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Abstract

Friction stir processing (FSP) is an effective technique for surface modification and grain refinement.
This method can be used to incorporate hard ceramic reinforcement into modified aluminum surfaces,
allowing for the fabrication of composites with enhanced properties. In this study, FSP was utilized
to fabricate surface composites of aluminum alloy 6061-T6 reinforced with zirconium-silicate
particles. The effects of tool rotational and traverse speeds, as well as the number of passes, on the
microstructural and mechanical properties of the composite specimens were investigated. The
corresponding strength, grain size, and microhardness of the specimens were evaluated and compared
with unprocessed and non-reinforced aluminum alloy. The scanning electron micrographs of the
specimen cross-section showed an excellent dispersion of zirconium-silicate particles in the
aluminum matrix, indicating the homogeneity of the aluminum composite and the success of the
applied FSP. The results showed that increasing the number of passes from one to four caused
microstructure refinement at the stir zone, resulting in enhanced tensile strength and hardness of the
produced composite. An optimum value of 1000 rpm and 20 mm/min for rotational and traverse
speeds was obtained. Consequently, a composite with improved mechanical properties was achieved
due to the formation and distribution of reinforcing zirconium-silicate particles.
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1. Introduction

In the FSP method a frictional heat and stirring action lead to microstructural modification, dynamic
recrystallization, and significant refinement in the nugget zone [1]. The frictional heat is caused by
the high-speed rotation of a cylindrical tool with a pin and shoulder that traverse forward. The FSP
involves severe plastic deformation and temperature increasing due to the frictional heating in the
near-surface layers of the metallic material. FSP also offers possibility of particle reinforcement
incorporation in the nugget zone to make a surface composite and creates a fine and equiaxed
microstructure. The FSP process parameters affect microstructure, mechanical properties and the
distribution of the reinforcing particles. Kwon and Saito [2] have reported improvement of hardness
and tensile strength of the friction stir processed (FSPed) 1050 aluminum alloy with decreasing of
the tool rotational speed. Nakata et al. [3] have used a multi-pass FSP to enhance the mechanical

89


https://dorl.net/dor/20.1001.1.27170314.2023.12.3.6.3

Zohreh Ebrahimi et al., Microstructural and Mechanical Characterization of Friction Stir Processed ..., pp.89-107

properties of an aluminum die casting alloy. Su et al. [4] have produced very fine grains in a
commercial 7075 aluminum alloy by a cooling rate-controlled FSP method. The effects of the friction
stir welding tool pin and rotational speed on the mechanical properties of the AA6061 aluminum
alloy has been studied by Elangovan and Valliappan [5]. They found that the joints fabricated using
the tool with square pin and rotational speed of 1200 rpm exhibited the more enhanced tensile strength
and hardness. Karthiakeyan et al. [6] have studied the microstructural properties of the FSPed cast
aluminum 2285 alloy under different rotational and traverse speeds of the tool pin and obtained
optimum FSP parameters to enhance strength and ductility of the processed material. Morishige et al.
[7] have treated the microstructure refinement in pure aluminum using the FSP method. They have
reported a minimum grain size at high strain rates of the FSP process. In another study, the mechanical
properties of multi-pass FSPed aluminum 6063 have been investigated with different overlapping
percentage [8]. This research revealed the negative effect of the overlapping percentage on the
strength and hardness of the FSPed specimens due to the dissolution of the hardening precipitates.
Devaraju et al. [9] have fabricated and tested aluminum alloy surface composites by incorporating
Silicon carbide (SiC) reinforcing particles via FSP. Their examinations indicated that the reinforcing
SiC particles are uniformly dispersed in the nugget zone. The effects of FSP parameters on the
microstructural and mechanical properties of aluminum 6082 is addressed by El-Rayes and El-Danaf
[10]. They observed an increase in the FSP dynamic recrystallization of the stir zone with increasing
the number of passes which leads to equiaxed grains with high angle grain boundaries. The corrosion
resistance of an FSPed AA5083 aluminum alloy has been studied by Rasouli et al. [11]. They found
that the FSPed specimens exhibited higher corrosion resistance compared with the base metal.
Alishavandi et al. [12] have applied FSP on AA1050 aluminum alloy and reported improved hardness
and tensile strength of the FSPed samples. Valeeva et al. [13] have studied the effect of the tool pin
length on the strength of the 2024 aluminum alloy processed with the FSP method. They obtained a
necessary and sufficient pin length that provides mixing throughout the thickness of the specimen.
Mirian Mehrian et al. [14] have investigated the effects of FSP parameters, such as the tool rotational
and traverse speeds, on the microstructural and mechanical properties of Al-Mg alloys. Their
investigations revealed significant grain refinement in the FSPed Al-Mg alloy.

Improving the material properties using the nanoparticles as reinforcement has attracted the attention
of many researchers recently [15-16]. The creation of a composite layer on the surface of metals and
alloys is a major application of the friction stir process. Producing a surface FSP composite on the
alloy substrate causes the excellent surface properties of the composites while maintaining the overall
mechanical properties of the base metal. Utilizing the FSP process has increased the application of
aluminum and its alloys in the aerospace, automotive, transportation, marine, structural construction,
and electrical industries. Soleymani et al. [17] have investigated the microstructural properties of the
FSPed AL5083 surface hybrid composite and reported a uniform distribution of reinforcing particles
inside the stir zone. Kumar et al. [18] have reviewed current studies regarding the effect of the FSP
process on the microstructure and mechanical properties of aluminum alloys and their composites.
Moustafa et al. [19] have applied the FSP process to fabricate a surface composite layer of AL2024
alloy reinforced with various nanoparticles. They incorporated reinforcement particles into double
and triple hybrid composites and determined the most effective combination for a significant
improvement in the hardness and wear properties. Liu et al. [20] have fabricated novel graphene-
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aluminum composites by the FSP process. They observed a large number of graphene-aluminum
nano-clusters embedded in the grain interior of the aluminum matrix with a semi-coherent bond
between graphene and aluminum. Huang et al. [21] have produced and characterized particle-
reinforced aluminum matrix composites using FSP. They found that increasing the volume fraction
of tungsten carbide particles enhances the strength and hardness but decreases the ductility of the
processed materials. In another study, the AA6061-Al3Fe cast aluminum matrix composites were
prepared by adding iron particles to an aluminum matrix using the FSP process [22], where a
homogeneous distribution of the iron particles in the produced composite is found. Madhu et al. [23]
have developed an AL-TiO2 nanocomposite using the FSP process. Their results revealed that the
particle refinement and dispersion lead to a homogeneous matrix with higher mechanical properties.
Many surface composites have been fabricated by FSP incorporating SiC particles [24]. Asadi et al.
[25] have used FSP to produce SiC/AZ91 composite layers at different process parameters. They
found that FSP is an effective method to fabricate sufficiently refined and uniform composite layers.
Dolatkhah et al. [26] have investigated the microstructure and mechanical properties of FSPed
AA5052 aluminum alloy reinforced with SiC particles. They found optimum values of the tool
rotational and traverse speed and SiC particle size to achieve the desired wear resistance and hardness
of the FSPed specimens. Zuhailawati et al. [27] have developed a surface composite using FSP of
AA6061-T6 aluminum alloy reinforced with amorphous silica. The hard silica particles restricted the
grain growth of the aluminum matrix and caused a slight increase in the hardness of the produced
composite. Sharma et al. [28] have produced defect-free metal matrix composites and improved the
wear resistance of the 7075 aluminum alloy reinforced with boron carbide particles using friction stir
processing. Khethier Abbass and Baheer [29] found that the addition of SiC particles to AA6061-T6
improves the hardness and wear properties of the fabricated surface composites as compared to the
processed specimens without reinforcing SiC particles. Dwivedi et al. [30] have produced the surface
AA5083 composite via the FSP process using a mixture of SiC and other metal powder. They
performed microstructural characterization to study various zones of the FSPed specimens and
observed that grain size varies from one zone to another and enhances the mechanical properties of
the FSPed samples. Subramani et al. [31] have used the FSP process to make a hybrid composite from
AAG6061 reinforced with B4C and SiC particles. They have observed a uniform distribution of SiC-
B4C elements in the FSPed AA6061 matrix. Ande et al. [32] have applied the FSP process to produce
7075-T651 aluminum alloy surface composites with SiC particles as reinforcement. They found that
the average hardness of the stir zone of composite samples is higher than that of the base metal.

Ceramic particles with good hardness and wear resistance are considered potential reinforcements
which include carbide (SiC), alumina, boron carbide (B4C), graphite, quartz, and zirconium silicate
(ZrSi04) [33]. Among these, zirconium silicate is a very promising reinforcement in light metals
especially where improved mechanical and wear properties are required [34]. Also, zirconium silicate
is known to exhibit high hardness, strength, density, fracture toughness, chemical inertness, and wear
resistance with a low coefficient of thermal expansion which makes it suitable for enhancing
aluminum alloy properties in automobile industries and construction applications [35]. A review of
the effect of ZrSiO4 on the mechanical properties of aluminum composites is reported which indicates
that ZrSiO4 can be applied to improve the ultimate tensile strength and hardness of aluminum alloys
[36]. Aluminum A356/ZrSiO4 metal matrix composite has been fabricated by Kumar et al. [37] by
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using the stir casting method. They concluded that the reinforcement addition improves the wear
resistance of the composite and is suitable for cylinder blocks in automobiles. The addition of ZrSiO4
improves the bonding strength of the matrix-reinforcement interface, which enhances the composite
hardness [38]. Moreover, the test samples T6 heat treatment carried out by Fabrizi et al. [39] have
significantly affected the composite. Dhuruva Maharishi et al. [40] prepared aluminum 365 alloy
metal matrix composite by stir casting method at four different weight fractions of the ZrSiO4
reinforcement particles. They found an optimum value of 5 percent of particle weight fraction and
observed a ductile fracture mode in the composites having 3 and 5 wt% ZrSiO4 ceramic particles.
Most of the mentioned literature has considered silicon or boron carbide as reinforcement to produce
FSPed aluminum surface composites. Rahsepar and Jarahimoghadam [41] have used ZrSiO4 particles
to produce aluminum AA5052 surface composite using the FSP process. They investigated the
mechanical and corrosion behavior of the FSPed composites for different friction stir pass numbers.
They enhanced the composite performance by increasing the number of the FSP passes to three. To
the best of the author’s knowledge, the FSP process of aluminum AL6061 alloys to produce surface
composites using reinforcing zirconium-silicate particles has not been reported in the literature.
Aluminum AL6061-T6 is used widely in the automotive, aerospace, and food industries due to its
high strength-to-weight ratio and good fatigue resistance. The wing and fuselage of small aircraft,
wheel spacer of automobiles, and packing cans of food-stuffs are made of AL 6061 alloy. In this
research, the FSP process of aluminum alloy 6061-T6 (AL6061-T6) is performed using zirconium-
silicate particles as reinforcement. The ZrSiO4 reinforcing particles are used to create the surface
composite layer. A complete parameter study has been performed to investigate the microstructure
and mechanical properties of the resulting composites. The effects of process parameters, such as tool
rotational and traverse speeds, tool pin type, and the number of welding passes, on the strength and
hardness of the AL6061-T6 alloy, are determined. The grain size, microhardness, and tensile strength
of the produced composite layer are obtained for different process parameters.

2. Materials and Methods

The base material in this study is aluminum alloy 6061-T6 with a thickness of 5 mm. The chemical
composition of the base material is reported in Table 1. The samples are cut with dimensions of
142x42 mm. The ZrSiO4 powder is filled into a groove of 1x2 mm created in the center of the
specimens in the longitudinal direction, as shown in Figure 1. Before the FSP process, the specimens
are cleaned and placed in the milling machine fixture.

Table 1. Chemical composition of the AL6061-T6 plate (weight percent %)

Al Fe Mg Cr Cu Zn Ti Si
Base 0.26 0.88 0.16 0.23 0.03 0.01 0.69
Mn Ni \% Zr Sh Pb Be pb

0.0248 0.005 0.02 Trace 0.0018 0.0011 Trace 0.003
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(b)
Figure 1. Aluminum plate and the groove on its surface a) AL6061 plate, b) schematic of the plate and the groove (all
dimensions are in mm)

The zirconium-silicate powder with an average size of 5 um and one gram per specimen is used as
reinforcing particles. The threaded cylindrical pins are the most suitable tools for the FSP process of
aluminum alloys. First, a no-pin tool is used to trap zirconium-silicate particles inside the groove
(Figure 2a) and then a tool with a simple shoulder and a threaded pin is used to perform the FSP
process (Figure 2b). The H13 steel tools are used in this study, and their dimensions are shown in
Figure 2c. The tool rotational speed (Vrs) and traverse speed (Vs) are changed from 800 to 1600
rpm and 16 to 63 mm/min, respectively. The tilt angle is 3" and a penetration depth of 1 mm is applied.
The specimen after the FSP process is shown in Figure 2d. Different numbers of passes are used to
prepare the FSPed samples. A complete parameter study is carried out by applying different pass
numbers and traverse and rotational speeds.
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Figure 2. a) No-pin tool, b) tool with a threaded pin used for the FSP, ¢) schematic of the FSP tool (all dimensions are in
mm) d) the specimen after the FSP process

After the FSP process, the specimens are cut in the traverse direction for microstructural studies. The
composite surfaces of the FSPed specimens are prepared by standard polishing and etching techniques
according to mechanical grinding on SiC emery papers up to grade #2522. This procedure is followed
by polishing with 2.3 um alumina powder. The material structure is etched with a solution containing

50 ml Poulton’s chemical reagent, 5 gr NaF, and 2 gr NaOH. Then, the resulting composite
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microstructure and the distribution of the ZrSiO4 particles in the stirred zone are investigated by
optical microscopy.

Vickers hardness tester with a load of 52 g at a distance of 1.5 mm from the upper surface of the
rectangular samples has been used to evaluate the microhardness of the FSPed specimens. The
microhardness tests are performed on longitudinal lines at 0.5 mm consecutive points. The KOOPA
hardness tester is used for microhardness evaluations.

Next, the tensile tests are carried out according to ASTMES/E8M-09 standard using a
STMSANTAM-250 machine at a strain rate of 10 sX. Tensile samples are machined from the surface
of the composite normal to the FSP direction. using a wire electric discharge machine, and the
schematics of dimensions and the specimens after the tensile tests are shown in Figure 3.
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(b)
Figure 3. a) Schematic of the tensile test specimen (all dimensions are in mm), b) the fractured samples after the tensile
tests

The dispersion of the zirconium-silicate particles is observed by the scanning electron microscope
(SEM) at a fractured cross-section of a tensile test specimen with four passes, Vst =20 mm/min and
VRrs = 1000 rpm. A model of the TESCAN-Vega3 scanning electron microscope manufactured by
TESCAN Company (Czech Republic) placed at the central laboratory of Shiraz University is used.
The specimen for the observation is cut from the central part of the tensile test specimen. The surface
of the specimen was cleaned and polished with alumina powder and was slightly coated with gold for
the SEM observation.

3. Results and Discussion

First, the microstructure of the FSPed aluminum alloy reinforced with zirconium-silicate particles is
investigated. Figure 4 shows the SEM images of the tensile test specimen with four passes, Vs = 20
mm/min and Vrs = 1000 rpm. The fractured cross-section of the specimen exhibits excellent
dispersion of the ZrSiO4 particles.
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Figure 4. SEM image of the fracture surface of the tensile test specimen at magnifications of a) 500X and b) 2000X

The boundary between the base metal and the stir zone (SZ) is distinguished in Figure 5, where the
FSP process has led to grain refinement in the SZ. The grain refinement in the stir zone can be
attributed to large strains, the resulting dynamic recrystallization, and the pinning effects of the
ZrSiO4 particles. On the other hand, using zirconium-silicate particles with a very low thermal
conductivity causes an increase in temperature in the region and an annealing effect, which increases
the grain size. However, the grain refinement is controlled more by the pinning effects of the ZrSiO4
particles.
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Figure 5. The stir zone microstructure of the FSPed AL6061-T6/ ZrSiO4
Next, the effects of the FSP parameters on the grain size of the AL60601/ZrSiO4
composite are investigated. Figure 6 shows the SZ microstructure of the FSPed specimens
with four passes, Vrs = 20 mm/min, and different tool rotational speeds, i.e. Vrs = 800,
1000, 1250, and 1600 rpm. It can be seen that with increasing Vrs, the average grain size
has increased. The dynamic recrystallization increases with tool rotational speed, due to
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the increase in tool stir effects and material flow. On the other hand, the inlet temperature
of the specimen increases with increasing the tool stirring effect. Hence, the effect of the
annealing overcomes the recrystallization effects, and the grain size increases. The FSPed
specimen with four passes, Vis = 20 mm/min and Vgrs = 1000 rpm has the grain size of
about 3 pm and increases to 5 um by increasing Vrs to 1600 rpm. However, further SEM
investigations are required for a more accurate evaluation of the grain size, which is
beyond the scope of the present study.

© - ()
Figure 6: The microstructure of the stir zone of the FSPed samples with different FSP tool rotational speeds, a) 800,
)1000, c) 1250, d) 1600 rpm

Figure 7 shows the SZ microstructure of the FSPed composite specimens with four
passes, Vrs = 1000 rpm, and different traverse speeds, i.e. Vts = 16, 20, 40, and 63
mm/min. The smallest grain size (about 3 pm) is obtained for Vrs = 20 mm/min as shown
in Figure 7b. In Figures 7c and 7d, the grain size has increased to about 6 pm. In Figure
7a, which has the lowest traverse speed (V1s = 16 mm/min) and the highest heat
generation, the phenomenon of dynamic recrystallization and grain growth has occurred.
In other words, small grains were initially created, but these grains have grown larger due
to the high heat and sufficient time, which was provided because of the low traverse
speed. In Figure 7b, the heat has decreased slightly. Hence, only dynamic recrystallization
has occurred and the grains have become smaller, but grain growth has not happened. In
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Figures 7c and 7d, the heat has decreased significantly with the increase in traverse speed,
and the phenomenon of dynamic recrystallization has not occurred at all or has taken
place to a small extent. Hence, the grains have remained coarse, like the initial grains.
Moreover, the highest tensile strength and strain, which are among the characteristics of
small grains, belong to V1s = 20 mm/min in Figure 7b. Therefore, the tensile strength,
hardness, and strain will increase initially with the increase in traverse speed and then,
they will decrease with a further increase in the traverse speed. The effect of V1s on the
mechanical properties of the FSPed samples of AL60601/ZrSiO4 composite is discussed
in more detail in the continuation of the present study.

(c) (d)
Figure 7. The microstructure of the stir zone of the FSPed samples with different FSP tool traversing speeds, a) 16
mm/min, b) 20 mm/min, ¢) 40 mm/min, d) 63 mm/min

The effect of pass number on the microstructure of the FSPed composite specimens has also been
studied. Figure 8 shows the SZ microstructure of the FSPed AL6061-T6/ZrSiO4 composites, for 1,
2, and 4 passes with V1s = 20 mm/min and Vrs = 1000 rpm. As can be seen, the grain size of the
composite produced with four passes has decreased compared to the single pass. As the number of

passes increases, the size of the zirconium-silicate particles becomes smaller due to the significant
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mechanical stresses in the SZ. Hence, a severe recrystallization occurs and the grain size reduces.
Moreover, increasing the pass number causes a better distribution of the ZrSiO4 particles in the base
phase, which increases the pinning effect of the zirconium-silicate particles and reduces the grain
size. The grain size has decreased from approximately 8 um to 3 um by increasing the pass number
from one to four.

(c)
Figure 8. The microstructure of the stir zone of the FSPed samples with Vrs = 1250 rpm, Vs = 20 mm/min, and
different numbers of passes, a) 1, b) 2, and c) 4 passes

Microhardness evaluation is performed before and after the FSP process. Figure 9 shows the
microhardness curve of the composite produced with Vrs = 1000 rpm, Vs = 20 mm/min, and one
pass. Comparing it with the unprocessed AL6061-T6 microhardness curve shows that the use of
zirconium-silicate particles as reinforcement in the FSP process increases significantly the hardness
of the AL6061-T6/ZrSiO4 composite. Moreover, the microhardness in the SZ has increased
significantly, which can be attributed to the reduction of the ZrSiO4 particle size due to mechanical
recrystallization and the high rotational speed of the FSP tool. Each particle of the base metal material
is forced to rotate in a larger direction with a rotating tool and withstand more strain. Zirconium-

99



Zohreh Ebrahimi et al., Microstructural and Mechanical Characterization of Friction Stir Processed ..., pp.89-107

silicate particles have high hardness, so further mixing and homogenizing of these materials with
aluminum particles will cause high hardness.
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Figure 9. Microhardness of the AL6061-T6/ZrSiO4 composite with and without FSP

Various factors control the hardness of the FSPed metal matrix composites, including mechanical
recrystallization, pinning, and annealing [42]. The effects of the FSP parameters on the microhardness
of the AL6061-T6/ZrSiO4 composites were discussed in Figure 10. Figure 10a shows the
microhardness curve of the composite produced with four passes, V1s = 20 mm/min, and different
VRs, i.e., 1000, 1250, and 1600 rpm. At higher rotational speeds, the microhardness curves show
fewer fluctuations compared to the case with lower rotational speeds, due to the better distribution of
zirconium-silicate particles and production of a more homogeneous composite structure. Further
reduction of the grain size and the increase in the resistance of zirconium-silicate particles against
grain boundary movements, leads to an increase in the hardness of the samples. On the other hand,
by increasing the tool rotational speed, the annealing effect overcomes other factors and increases the
average particle size in the SZ. Therefore, the hardness decreases with increasing rotational speed.
VRrs = 1000 rpm is an optimum value in this study. Figure 10b shows the microhardness changes of
the FSPed composites with four passes, Vrs = 1000 rpm, and different traverse speeds of Vs = 16,
20, 40, and 63 mm/min. As the tool advances faster, the hardness of the specimen decreases. The
reduction of the tool traverse speed leads to better distribution and separation of the zirconium-silicate
particles in the ground phase, which increases the pinning effect of reinforcing particles and causes
grain refinement. At lower traverse speeds, due to higher inlet heat, the annealing effect is more
significant. At higher traverse speeds, the dynamic recrystallization overcomes other factors, due to
the more intense particle dispersion, and the grain size reduces. However, as the tool traverse speed
gets larger values, the annealing effect overcomes other factors, such as dynamic recrystallization,
which increases the average particle size in the SZ. An optimum traverse speed of 20 mm/min is
obtained in this study.

The effect of the pass number on microhardness behavior has also been studied. Figure 10c shows
the SZ microstructure of the AL6061-T6/ZrSiO4 composite with 1, 2, and 4 passes at Vrs = 1000
rpm and Vrs = 20 mm/min. As depicted in Figure 10c, the microhardness of the composite has
increased by increasing the number of passes. Plastic deformation intensifies the dynamic
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recrystallization phenomenon and causes grain refinement as the pass number increases. The
formation of different intermetallic phases, the better distribution of zirconium-silicate particles, and
grain boundary resistance have reduced the grain size and increased the microhardness. It should be
noted that with increasing the number of passes, the average grain size decreases rapidly at first, and
then the speed of this process decreases.
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Figure 10. Microhardness of the AL6061-T6/ZrSiO4 composite with a) different tool rotational speeds, b) different tool
traversing speeds, and c) different pass numbers

Significant changes in the strength behavior of the FSPed samples are observed in the AL6061-
T6/ZrSiO4 composite. The size of the grains is reduced, elongation is decreased and a brittle failure
is obtained during the tensile tests. In all investigated specimens, fracture occurred due to the crack
propagation, and no choking was observed. It indicates the presence of continuous points for crack
nucleation and propagation. These points can be porosities in the composites or possible points of the
ZrSiO4 particle accumulation.

First, the effect of tool rotational and traverse speeds on the tensile strength is investigated. Figure
11a shows the stress-strain curve of the composite produced with four passes, Vts = 20 mm/min, and
different rotational speeds of Vrs = 800, 1000, 1250, and 1600 rpm. It can be seen that the ultimate
strength of the base metal has increased in all samples. The ultimate strength of the FSPed aluminum
composite, reinforced with zirconium-silicate particles, is higher than unprocessed aluminum in all
cases. However, by increasing the rotational speed, the annealing effect overcomes other factors and
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increases the particle size of the composite. Therefore, with increasing grain size, the ultimate tensile
strength (UTS) decreases according to the Hall-Patch relationship. Hence, the ultimate tensile
strength at Vrs = 1600 rpm has the lowest value. Among the selected rotational speeds, Vrs = 1000
rpm has recorded the highest tensile strength compared to other cases.

Figure 11b shows the stress-strain curves of the FSPed composites with four passes Vrs = 1000 rpm
and different traverse speeds, i.e. V1s = 16, 20, 40, and 63 mm/min. As the tool progresses faster, the
ultimate tensile strength of the specimens decreases. The reduction of tool traverse speed leads to the
better distribution and separation of zirconium-silicate particles in the base metal and intensifies the
pinning effects. Therefore, the grain size is reduced. At lower traverse speeds, the annealing effect is
more significant, due to higher inlet heat. However, the pinning effect dominates other factors,
because of more intense particle dispersion. Hence, dynamic recrystallization leads to the grain
refinement. The effect of the pass number on the tensile strength is illustrated in Figure 11c. Constant
traverse and rotational speeds of VTS = 20 mm/min and VRS = 1000 rpm are chosen and the pass
number is varied from one to four. It can be seen that by applying the FSP process in different passes,
the yield stress of the SZ generally increases. An increase in the number of FSP passes increases the
temperature and strengthens the bonds between the base phase and the reinforcing particles. Due to
the homogeneous and uniform distribution of the reinforcing particles, the volumes of the dislocations
and porosities are reduced. Hence, the pinning effect increases and the accumulation of the zirconium-
silicate particles reduces. Therefore, the possibility of failure decreases. Using four passes was ideal
in the FSP process of AL6061-T6/ZrSiO4 composites.
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Figure 11. Stress-strain curves of the AL6061-T6/ZrSiO4 composite with a) different tool rotational speeds, b) different
tool traverse speeds, and c) different pass numbers

102



Journal of Modern Processes in Manufacturing and Production, Volume 12, No. 3, Summer 2023

Table 2 shows comparisons of previous studies carried out on FSP applications for the fabrication of
aluminum metal matrix surface composites. The results of the present study are compared with those
of references [9,23,41,43]. The table shows the values of the ultimate strength and hardness of FSPed
surface composites with aluminum as the base metal and different reinforcing particles. The strength
and hardness of the AL6061-T6/ZrSiO4 composites produced in this study are significantly larger
than those of other studies. The FSP reinforcing of AL6061-T6 with ZrSiO, particles in the present investigation
gives rise to increasing the strength and hardness more efficiently than using SiO, and graphite [9].
According to the present study, such an order of enhancement of mechanical properties is obtained
by using 5 um ZrSiO4 particles in AL6061-T6 alloy.

Table 2. Comparisons of various studies performed on surface composite fabrication of aluminum alloys using FSP
V1s Hardness

Base metal Reinforcement UTS (MPa) Ref.
(rpm) HV
AL6061-T6 ZrSiOy 1000 470 137 Present
AA5052 ZrSiOy 1000 236 97.5 [41]
AA6082 Y203+Gr 1200 300 130 [43]
AL pure TiO; 1200 145 - [23]
AL6061-T6 SiO+Gr 1120 186 89 [9]

4. Conclusion

In this research, the FSP process of aluminum 6061-T6 alloy was successfully performed. The effect
of zirconium-silicate reinforcing particles on the microstructure and mechanical properties of the
AL6061-T6/ZrSiO4 composite, including microhardness and tensile properties, was investigated.
Excellent dispersion of ZrSiO4 particles in the aluminum matrix is observed in the SEM micrographs
of the fractured surface of the tensile test specimen. This indicated that the composite material is
homogenous and the composite fabrication was successful. The obtained results are as follows:

- Microscopic examination of the FSPed region and the base metal by optical microscope has
shown that the average grain size in the stirred zone is smaller than the base metal. Therefore,
the fabricated composite had a more homogeneous structure and less porosity.

- The zirconium-silicate reinforcing particles have filled the small pores in the base metal and
thus increased the hardness.

- The use of zirconium-silicate reinforcing particles increased the mechanical crystallization
and resulted in grain refinement in the SZ. Thus, it increased the tensile strength.

- The 1000 rpm rotational speed had better mechanical properties than other speeds.

- The use of 20 mm/min traverse speed increased the mechanical properties compared to other
cases, which was attributed to increasing the dynamic recrystallization, pinning effects, and
good distribution of ZrSiO4 particles in the base metal.

- Increasing the pass number caused a more homogeneous microstructure and a better
distribution of reinforcing particles and hence increased the strength of the stirred zone. The
yield strength of the base metal increased from about 290 MPa to 430 MPa using the FSP
process of AL6061-T6 reinforced with ZrSiO4 particles.
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