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Abstract: An improved method of friction stir processing (FSP) was introduced for the processing of AZ91 magnesium
alloy specimens. This novel process was called “friction stir vibration processing (FSVP)”. FSP and FSVP were utilized
to develop surface composites on the studied alloy while SiC nanoparticles were applied as second-phase particles. The
effect of reinforcing SiC particles with different sizes (30 and 300 nm) on different characteristics of the composite
surface was studied. The results indicated that the microstructure was refined and mechanical properties such as
hardness, ductility, and strength were enhanced as FSVP was applied. Furthermore, it was concluded that the effect of
reinforcing particles with a size of 30 nm on the microstructure and mechanical properties of the surface composite was
more obvious than that of particles with a size of 300 nm. It was also found that mechanical properties and
microstructure of FSV-processed specimens were improved as vibration frequency increased. The hardness value in the
stir zone was about 157 MPa for the FSV-processed specimen at a vibration frequency of 50 Hz, while this value was
around 116 MPa for the FSV-processed specimen at a vibration frequency of 25 Hz.
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processes and it is an effective technique to refine
the texture of the light-weight alloys such as
aluminum and magnesium through dynamic

1 Introduction

Magnesium alloys are known as the lightest
materials among different alloys applied around the
world, and they are used widely in different
industries namely the transportation and aero-
space [1—3]. However, their poor ductility because
of the hexagonal closed-pack (HCP) crystal
structure causes a distinct restriction to using in
different applications. Therefore, several studies
have been carried out to improve the formability of
magnesium alloy through texture and grain size
modification [4—8]. Friction stir processing (FSP) is
an example of severe plastic deformation (SPD)

recrystallization [9,10]. In FSP, a rotating tool,
including a shoulder and a pin, is used. While the
pin penetrates into the workpiece, the shoulder
contacts the metal surface. Because of the contact
between the tool and the workpiece, heat is
produced, and the material of the sample
surrounding the tool is softened. This material is
locally stirred by the pin, and the microstructure
within the stir zone is processed [11-15].

During FSP, the fine grain size in different
ranges from nano-size to micro-size in the
processed zone can be achieved. ABBASI et al [16]
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analyzed the influences of two reinforcing particles,
namely SiC and AL,O; particles, on the mechanical,
tribological and corrosion properties of surface
composites developed on AZ91 magnesium alloy
by FSP. It was indicated that specimens including
SiC particles had higher strength, ductility, and also
better corrosion resistance than those including
Al O; particles. THAPLIYAL and DWIVEDI [17]
studied the effect of FSP on microstructure and
tribological behavior of the cast nickel aluminum
bronze (C95500) alloy. They found that a fine
equiaxed grain microstructure was developed in the
stir zone by application of FSP and also by addition
of the graphite particles, wear properties were
improved by about 43% and 52% in comparison
with both FS-processed specimen and as-cast
surface, respectively. SAINI et al [18] analyzed the
microstructure and wear behavior of Zn- and
MoS;-reinforced surface composite developed by
FSP on AIl-Si alloy. They reported that UTS
(ultimate tensile strength) of MoS,-reinforced Al—Si
alloy was about 115 MPa and that of Zn-reinforced
composite was about 85 MPa.

Recently, much has been done to improve
the FSP technology [19-21]. MOUSAVIZADE
et al [22] applied the laser to heat a localized region
ahead of the FSP tool to provide sufficient plasticity
during the FSP of the IN738LC superalloy. They
found that laser-assisted friction stir processing
(LAFSP) resulted in a defect-free stir zone and
additionally, it led to ductility increase. They also
found that LAFS-processed specimens had a
coarser grain size in the stir zone compared with
FS-processed specimens. KUMAR [23] designed a
setup for applying vibration to the tool during FSP
by ultrasonic waves. This method is entitled to
ultrasonic-assisted friction stir processing (UaFSP).
He studied the effects of UaFSP on microstructure
and mechanical properties of processed specimens.
He realized that ultrasonic vibration generated high
heat in the stir zone and caused intense plastic
deformation and improved the material flow.
Higher ultimate tensile strength (UTS) and hardness
were observed for the UaFS-processed specimens
compared with the FS-processed specimens.
BARADARANI et al [24] studied the effect of
UaFSP on microstructure, corrosion behavior and
mechanical properties of AZ91 magnesium alloy.
The results revealed that the corrosion current
density of UaFS-processed specimens was about

2.09 pA/em’, while it was about 3.42 pA/cm® for
FS-processed specimens. They found that UaFSP
altered the morphology and distribution of the
[-Mg;Al;, phase and led to a better distribution of
this phase compared to FSP.

There are significant drawbacks with respect
to applying ultrasonic vibration to the tool during
FSP, such as expensive equipment and additionally,
it needs enough skill to work with the machine. To
address these problems, a new modified version of
FSP entitled “friction stir vibration processing
(FSVP)” was introduced. In this method, the
workpiece is vibrated mechanically through the
camshaft mechanism. FSP and FSVP were applied
to developing the surface composite on AZ91
magnesium alloy by incorporation of SiC particles.

2 Experimental

AZ91 magnesium alloy sheet with a thickness
of 3 mm and the following chemical composition
(wt.%): Al, 9.1; Zn, 0.68; Mn, 0.21; Si, 0.085; Fe,
0.0029; Cu, 0.0097; Ni, 0.001; Mg, the balance was
used as the base metal matrix. The as-received
microstructure of the base metal is presented in
Fig. 1. The base metal alloy included a-phase and
aluminum-rich f-phase (Mg;Al;) precipitates
along the grain boundaries (Fig. 1).

Fig. 1 Microstructure of as-received AZ91 magnesium
alloy

Rectangular specimens with dimensions of
200 mm x 100 mm were prepared from the base
metal sheet and V-shape grooves, with a depth of
1.5 mm and groove opening width of 2 mm, were
cut on the surface of specimens along the length.
SiC nanoparticles with different dimensions, 30 and



Behrouz BAGHER]I, et al/Trans. Nonferrous Met. Soc. China 30(2020) 905-916

300 nm, were utilized as reinforcing particles. The
particles were filled in the grooves. The same mass
of particles, (0.06+0.002) g, was applied for each
specimen. Before filling the grooves, the specimens
were carefully deburred and cleaned to remove oil
and debris by ethanol.

FSP and FSVP were carried out by a milling
machine. For FSP, the specimens were fixed on a
fixture and the fixture was installed on the milling
machine. For FSVP, the specimens were fixed on
the fixture and the fixture was installed on a
machine designed and manufactured by the authors
to vibrate the working specimens normal to tool
transverse direction. A view of this machine is
presented in Fig. 2. The machine works based on
the camshaft mechanism. The rotating movement of
a motor shaft is transformed into the linear and
reciprocating movement of a vibrating plate
through a camshaft. The vibration frequency is
controlled by a driver and the vibration amplitude is
0.5 mm. In this work, vibration frequency, tool
rotational speed, and tool transverse speed were
20 Hz, 1250 r/min, and 95 mm/min, respectively.
The tilt angle of the tool was 2° and the tool had a
clockwise rotation.

Two-pieces tool consisting of a shoulder and a
pin was used for FSP and FSVP. The schematic
design of the tool can be found in Ref. [25]. The
shoulder and pin were prepared from M2 steel and
carbide tungsten, respectively. To encapsulate the
particles within the grooves, prior to FSP and FSVP,
the surface of the specimens, in the groove position,
was rubbed by a pin-less tool. This impeded the
escape of particles from the groove during FSP and
FSVP.

Metallography samples were prepared from

Camshaft

Fig. 2 Schematic view of machine used for FSVP

907

the cross-sections of the processed specimens, and
they were subjected to grinding, polishing, and
etching. The test sections were mounted and
manually ground with emery papers (80—2400 grit)
and carefully polished using alumina powders with
a size of 0.03 pum. The surfaces were etched by an
etchant containing acetic acid (5 mL), nitric acid
(7 mL), water (10 mL), picric acid (6 g), HCL
(5 mL), and ethanol (100 mL) for 3—5 s. Scintag
XDS2000 X-ray diffractometer was used to analyze
X-ray diffraction (XRD). The scanning electron
microscopy (SEM) and optical microscopy (OM)
were used to observe the distribution of nano-sized
SiC particles, material flow, and microstructure. In
this study, JEM—2200FS TEM at 200 kV was
applied to TEM analysis of processed samples.
Mechanical properties of the processed
specimens were assessed using a uniaxial tensile
test based on ASTM-ES8 standard test [26]. Tensile
test specimens were cut from the processed
specimens employing wire electrical discharge
machining (EDM) technology. The tensile test
specimens were normal to the processing line and
the stir zone was positioned in the middle and in the
gauge section. Tensile tests were applied at room
temperature by Instron tensile test machine with a
strain rate of 1x107°s™'. Three specimens were
evaluated for each processing condition. The linear
intercept method [27] was applied to measuring the
grain size. To measure the grain size, a square of the
selected area (400 um x 400 pm) was overlaid on a
micrograph and the numbers of grains including the
grains completely within the area and one half
of the number of grains intersected by the
circumference of the area were counted. Assuming
that the grains are circular, the number of grains per

Workpiece
Tool
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unit area was calculated and then, the average
diameter of the grains was estimated. Vickers
hardness (HV) technique was utilized to measure
the microhardness of the processed specimens.
Microhardness tests were performed on polished
samples using a programmable hardness test
machine. The load was 1 N and the dwell time was
10 s. For each processing condition, stir zone
microhardness was measured three times and the
mean value was reported.

3 Results and discussion

3.1 Microstructure

The  microstructures  showing  particle
distribution for FS- and FSV-processed specimens
are presented in Fig. 3. It is observed that particle
distribution of FSV-processed specimens is more
homogenous than that of the FS-processed
specimens and more agglomerates are observed for
FS-processed specimens.

It is also observed in Fig. 3 that particle
distribution homogeneity for small particles
(30nm) is better than that for large particles
(300 nm). It is believed that material deformation
during FSVP is higher than that during FSP.
Workpiece vibration during FSVP, in addition to
tool rotation and transverse motion, increases the
material deformation in the stir zone. As a result,
the particles are distributed more homogenously
and less agglomerates occur during FSVP compared
with FSP. Additionally, the motion of the material in

the stir zone, during FSP and FSVP, transfers the
small particles more easily than the large particles.
So, small particles are distributed more
homogenously than large particles.

Microstructures of stir zones for FS- and
FSV-processed specimens are presented in Fig. 4. It
is observed in Fig. 4 that grains for FSV-processed
specimens are smaller than those for FS-processed
specimens. This can be related to the role of
vibration in FSVP. It has been known that dynamic
recrystallization (DR) is the main reason for the
grain refinement during FSP [28,29]. Material
deformation in the stir zone generates dislocations
and the density of dislocations increases as
deformation increases [30]. High heat due to
friction between tool and workpiece brings the
possibility for the dislocations to move and arrange
sub-grain boundaries and form low angle grain
boundaries (LAGBs) with misorientation angels
less than 15°. As deformation proceeds,
misorientation angle increases and LAGBs change
to high angle grain boundaries (HAGBs), and
therefore grain refinement occurs [28]. In FSVP,
due to the vibration effect of the workpiece,
material deformation is higher than that in FSP.
Correspondingly, more dislocations are produced,
more intensified DR occurs and finer grain grains
are developed.

3.2 Mechanical properties
Figure 5 shows the stress—strain curves of the
base metal, FS- and FSV-processed samples under

Fig. 3 Microstructures of different specimens showing particles distribution: (a) FSP with 300 nm SiC particles; (b) FSP
with 30 nm SiC particles; (c) FSVP with 300 nm SiC particles; (d) FSVP with 30 nm SiC particles
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Fig. 4 Microstructures of stir zones in different samples: (a) FSP with 300 nm SiC particles; (b) FSP with 30 nm SiC
particles; (¢) FSVP with 300 nm SiC particles; (d) FSVP with 30 nm SiC particles
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Fig. 5 Stress—strain curves of processed samples with
different processing conditions and base metal

different processing conditions. Table 1 shows the
elongation, tensile strength, and formability index
of the specimens for both FSP and FSVP methods.
It can be seen from data that the strength and
ductility values of FS- and FSV-processed
specimens are greater than those of the as-received
specimen. The lower grain size of processed
specimens, as well as the presence of second-phase
particles, is the main reason for higher mechanical
properties of processed specimens with respect to
as-received specimens. As grain size decreases, the
volume fraction of grain boundaries increases.
Grain boundaries and second-phase particles inhibit
the movement of dislocations and increase the
strength [31].

The lower stir zone grain size and the more

Table 1 Mechanical properties of FS- and FSV-processed
specimens under different conditions and base metal

UTS/ Elongation/ Fomab111ty
Sample MPa o index/
’ (MPa-%)
As-received 13456 10.10  1359.0560
FSP without
SiCparticle 20356 1704 34652100
FSVP without
SIC particle 231.14  19.83  4583.5062
FSPwith30nm o310 2304 77359716
particle
FSPwith300nm 05 53 5046 5590.2858
particle
FSVPwith30nm 5017 5588 10071.7196
particle
FSVPwith300nm 51 ¢5 2904 6873.1740
particle

Formability index is defined as product of UTS and elongation

homogenous distribution of SiC particles might be
the main reasons for better mechanical properties of
FSV-processed specimens compared with FS-
processed specimens. For a constant mass of SiC
powders, a more homogenous distribution of SiC
particles means less agglomeration of particles.

The strengthening by second-phase particles
depends on the distribution of particles in the
matrix. Volume fraction, shape, average particle
diameter and mean interparticle spacing of particles
are the main factors affecting the strengthening [31].
There are several ways in which the fine particles
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can act as barriers to dislocations. The particles
either may be cut by the dislocations or resist
cutting and the dislocations are forced to bypass
them [31]. A critical parameter of the dispersion of
particles is the interparticle spacing (4):

_4d-r
z_—3f (D

where f'is the volume fraction of spherical particles
with radius ». When the particles are small and/or
soft, dislocations can cut and deform the particles.
KELLY and NICHOLSON [32] found that the
increment in strengthening (Ao) is given by

= & 7, A )

T r

Ao

where y; is the grain boundary tension (energy).

For the case of large particles, the degree of
strengthening is determined by the shear stress
required to bow a dislocation line between two
particles separated by a distance A. The stress
required to force the dislocation between the
obstacles (7y), according to Ref. [33] is

7 = "‘TG”m% 3)
where a is material constant, b is Burgers vector
component, G is shear modulus. Based on Eq. (3)
the effect of A is greater than that of ». As
homogeneity of particle distribution increases,
agglomeration decreases. In this regard, for a
constant value of volume fraction f, » and A decrease
and strengthening due to second-phase particles
increases.

Interparticle spacing A and size of particles »
decrease as homogeneity of particle distribution
enhances, and according to Egs. (2) and (3) strength
increases as » and A decrease. It should be
mentioned that large agglomerated particles are
enumerated as stress concentration sites and cracks
can be initiated from them.

Grain boundaries not only impede the
movement of dislocations but also decrease the
crack growth and increase the ductility. ESTRIN
et al [34] found that the fracture mechanism
changed from intergranular fracture to transgranular
fracture as grain size decreased. LI and CUI [35]
found that the volume fraction of GNDs
(geometrically necessary dislocations) increased as
grain size decreased. GNDs accommodate the strain
between different grains in the microstructure and

they can postpone the crack initiation. In this regard,
higher ductility is anticipated for the FSV-processed
specimens compared with the FS-processed
specimens. The formability index which is
representative of toughness is the ability of a
substance to deform without fracture [36]. Based on
Table 1, the formability index values of FSV-
processed specimens are higher than those of
FS-processed specimens. It is related to higher UTS
and ductility values of the former specimen with
respect to the latter specimen.

According to the results in Table 1, the
strength and ductility values of processed
specimens containing small SiC particles are higher
than those relating to specimens containing large
particles. This can also be related to a more
homogenous distribution of strengthening particles
in the former specimens, which leads to higher
strength and ductility. A more homogenous
distribution of strengthening particles is observed in
Fig. 3 for small size particles compared with large
size particles.

Figure 6 presents the microhardness profiles of
different specimens under FSP and FSVP
conditions. The highest hardness values are
observed for FSV-processed specimens containing
small SiC particles. Hardness values of FSV-
processed specimens are larger than those for FS-
processed specimens and hardness values of
processed specimens containing small particles are
larger than those containing large particles.

Hardness is a measure of the material
resistance to localized plastic deformation [37]. So,
hardness increases as the dislocation movement
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Fig. 6 Influence of vibration and reinforcing particle size
on microhardness values of stir zone for FS- and
FSV-processed specimens
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decreases. It was noted before that grain boundaries
and second-phase particles decreased the movement
of dislocations [31]. It was observed in Fig. 4 that
volume fraction of grain boundaries for FSV-
processed specimens, due to finer grains, is higher
than that for FS-processed specimens. So, higher

hardness values of FSV-processed compared
to FS-processed specimens are reasonable.
Correspondingly, higher hardness values are

anticipated for processed specimens containing SiC
particles with respect to specimens without
strengthening particles because SiC particles inhibit
the movement of dislocations. It was noted before
that more homogenous distribution of strengthening
particles and less agglomeration of these particles
(lower 4 and r values) led to higher strength. It is
observed in Fig. 6 that hardness values of
specimens containing small SiC particles are higher
than those of specimens containing large SiC
particles.

3.3 Fracture morphology
The fracture surface images of processed
specimens by FSP and FSVP methods are shown in

Fig. 7. The presence of dimples indicates that all
specimens show a ductile fracture. Ductile fracture
is usually preceded by a localized reduction in
diameter called necking [38]. Fine cavities form in
the necked region and under continued straining,
the cavities grow and coalesce into a crack. While
the crack grows in the direction transverse to the
tensile axis, on a finer scale the crack has zig-zags
back and forth across the transverse plane by
void-sheet formation. Thus, crack growth in the
ductile fracture is essential by a process of void
coalescence [38]. Coalescence occurs by elongation
of the voids and elongation of the bridges of
material between the voids. This leads to the
formation of a fracture surface consisting of
elongated dimples as it is formed from numerous
holes which are separated by thin walls until it
fractures. Inclusions, second-phase particles or fine
oxide particles are the primary sites for void
formation, while in high-purity metals voids can
form at grain boundary triple points and dislocation
locks [39,40]. It has been found that voids on
primary sites are larger than those at grain
boundaries and dislocation locks [41].

Fig. 7 Fracture surfaces images of different specimens: (a) FSP with large SiC particle size; (b) FSP with small SiC
particle size; (¢c) FSVP with large SiC particle size; (d) FSVP with small SiC particle size
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It is observed that dimples for processed
specimens containing large particles are larger than
those for processed specimens containing small
particles, and voids for FS-processed specimens are
larger than those for FSV-processed specimens.
These can be related to the distribution of particles.
It was noted before that particle distribution for
small particles was more homogenous than that for
large particles and less agglomeration occurred for
small particles. Additionally, it was mentioned
before that particle distribution for FSV-processed
specimens was more homogenous than that for FS-
processed specimen. Large agglomerated particles
were primary sites for the constitution of large
voids [41]. So, the presence of larger voids on the
fracture surface of processed specimens containing
large particles compared to specimens containing
small particles and on the fracture surface of FSV-
processed specimens compared to FS-processed
specimens is reasonable.

3.4 Effect of vibration frequency

In this section, the microstructure and
mechanical characteristics of FSV-processed
specimens containing SiC particles with a size of
30nm and processed with different vibration
frequencies namely 25, 35 and 50 Hz were studied.
OM images of stir zone of processed specimens
with different vibration frequencies are presented in
Fig. 8. It is found that stir zone grain size decreases
as vibration frequency increases. This can be related
to the effect of vibration during FSVP. As vibration
frequency increases, material deformation in the stir
zone increases [42]. It has been found that there is a
direct relationship between the dislocation density
and the material deformation, and the dislocation
density increases as the material deformation
increases [30]. As the density of dislocations
increases, the  occurrence of  dynamic
recrystallization is intensified [42]. The greater the
dynamic recrystallization is, the better the grain
refinement is.

TEM analysis was carried out to investigate
the influence of vibration frequency on nano-sized
SiC particle distribution in the AZ91 composite
layer. TEM images of processed specimens with
different vibration frequencies are delivered in
Fig. 9. Figure 9 shows how particles distribute
in the microstructure for different vibration
frequencies. It is observed in Fig. 9 that particle

Fig. 8 OM images of stir zone for FSV-processed
samples at different frequencies: (a) 25 Hz; (b) 35 Hz;
(c) 50 Hz

distribution for the processed specimen with a
vibration frequency of 50 Hz is more homogenous
than other specimens. Figure 9 also indicates that
the homogeneity of particle distribution increases as
vibration frequency increases. As vibration
frequency increases, the material in the stir zone is
stirred and deformed more seriously and as a result,
less agglomeration of particles occurs and the
particles are distributed more homogeneously.
Figure 10 presents the XRD patterns of
the processed specimens under different vibration
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Fig. 9 TEM images of SiC particle distribution and
agglomeration during FSVP at different vibration
frequencies: (a) 25 Hz; (b) 35 Hz; (c) 50 Hz
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Fig. 10 XRD patterns of FSP-processed specimens with
300 nm SiC particles under different vibration
frequencies: (a) 25 Hz; (b) 35 Hz; (c) 50 Hz

frequencies. It is clear that the number and the
intensity of f-phase (Mg;;Al;z) peaks decrease as

vibration frequency increases. The main reason is
the dissolution of f-phase in the o-Mg matrix
during FSVP. It has been found that S-phase is
dissolved during FSP  because of high
temperature [23]. BAROONI et al [43] found that
peak temperature in the stir zone during FSVP, due
to higher deformation of the material, is higher than
that during FSP and peak temperature in FSVP
increases as vibration frequency increases. So, more
dissolution of pf-phase is anticipated for FSVP
compared with FSP and higher dissolution of
f-phase occurs as vibration frequency increases
during FSVP.

Figure 11 shows the mechanical properties of
processed specimens with different vibration
frequencies during FSVP. It can be distinguished
that the strength and ductility, as well as hardness,
are improved as frequency increases.
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Fig. 11 Mechanical properties of FSV-processed samples
at different vibration frequencies

These can be related to the effect of grain size
and particle distribution. It is observed that stir
zone grain size decreases (Fig. 8) and particles
distribute more homogenously as vibration
frequency increases (Fig. 9). As grain size decreases,
the volume fraction of grain boundaries increases
and the movement of dislocations decreases [31].
According to Hall-Petch relation: o=0yt+kd 1/2,
strength ¢ increases as grain size d decreases. As a
result, finer grains lead to higher strength and
hardness. The presence of SiC particles also
decreases the movement of dislocations and
enhances strength and hardness. According to
Egs. (2) and (3), the more homogenous distribution
of second-phase particles (lower A and r values)
results in higher strength and hardness. Figure 11
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also reveals that ductility increases as vibration
frequency increases. The higher volume fraction of
grain boundaries, as well as GNDs and more
homogenous distribution of strengthening particles
are some reasons for ductility improvement as
vibration frequency increases.

Figure 12 shows the longitudinal residual
stress profiles for FSV-processed specimens at
different vibration frequencies. It is evident that the
longitudinal residual stress increases as vibration
frequency increases. The maximum value is about
88 MPa for the processed specimens under a
vibration frequency of 50 Hz, while this value is
around 72 MPa for specimens processed under the
vibration frequency of 25 Hz. Residual stresses are
developed in solid materials due to non-uniform
distribution of deformation or temperature during a
process such as welding, heat treatment or
deformation [44]. As vibration frequency during
FSVP increases, the material deformation in the stir
zone increases and as a result, the difference
between the stir zone and the surrounding material,
regarding the deformation, increases. This leads to
the development of higher residual stress as
vibration frequency increases.
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Fig. 12 Longitudinal residual stress profiles of FSV-
processed specimens at different vibration frequencies

4 Conclusions

(1) A modified version of FSP with the title of
“friction stir vibration processing (FSVP)” was
applied to developing surface composites on the
AZ91 magnesium alloy. Nano-sized SiC particles
with different sizes, 30 and 300nm, were
incorporated as strengthening particles. The effects
of workpiece vibration and size of strengthening

particles on the microstructure and mechanical
properties of AZ91 composite layers were studied.
The results indicated that stir zone grain size
decreased and also reinforcing particles distributed
more uniformly as the vibration was applied in
FSVP.

(2) Hardness, strength, and ductility of FSV-
processed specimens, due to more intensified
dynamic recrystallization, were higher than those of
FS-processed specimen. The tensile strength
value for the FS-processed specimen was around
204 MPa, while it was about 232 MPa for the
FSV-processed specimen without SiC strengthing
particles.

(3) The effect of small SiC particles (30 nm)
on mechanical properties is greater than that for
large SiC particles (300 nm). The results showed
that small strengthening particles distributed more
homogenously than large particles during FSP and
FSVP. The ductility and formability index values
increased respectively from about 22% and
6873 MPa-%  for FSV-processed  specimen
containing large SiC particles (300 nm) to about
26% and 10072 MPa-% for FSV-processed
specimen containing small particles (30 nm),
respectively.

(4) The role of FSVP on microstructure and
mechanical properties increased as vibration
frequency increased. Hardness value in the stir zone
increased from about 116 MPa for FSV-processed
specimen at vibration frequency of 25 Hz to about
157 MPa for FSV-processed specimen at vibration
frequency of 50 Hz.

(5) Higher tensile residual stresses developed
in the stir zone of FSV-processed specimens as
vibration frequency increased.
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OB R B BN T 7 (FSP) T AZ91 8644k, XFhE M “IRBIHE R BEHE I T 073
(FSVP)”. SiC YKBRi/E e Mk T, FIFH FSP Al FSVP #l&&&MERHESZE, WRAFRKAZG0 nm Al
300 nm) (1 SiC SRR B AR R ITA R MEGE RS m . 250K, KA FSVP T 28641k kL) B 41,
e bR RE . S JE R RIS B 45 Sy P RE . RIARN 30 nm B SRR X B A RHE A 2R 2 MR RE RS K
TRy 300 nm ISR . IRENIFBE, FSV 1FE 1) 7 = Re A1 AN ZUBRET : 2 FSV RBNIHE N 50 F
25 Hz B, #idEXBEREEAE 252928 157 F 116 MPa.

FEEERE: BERREREINT IR3h; SiC gkEiki; Rtk J1aEMERE
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