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Abstract
The present study investigates the mechanical and corrosion properties of reinforced 6061TT6 Aluminum
samples after friction stir processing. Three different composites are fabricated: one without any powder
and the others with micrometer and nanometer alumina powder (h) as reinforcing particles. The
hardness, tensile, and Potentiodynamic polarization tests are performed to compare the new samples
with the base metal. The results show that friction stir processing has increased the tensile and ultimate
strength of the composites by an average of 181 % compared to the base metal. The strength of the
composites with additives is signi�cantly affected by the size of the particles. The hardness of the
processed samples has also increased compared to the base metal by 200 %. Despite these
enhancements, corrosion resistance of new samples has decreased, which can be due to the numerous
dislocations in the stress-induced stir zone, creating lattice deformations and causing the breakdown of
the passive protective layer. The analysis of fracture surface topography through a Fractography method
revealed a speci�c anaglyph consisting of dimples of various shapes, sizes, and dispersion and further
con�rmed the tensile test results.

1. Introduction
To create new materials, a thorough grasp of the link between material processing, structure, and
attributes is required [1]. The demand for enhancing the mechanical characteristics of alloys has risen as
technology and industry demands have evolved. The utilization of composites containing high-
mechanical-property reinforcing particles has risen dramatically in recent years [2]. One of the most
prevalent ways of composite manufacture is solid-state processing, which grinds the base metal and
reinforcing particles without melting the material, resulting in increased mechanical qualities and
corrosion resistance [3,4]. Aluminum-based composites are used in a variety of sectors. Because of their
low density, high strength-to-weight ratio, and corrosion resistance, aluminum alloys are widely employed
in the aerospace, military, and automotive sectors [5-10]. Aluminum alloy characteristics may be altered
by using controlled procedures such as friction stir processing to incorporate additional particles,
resulting in strong Aluminum-based composites [11]. Friction stir processing is a method for changing the
characteristics of a surface without changing the properties of the underlying metal. It is based on the
manufacture, processing, and synthesis of materials [12-15]. 

Aluminum alloys and composites are widely used by researchers in the engineering and material science
�eld. In 2009, Yazdipour et al. [16] evaluated the in�uence of process parameters on the �nal grain size of
Aluminum sheets by friction stir processing. They discovered that the process tool's quick cooling rate
improves mechanical characteristics by improving the microstructure of the stirred zone. Additionally,
lowering the tool's rotating speed while raising the advance speed minimizes grain size. In 2014,
Khodabakhshi et al. [17] added Titanium dioxide particles to 5052 Aluminum alloy sheets in order to
enhance their mechanical properties such as yield strength and elongation through friction stir
processing. They could achieve this goal by re�ning the grain structure of the made composites after four
passes of the process. They also claimed that increasing the number of passes eliminated agglomerates
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and signi�cantly improved ductility. In 2017, Rathee et al. [18] studied the penetration depth of the tool on
the scattering pattern of reinforcing particles in the metal matrix. They reported that a lower penetration
depth leads to insu�cient heat production and the formation of holes, and a higher level of penetration
depth causes the release of reinforcing particles and even the adhesion of materials to the tool shoulder.
Therefore, for the production of composites with a defect-free surface, the optimal sinking depth is one of
the essential parameters that must be considered. In 2019, Premnath [19] fabricated Al-SiC
nanocomposites and intended to optimize friction stir parameters. These parameters included the
number of passes, rotational speed, and forward feed of the tool. In doing so, he used the Taguchi
method with a desirability approach. He reported that the number of passes is the determining parameter
for tensile strength whereas rotational speed is the vital process parameter for microhardness. Higher
values for tensile strength, improved microhardness and wear properties were achieved with 1500 rpm
rotational speed and  forward speed. In a similar work, Ikumapayi et al. [20] examined the improvements
resulting from adding various reinforcement phases to Aluminum-based alloys and hybrid composites.
They faced many challenges during the process of reaching the optimal parameters. They announced
that a wide range of materials must be studied in order to obtain valid results. 

The trend of the recent studies shows the importance of investigating different mechanisms and
parameters of friction stir processing in the production of superior nanocomposites including aluminum-
based composites.

In the current experimental study, several specimens of 6061T6 Aluminum alloy are provided and
considered as the base metal. Then, three different composites made of these specimens are fabricated
using friction stir processing. The �rst composite is processed without any powder, while for the other two
composites, Alumina powders in micro and nano sizes are added as reinforcing particles. Between these
composites and the base metal, mechanical properties (tensile strength, hardness, toughness, ductility,
and failure mode) and corrosion resistance are analyzed and compared.

Finally, a Fractography method is used to investigate the effect of reinforcing particles on the type of
fracture and the statistics of holes created.

The implemented Tools, methods, tests, and materials in this study will be explained in the following
section.

2. Materials And Methods
According to the literature [21-24], adding ceramic particles to a metal can signi�cantly reduce the
ductility of the made composites. Therefore, to improve the ductility and reduce the hardness of the base
alloy, a soft annealing process is performed on each specimen. In this process, the specimens are placed
inside a furnace, and the temperature is raised from ambient to 420 °C and kept at this temperature for
two hours. Then the heating is stopped, and the parts remain inside the furnace until the temperature
reaches room temperature. This annealing process has reduced the hardness of the base alloy from 120
to 46 HV and prepared the specimens for friction stir processing. 
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To process and produce nano-composites, it is necessary to use two types of tools: Pin-less tools and
pinned tools. The �rst tool has a conical shoulder with a diameter of 18 mm, which is necessary to close
the holes containing the powder. The second tool is used to create the composite layer, and in addition to
having a conical shoulder with a diameter of 18 mm, it includes a cylindrical pin with a sectional diameter
of 5 mm and a length of 4.8 mm (the penetration depth). The tools used in this research are made of hot
work steel H13, which was selected due to their high toughness and good abrasion resistance at high
temperatures, as well as their good machinability. A vertical milling machine with a power of 1200 rpm is
used to provide the required speed of the process.

Quantometer analysis of 6061T6 Aluminum alloy sheets is reported in Table 1. To improve the structure,
nanometer/micrometer particles of alumina (500 nm and 4 μm) are used as reinforcing substances.
Aluminum specimens with dimensions of 6 × 50 × 120 mm3 are prepared and placed on the milling
machine bed. Also, to add the alumina powder, holes with a diameter of 2 mm are created at speci�c
distances from the moving tape of the parts. It should be noted that the linear hole pattern is used to �ll
the powder on the surface of the workpiece. Using the linear pattern on Aluminum specimens is for better
surface mixing and uniform distribution of additives during the process.

  Table 1

  quantometer analysis of 6061-T6 Aluminum alloy.

6061T6
Aluminum alloy

Al % Mg % Si % Fe % Mn % Zn % Ti % Cu % Others 

Standard 96-98 0.8  0.8 0.6 < 0.15  0.25 < 0.15 0.15-0.2 0.15
Present study 97.42 0.8 0.5 0.57 0.1 0.2 0.15 0.16 0.1

The clamping kits, the linear pattern on the specimens, and the implemented tools are shown in Figure 1.
The parameters of friction stir processing are listed in Table 2.

 Table 2

   parameters of friction stir processing.

FSP
Tools

Shoulder
concavity angle

()

Tool shape  Tool
deflection
 angle ()

Retention
time (s)

Penetration
depth (mm)

Feed
rate
()

Rotational
speed
(rpm)

First
tool

5 Conical shoulder
without pin

3 0 0.2 50 1000

Second
tool

5 Conical shoulder with
a cylindrical pin

3 10 4.8 + 0.2 40 1200
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One of the essential mechanical properties of the materials is the tensile strength, which determines the
amount of stress tolerable by the part under tensile loads. In this study, tensile strength is considered as
the response variable. Also, the corrosion of the stir zone of the processed samples is another critical
parameter that needs to be investigated. The results of the tensile strength test can be used to extract the
modulus of elasticity, �nal stress, fracture stress, percentage of elongation before fracture, toughness,
and impact resistance. To investigate the tensile characteristics of the processed materials, a tensile
strength test was performed on a small segment of the samples cut from the stir zone according to the
ASTM-E8/E8M standard [25].

As seen in Figure 2, the samples are cut and prepared by the wire-cut machine (electrical discharge
machine) to perform the tensile test in the direction of tool movement. After the tensile test, Fractography
is performed on the surfaces of the fractured samples to observe the fracture mechanism. To measure
the hardness of the samples, a Vickers-type microhardness test is performed on the surface of the
composites. The load of the microhardness test is 200 g with 15 seconds of applying time, and the test is
performed at every 3 mm distance on the surfaces. Because the applied force in this test is minimal and
the reported microhardness is very sensitive to the quality of the surface, the samples should be polished
according to the metallographic steps. On this basis, the samples are sanded with silicon carbide paper
(3000 grit size) and then polished with 0.3 μm alumina abrasive powder by a polishing machine.

The electrochemical polarization test is carried out for these three composites and the base metal in a
solution containing 3.5 weight percent NaCl with 60 minutes of immersion time based on the ASTM G5
standard. In this standard, a three-electrode system is used in a 3.5 % NaCl electrolyte medium. A Calomel
electrode is selected as reference, Platinum as the counter electrode, and the evaluated sample as the
working electrode.

The results of the tests and processes mentioned above will be discussed in the next section.

3. Results And Discussion
Elaborate details of the different tests done on the base metal and the three composites (without powder,
with nanosized alumina, and with micronized alumina particles) are presented in this section. Tensile,
hardness, and potentiodynamic polarization tests were carried out to examine the mechanical properties
of these samples.

One of the concerns of this investigation is to control and reduce defects of the holes in the cross-section
of the stir zone, which might be created during friction stir processing when low rotational speed and high
forward speed are used. These defects were mainly observed at the beginning area of the workpiece, and
the main reason is the low temperature of the tool and the sample during the process. Some defects
could also be seen at the tail-end due to the tool coming out of the workpiece and the reduction of plastic
materials in the leading part. The generated heat by low rotational speed and high forward speed, the
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high thermal conductivity of Aluminum alloy, and the �lling pattern are the main factors causing the poor
�uidity of plastic materials around the tool. This, in turn, causes hole defects and leaves some cavities
made by the leading tool un�lled. On this basis, rigorous attention was given to the performance of the
process.

3.1. Tensile test

Results of the tensile test can be seen in Figure 3 as engineering stress/strain diagrams. Like other
medium-ductile materials, these curves start with a linear elastic region followed by a strain hardening
region, a necking region, and �nally end at a fracture point. The linear part of the curves indicates that the
specimens are perfectly aligned and �xed in the testing machine.

A typical 6061T6 Aluminum alloy has 12-17 % elongation at the fracture point. However here, after the
annealing process, which made the base metal more ductile, the maximum elongation has reached 27.5
%. This value is 25.3 %, 20 %, and 19.3 % for powder-free, micro-alumina, and nano-alumina cases. These
values indicate that the samples have become slightly brittle than the base metal after friction stir
processing and even more brittle after adding alumina particles.

For the composite without any powder, the ultimate tensile strength is 178 MPa, and the yield strength is
88 MPa. This case has approximately 2.02 times higher strengths than the base metal. It is worth
mentioning that the yield values reported here are computed as offset yield strength at 0.2 % of plastic
strain. In the case of composite with micrometer reinforcing particles of alumina, the ultimate tensile
strength is 186.6 MPa, and the yield strength is 83 MPa. These values are exactly two times higher than
those of the base metal. For the last composite (with nano-alumina particles), the values of ultimate and
yield strength are 134.98 and 57 MPa, respectively (1.41 times higher). The main reason for this
enhancement is friction stir processing and the added ceramic particles. This process changes the
material's microstructure by re�ning grain distribution and eliminating the defects and micro-voids
through localized plastic deformation.

This enhancement is evident for the micro-alumina and without powder composites compared to the
other two cases. Furthermore, micro-alumina composite shows an average of 42 % enhancement in
strength compared to nano-alumina composite. This can be related to the large ceramic particles that can
resist deformation more than nano-size particles.

The jagged regions on these curves are due to the heterogeneous changes in the structure of the samples
under the test. Overall, the fabricated composites have more strength compared to the base metal.

Toughness is another characteristic of the materials that can be analyzed through a stress/strain
diagram. Toughness is the ability of a material to absorb mechanical energy before the fracture and can
be de�ned as the area under the stress/strain curves. According to the results, the toughness of the
powder-free and micro-alumina samples are 76 % and 36 % higher than the base metal. On the other
hand, the toughness of the nano-alumina sample has decreased by 4.5 % compared to the base metal.
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The reduction of the latter case is because this case has become relatively more brittle than the base
metal despite an increase in strength. 

Based on the results of the tensile test, from a manufacturing point of view, if higher strengths and yet
suitable ductile composites of 6061-T6 Aluminum alloy are needed, only friction stir processing is
suggested with no additives. With this process, the strength of this alloy can increase by 202 % with only
a slight decrease in ductility (8.6 %).

3.2. Hardness test

Hardness is another tribological characteristic of a material that can be de�ned as the resistance against
localized plastic deformation. Hard materials tend to have high strength, and by the data analyzed in the
previous section, it can be easily understood that the fabricated composites have higher hardness than
the base metal. Nevertheless, to investigate in detail, a pressing-in method is used to calculate the
hardness of these four specimens.  

A transversal segment of the base metal and the made composites is selected to measure and compare
the hardness properties, as shown in Figure 4 (a). Eleven indentation spots on this segment at every 3
mm distance from the center of the stir zone are determined for the test report points. The hardness of
the samples in the stir zone is affected by the size of reinforcing particles in different areas. Figure 4 (b)
presents the hardness changes based on the Vickers test for all cases. The hardness pro�le of the base
metal is more uniform than the pro�les of processed samples. The grain re�nement of composite
samples is due to friction stir processing and the relatively consistent presence of alumina particles,
which act as the nucleus and prevent grain growth during recrystallization [26]. By examining the
hardness of the samples before and after the process, it is observed that the hardness has increased in
all processed cases. The associated reasons for this increase can be stated as follow:

Grain re�nement during recrystallization,

Elimination of the defects and micro-voids of the alloy by compression of friction stir processing
tool,

Localized plastic deformation,

Alumina particles, having harder phases, are uniformly distributed in the Aluminum �eld and form a
particle-reinforced composite.

The trend of these curves shows the impact of friction stir processing on the hardness properties. As can
be seen, the highest average hardness is obtained for three processed samples, which is equivalent to 96
HV. This value is 2 times higher than the base case (48 HV). Overall, this test shows that friction stir
processing and the addition of alumina reinforcing particles have a positive effect on the hardness
behavior of the samples. 

The results of the tensile and hardness analysis can be summarized as follow:



Page 8/20

The yield and ultimate tensile strength of the processed samples have increased compared to the
unprocessed base metal. In general, the strength of this alloy will increase regardless of the presence
or absence of reinforcing particles after applying friction stir processing.

The samples' �exibility after friction stir processing has been reduced.

The micro-alumina composite showed more tensile and ultimate strength than the nano-alumina
sample. In addition, with an almost equal level of ductility, the micro-alumina sample gained more
toughness as opposed to the nano-alumina case.

 The processed samples became harder compared to the base alloy. In general, the hardness of
6061T6 Aluminum alloy will increase in the presence or absence of reinforcing particles after friction
stir processing.

3.3 corrosion test

A small segment of the specimens is selected for the corrosion test, perpendicular to the stir zone with
dimensions of 10 × 10 × 6 mm3. Before the test, the samples are polished with sandpaper and degreased
with acetone. After washing with distilled water, except on the intended surface, the rest are covered with
varnish. Then, to quantify the samples' response to corrosion, a corrosion test is performed with 60
minutes of immersion time in 3.5 weight percent NaCl solution (pH = 7) according to the standard of the
ASTM G5 electrochemical corrosion test. In this test, Calomel is selected as the reference electrode,
Platinum as the counter electrode, and the samples as the working electrodes.

The weight of the samples was measured before and after the corrosion test. The weight loss of the
samples is an indicator of the corrosion rate. 

The current produced in an electrochemical cell when corrosion occurs is known as the corrosion current.
The �ow of electrons from the anode (oxidation region on the surface) to the cathode (reduction region at
inner layers) is referred to as electrochemical corrosion. An electric current is generated in the system by
passaging electrons from the electronegative to the more electropositive regions. When electrons are lost
at the anode, oxidation reactions occur, causing the anode to degrade (corrode) while the cathode is
untouched. The size of the corrosion current is proportional to the potential difference in the system. That
is, the more signi�cant the potential difference, the higher the corrosion current generated, and hence the
more severe the anode corrosion rate. Furthermore, Corrosion resistance is a metal's ability to retain its
binding energy and withstand the degradation and chemical breakdown that would otherwise occur
during the corrosion.

The corrosion behavior of all cases is shown in Figure 5. These potentiodynamic polarization curves are
obtained using VersaSTAT4 software. In addition, the electrochemical parameters calculated from these
curves are listed in Table 3, along with the corrosion rate and resistance.

The quantities of corrosion current density, corrosion potential, and anodic and cathodic Tafel slopes
were calculated by drawing two tangential lines on the cathodic and anodic curves and one horizontal
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line from the point where the two curves meet. The horizontal coordinate of the attained intersecting point
denotes the corrosion current value, and the vertical coordinate indicates the magnitude of corrosion
potential.

The corrosion rates were calculated for the tested samples based on the weight loss method, which can

be de�ned as the amount of thickness loss due to corrosion each year ( ) [27].

Lower corrosion current density denotes a lower rate of corrosion. According to the results of �gure 5 and
table 3, the base metal has the lowest value of corrosion current density and corrosion rate and therefore
is more resistant to corrosion than other cases. Interestingly, friction stir processing has signi�cantly
decreased the corrosion resistance of the processed samples. This degrading behavior of friction stir
processing towards corrosion was also mentioned in the works of [28] and [29]. This behavior might be
due to the numerous dislocations in the stress-induced stir zone, which causes lattice deformations. The
solution would permeate these localized �aws, causing the protective layer to break down and produce
localized corrosion.

It is observed that by applying two processing passes to the alloy, the values of corrosion current and
corrosion rate increase, and the corrosion resistance decreases. 

Table 3

       Electrochemical parameters of polarization corrosion.

  Anodic 
Tafel
Slope 

Cathodic Tafel
Slope 

Corrosion
Resistance

Corrosion
Potential

Corrosion
Current 

 

Corrosion
Rate 

Base
metal

0.11 0.14 1390 -1.02  0.22

Nano-
alumina

0.18 0.11 512.3 -1.42  0.61

Powder-
free 

0.13 0.091 373.4 -1.43  0.72

Micro-
alumina

0.22 0.1 362.9 -1.434  0.84

3.3.1 Polarization behavior

In the anodic branch of the diagram, the corrosion current increases abruptly due to the presence of a top
layer on the alloy surface. In contact with the corrosive environment, some active metals suddenly
become incredibly resistant to corrosion. This is due to a phenomenon called chemical passivation. In
these situations, the metal goes through a reaction and creates a layer of very thin corrosion products
that is invisible and is a complete barrier that reduces corrosion by several orders of magnitude [30]. In
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the case of Aluminum and its alloys, a sticky oxide layer is slowly formed when the alloy is exposed to
the air. This adhesive oxide layer on the surface causes corrosion resistance in Aluminum
alloys. Considering all four samples, the corrosion resistance can be expressed as follow:

Base metal > Nano-alumina > Powder-free > Micro-alumina 

According to the electrochemical corrosion test, the base metal is approximately 342 % more resistant to
corrosion than the other composites. The powder-free and micro-alumina composites show almost a
similar corrosion behavior, while the nano-alumina composite results in 41 % higher corrosion resistance
compared to the other two composites. 

3.3 Fracture analysis

The fracture mechanism of the samples after the tensile test is discussed in this section. A ductile
fracture occurs in metals with profound ductility and high toughness, such as Aluminum. It begins with
germination, growth, and fusion of micro-holes near the cross-sectional center of the sample under tensile
stress. Void creation and coalescence, crack propagation, and failure are the main processes in ductile
fracture, which commonly result in a cup-and-cone-shaped failure surface. Microscopically, voids usually
form in the material around inclusions, secondary phases, and grain boundaries. On the other hand, in
brittle fracture, there is more minor degree of plastic deformation and energy absorption before the
failure.

Fractography images of the fracture surfaces are shown in Figure 6 for all cases. It can be understood
from �gures 6(a) and (b) that the base metal and the powder-free sample have failed softly during the
tensile test. Large and deep dimples, large shear-cut edges, and the roughness visible in these �gures are
characteristics of the ductile fracture. For the micro and nano-alumina samples, small and shallow
depressions, as well as a multitude of cleavage surfaces, can be seen in �gures 6(c) and (d), which
indicate a low/limited ductility failure class. For these two composites with additives, the inclusion
density in�uences the nucleation rate of micro-voids, resulting in a more signi�cant number of nucleation
sites and lesser growth potential. This, in turn, leads to a high void distribution density and more minor
size dimples, indicating reduced overall ductility. The Fractography images of fracture surfaces con�rm
the results of the tensile test that was presented in section 3.1. 

4. Conclusion
The mechanical properties and corrosion behavior of 6061T6 Aluminum alloy and three fabricated
composites from this alloy were experimentally investigated in this paper. The composites were made
during two passes of friction stir processing. Alumina powder () was used as reinforcing particles. These
composites included a powder-free sample, a micro-alumina sample, and a nano-alumina sample. The
hardness, tensile, and Potentiodynamic polarization tests were performed to compare the new samples
with the base metal. In addition, Fractography images of fractured surfaces were used to con�rm the
failure mode of the samples and the results reported by the tensile test.
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Based on the research conducted in this study, the following conclusions can be obtained:

The tensile tests show that friction stir processing has increased the tensile and ultimate strength of
the composites by an average of 181% compared to the base metal. Applying friction stir processing
changes the material's microstructure by re�ning grain distribution and eliminating the defects and
micro-voids. The strength of the composites with additives is affected by the size of the particles, as
the micro-alumina sample shows 42 % higher strength than the nano-alumina sample.

The processed samples have become harder than the base alloy by 200 %. In general, the hardness
of 6061T6 Aluminum alloy increases in the presence or absence of reinforcing particles after friction
stir processing.

The corrosion resistance of new samples has decreased, which can be due to the numerous
dislocations in the stress-induced stir zone, creating lattice deformations and causing the breakdown
of the passive protective layer. Nano-alumina sample is 41 % more resistant to corrosion than the
micro-alumina composite. 

Fractography images of the fracture surfaces show a ductile fracture mode for the base metal and
the powder-free sample with large and deep dimples and large shear-cut edges. However, For the
micro and nano-alumina samples, small and shallow depressions as well as a multitude of cleavage
surfaces were observed, which indicate a low/limited ductility failure class.

When choosing between microparticles or nanoparticles for the production of Aluminum-based
composites, the application's necessities should be considered. There is a clear trade-off between the
strength and the corrosion properties of these materials. The micro-alumina composite has 42 %
higher strength while 41 % less corrosion resistance than the nano-alumina composite.
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Figure 1

a) The image of processing and �xtures to hold the workpiece, b) Linear hole pattern for powder �lling, c)
Tools used in the present study.
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Figure 2

Dimensions of the tensile specimens a) According to ASTM E8/E8M standard [25], b) Before the tensile
test, c) After the tensile test.

Figure 3

Engineering Stress/strain diagram of the base metal and the composites.
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Figure 4

a) Schematic representation of hardness spots, b) Hardness test results of the base metal and the
processed samples.
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Figure 5

Potentiodynamic polarization curves of all cases.
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Figure 6

Fractography images of the fracture surface a) base metal, b) powder-free sample, c) micro-alumina
sample, d) nano-alumina sample. 


