472 114.51 0.4382
(n1+m4)Al203p/7075Al 126 1.383 87.97 0.3318

Compared a-d, as it can be seen the wear scar width of
the (n1+ m4)-Al,03/7075 composites is smaller than
others. During dry sliding, it seems that the Al,Os, do not
easily come out in debris, which might verify good
bonding between Al,O3 particles and the matrix. The nano-
Al203, can act as barriers to dislocations and the micro-
Al,O3, can act as load supporting elements. Also according
to Archard equation, due to higher hardness of composite
sample, the wear resistance of Al,03/7075 composites are
better than 7075 alloy. Table 3 gives the hardness and
tribological properties of the as-cast 7075 alloy and
Al>03,/7075 composites. It can be seen that the hardness of
the (n1 + m4)Al,O3,/7075 composites was higher than that
of the non-reinforced alloy and single-sized Al;Osp
reinforced composites. The groove width, depth and wear
lose were smallest. During dry sliding, the Al>,Os, did not
easily come out from 7075 matrix, which might show good
bonding between Al,Oj3 particles and the matrix.

The change of mechanical properties mainly depends
on the following reasons according to this experiment:

1. Strengthening from grain refinement: In this system,
the 7075 matrix grain changed (Fig. 3) after Al;Osp
being added and thereby its mechanical properties
excessively changed. The rotary stirring-injection
process also have influence on the grain size. Firstly,
stirring process causes to break the dendrite shaped
structure and leave the structure in small form [19].
Secondly, the Al,Os, were injected into the molten
metal with argon gas, then the particles would be
moving along with the stirring molten metal and argon
gas, and this would facilitate the incorporation
between Al,O3, and the 7075 matrix. With the stirring
and injection process, it can be sure that the Al2Osp
entered into 7075 alloy matrix (Fig. 2), distributed
uniform, bonded well, and the interface between
Al>,O3, and 7075 Al matrix is clean (Fig. 4). So the
improvement of mechanical properties can be
explained by A general relationship between micro
hardness and grain size proposed by Hall-Petch
according to Hy= Hy + KD¥2 equation (Hy, Hvw, K
and D are micro hardness, constant, locking parameter
and grain diameter, respectively) [20].

Strengthening from reinforced particles size: The
micron-Al,O3, can act as load supporting elements in
the 7075 matrix, especially used to strengthen the wear
resistance. The interaction of dislocations from the
nano-Al,Osp can increase the strength of composite
samples according to the Orowan mechanism in this
system. The bimodal AlO3 as fine particles
throughout the matrix can act as barriers to
dislocations and load supporting elements, and the
well bonded interfaces between bimodal sized Al;O3,
and 7075 matrix can benefit for the effective transfer
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of load from the matrix to the particles, So that the
mechanical properties were elevated.

4. CONCLUSIONS

The Bimodal sized Al,O3,/7075 alloy composites were
successfully fabricated by the rotary stirring-injection
method. The process included mixture of bimodal Al;Os;
particles, injection of mixed particles within the melt 7075
aluminum alloy by inert argon gas and stirring the melt.
The particles would be moving along with the stirring
molten metal and argon gas, and this would facilitate the
incorporation between Al;O3, and the 7075 matrix. The
stirring process also causes to break the dendrite shaped
structure and leave the structure in small form. This study
shows that the bimodal sized Al>O3,/7075 composites
exhibited fine grains, homogeneous bimodal sized Al,Os;
particles distribution and well-bonded interface between
Al,Os particles and 7075 Al matrix. The hardness and wear
behavior of the bimodal sized Al,03,/7075 composites
were significantly enhanced, being compared to the 7075
Al matrix and the single sized Al;Os3,/7075 composites.
The improvements may be attributed to grain refinement,
uniform bimodal sized Al,O3, distribution and load
transfer effect strengthening.
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