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Abstract: Friction stir processing (FSP) can be used to improve surface composites. In this study, a modified method of FSP called friction stir
vibration processing (FSVP) was applied to develop a surface composite on AZ91 magnesium alloy. In this technique, the workpiece is vi-
brated normal to the processing direction. The results illustrated that compared with the FSP method, the FSVP caused a better homogeneous
distribution of SiC particles in the microstructure. The results also showed that matrix grains of friction stir vibration processed (FSV-pro-
cessed) samples ((26.43 + 2.00) um) were finer than those of friction stir processed (FS-processed) specimens ((39.43 + 2.00) um). The results
indicated that the ultimate tensile strength (UTS) of FSV-processed specimens (361.82 MPa) was higher than that of FS-processed specimens
(324.97 MPa). The higher plastic strain in the material during FSVP, due to workpiece vibration, resulted in higher dynamic recrystallization,
and consequently, finer grains were developed. The elongation and formability index of the FSV-processed specimen (16.88% and 6107.52
MPa-%, respectively) were higher than those of the FS-processed sample (15.24% and 4952.54 MPa- %, respectively). Moreover, the effects of
FSVP were also found to intensify as the vibration frequency increased.

Keywords: friction stir processing; friction stir vibration processing; surface composite; mechanical properties; microstructure

1. Introduction

Magnesium alloys, because of their high strength-to-mass
ratio as well as high stiffness, have gained recognition in the
production of lightweight materials [1-2]. Because of their
hexagonal close-packed crystallographic structure, they dis-
play moderate strength, low ductility, and low hardness at
ambient temperature [3—6]. Many of these restrictions can be
eliminated using effective deformation methods such as
equal channel angular extrusion [7], high-pressure torsion
[8], and accumulated roll bonding [9]. However, these meth-
ods are bulk deformation processes, and they affect all re-
gions of the material. Friction stir processing (FSP) is a tech-
nique that affects only the surface of the material and im-
proves the microstructure and mechanical characteristics of
the material.

In FSP, a non-consumable tool including of a shoulder and
pin is forced into the workpiece until the bottom surface of
the shoulder is in touch with the workpiece surface and the
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pin is plunged in the workpiece. The severe contact between
the tool and the workpiece produces high heat and softens the
material around the welding tool. The tool is stirred as it is
pushed laterally through the workpiece. Intense and local-
ized plastic deformation of material occurs around the tool,
and the properties of the metal change [10]. Friction stir pro-
cessing can also be used to incorporate the strengthening
particles in the metal matrix and develop metal matrix com-
posites. Asadi et al. [11] applied FSP to fabricate ultrafine-
grained AZ91 composite layers with nano-sized SiC
particles. They reported that these reinforcing particles led to
an increase in mechanical properties such as hardness. Arora
et al. [12] used two kinds of reinforcing particles, TiC and
Al,Os, for the FSP of AZ91 magnesium alloy and found that
the microstructure and mechanical characteristics improved
for AZ91/(TiC + ALOs) composite. Ahmadkhaniha et al.
[13] investigated the fabrication of the AZ91/Al,0; compos-
ite layer by FSP. Their results indicated that nano-sized rein-
forcements have a great effect on the enhancement of the
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magnesium alloy hardness.

The non-homogeneous distribution of strengthening
particles should be avoided. Different methods such as the
application of multiple processing passes and various tra-
verse and rotational speeds are used to develop the distribu-
tion homogeneity of second-phase particles in the metal mat-
rix. Feng et al. [14] used the multi-pass technique during the
FSP of Mg—Al-Zn cast alloy. They discovered that the multi-
pass method produced a nanocomposite layer with high
mechanical properties and a sound microstructure. Asadi
et al. [15] examined the importance of rotational and traverse
speeds on the microstructure and hardness of a friction stir
processed (FS-processed) layer with and without particles in
the Mg matrix. They indicated that the influence of rotational
and traverse speeds was negligible when nano-sized particles
were incorporated in the microstructure and their effect was
significant when nano-sized particles were not in the micro-
structure. Abbasi ef al. [16] analyzed the microstructure, cor-
rosion, and mechanical characteristics of FS-processed AZ91
alloy with the addition of SiC and Al,O; particles to the alloy
surface. The results illustrated that the strength (mechanical
property), wear, and the corrosion behavior of FS-processed
specimens improved significantly. The importance of the
FSP pass number on the mechanical characteristics and mi-
crostructure of AZ91 alloys during FSP was examined by
Dadaei et al. [17]. They found that mechanical characterist-
ics namely hardness, strength, and microstructure were en-
hanced with an increase in the pass number. Eftekharinia
et al. [18] analyzed the effects of pin geometry on different
characteristics of 6061-T6 aluminum alloy surface compos-
ites fabricated via FSP and incorporated with SiC particles.
They discovered that pin geometry played a dominant role in
the distribution of SiC particles in the stir zone.

Kumar [19] designed a setup for using ultrasonic waves to
apply vibration to the tool during FSP. This method was
called ultrasonic-assisted friction stir processing (UaFSP). He
analyzed the impacts of UaFSP on the microstructure and
mechanical characteristics of processed specimens and found
that the ultrasonic vibration generated high heat in the stir
zone, caused intense plastic deformation, and improved the
material flow. Higher ultimate tensile strength (UTS) and
hardness were observed for the UaFS-processed specimen
compared with those of the FS-processed specimens.
Baradarani et al. [20] examined the influence of UaFSP on
the microstructure, corrosion performance, and mechanical
characteristics of AZ91 magnesium alloys. It was found that
the corrosion current density of UaFS-processed specimens
was about 2.09 pA/cm?, while that of FS-processed speci-
mens was about 3.42 pA/cm’. The authors found that UaFSP
altered the morphology and distribution of the B-Mg;;Al,
phase and led to a better distribution of this phase compared
with FSP. Farshbaf Zinati [21] applied the UaFSP to dis-
perse multi-walled carbon nanotubes (MWCNTs) in a nylon
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6 matrix. He found that the MWCNTSs were homogeneously
dispersed throughout the matrix and the micro-hardness in-
creased as UaFSP was applied.

Based on the idea behind the UaFSP, in which the weld-
ing tool is vibrated by ultrasonic waves, in the current re-
search, a machine was designed to vibrate the workpiece dur-
ing the FSP. The workpiece is vibrated through the camshaft
mechanism. In this investigation, the workpiece is vibrated
during the FSP operation. This technique is called friction stir
vibration processing (FSVP). The impacts of the tool tra-
verse speed and workpiece vibration frequency on the mech-
anical and microstructural features of AZ91/SiC surface
composite were investigated.

2. Experimental

This investigation was carried out using an AZ91 mag-
nesium alloy sheet with a thickness of 3 mm and chemical
composition (wt%) of Al 9.1, Zn 0.68, Mn 0.21, Si 0.085, Fe
0.0029, Cu 0.0097, Ni 0.001, and Mg (base element). The
microstructure of the as-received metal featured a f-Mg;;Al},
phase with a network-like morphology fundamentally dis-
tributed at the grain boundaries [22].

Rectangular samples with a dimension of 100 mm x 200
mm were prepared from the as-received plate. FSP was car-
ried out along the length dimension. FSP and FSVP were
performed by a milling machine. For FSP, the specimen was
fixed on the fixture, and the fixture was placed on the milling
machine, while for FSVP, the specimen was fixed on a vi-
brating machine installed on the milling machine. The cam-
shaft mechanism was applied to transform the rotational
movement of the motor shaft to the linear and reciprocating
movement of the vibrating machine. The view design of the
machine applied for FSVP is shown in Fig. 1. The vibration
amplitude was 0.5 mm, and the specimen was vibrated in a
direction normal to the processing line. The rotational speed
of the motor shaft was adjusted by a driver, and the vibration
frequency was consequently adjusted. To determine the in-
fluence of the improved joining method on the microstruc-
ture and mechanical characteristics, various welding condi-
tions were utilized.

Vibration frequencies of 20, 35, and 50 Hz were applied in
the current research, and different traverse speeds of 40, 63,
and 95 mm/min were also applied. For all FSP and FSVP ex-
periments, the rotational speed of the tool was 1250 r/min.
These values were selected based on a trial and error method.
Our studies indicated that the vibration frequency value does
not have an effect on the formation of any defect and only
improves the characteristics of the joints. However, for fre-
quency values higher than 50 Hz, the changes are insignific-
ant.

The welding tool, including shoulder and pin, was made
of M2 steel. The view design of the welding tool utilized for
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Vibration
direction

Fig. 1. Schematic of the machine used for FSVP.

FSP and FSVP is shown in Fig. 2. Moreover, SiC powder
particles with a size of 50 nm were used as strengthening
particles. For all the specimens, the same mass of powders
(0.07 g) was applied. Initially, a V-shape groove was cut on
the surface of each specimen. The groove was filled with
particles. A pin-less tool was used to rub the surface and to
encapsulate the particles in the specimen. Finally, FSP or FS-
VP was performed on the specimen. For all the experiments,
the tilt angle was 2°.

Fig.2. Schematic of the tool utilized for FSP and FSVP (mm).

Metallography techniques were applied to reveal the mi-
crostructure and SiC particle distribution in the samples. The
samples were etched by a solution of 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. A scanning electron
microscope as well as optical microscopes were applied to

observe the nano-sized SiC particle distribution, material
flow, and microstructure. The method of mean linear inter-
cept according to the ASTM-E112 standard test [23] was em-
ployed to analyze the grain size. To determine the grain size,
arectangle of the selected area was overlaid on a micrograph,
and the grains in the field area were counted. The count was
the sum of the number of the grains completely within the
area in addition to one half of the number of grains intersec-
ted through the circumference of the area. Assuming that the
grains are equiaxed and spherical in shape, the number of
grains per unit area was measured, and the average diameter
of grains was determined.

A uniaxial tensile test according to the ASTM-E8 stand-
ard test method [24] was used to determine the mechanical
characteristics of the processed samples. Mini tensile test
samples were prepared from processed samples using elec-
tro-discharge machining (wire cut). The gauge length was
normal to the processing line, and the stir zone was in the
middle of the gauge length. Tensile tests were done by an In-
stron machine with a crosshead speed of 0.5 mm/min. Vick-
ers hardness technique was utilized to measure the micro-
hardness of different specimens. A programmable hardness
test machine was applied, and the load and dwell time for the
hardness testing were 1 N and 10 s, respectively.

3. Results and discussion

Fig. 3 displays the stir zone microstructures of the FS-pro-
cessed specimens at traverse speeds of 40, 63, and 95
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mm/min with a rotational speed of 1250 r/min. The grain size
reduced as the traverse speed increased: (53.23 £ 2.00) um
for 40 mm/min, (39.43 + 2.00) um for 63 mm/min, and
(30.71 £ 2.00) um for 95 mm/min. The main reason is attrib-
uted to the impact of the heat generation during FSP on the
grain size. Severe contact between the tool shoulder and the
surface specimen results in high heat and increases the tem-

(2)

Fig. 3.
speeds: (a) 40 mm/min; (b) 63 mm/min; (¢) 95 mm/min.

Stir zone microstructures of friction stir vibration pro-
cessed (FSV-processed) specimens subjected to various vi-
bration frequencies are depicted in Fig. 4. For these samples,
the rotational and traverse speeds are the same. Comparing
the microstructure presented in Fig. 3 with those presented in
Fig. 4 depicts that the FSV-processed samples had finer
grains compared with the FS-processed specimens. On the
other side, Fig. 4 shows that the grain size decreased as the
vibration frequency increased: (33.32 + 2.00) um for 25 Hz,
(26.43 £ 2.00) um for 35 Hz, and (20.02 + 2.00) pm for
50 Hz.

These observations can be associated with the effect of
specimen vibration in FSVP. Specimen vibration, as well as
the traverse and stir motions of the tool, leads to higher de-
formation of the material during FSVP compared with that
during FSP [27]. Hull and Bacon [28] found that dislocation
density increases as strain and material deformation increase.
High temperature, because of the contact between the weld-
ing tool and specimen, and the presence of dislocations res-
ults in the possibility of dynamic recrystallization (DR) [29].
Dynamic recrystallization is the fundamental mechanism
with respect to grain refinement during FSP [29-30]. Higher
deformation and strain of material in FSVP lead to more in-
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perature [25]. Heat transfer to the specimen decreases, and
consequently, the specimen temperature increases slightly as
the tool traverse speed increases. There is a direct relation-
ship between the temperature and grain size, as the grain size
increases with temperature [26]. As a result, by increasing the
tool traverse speed finer grains were improved in the stir
zone.

(b)

Stir zone microstructures of FS-processed samples subjected to a rotational speed of 1250 r/min and different traverse

tensified DR, and finer grains are consequently developed.

This can also be validated based on the relationship
presented by Chang ef al. [31]. They found that the strain rate
(é) during FSP can be represented based on Eq. (1):

., Ry2mr. 1
== M
where R, is the pin rotational speed, and 7, and L are the ef-
fective radius and depth of the dynamically recrystallized
zone, respectively [32].

Due to specimen vibration, the r, in FSVP is higher than
that in FSP (Fig. 5). Therefore, the strain rate in FSVP is
higher than that in FSP. The Zener—Hollomon parameter (2)
is dependent on strain rate [32],

Z= éexp(}%) @)

where Q is the activation energy, R is the gas constant, and T
is the temperature. There is an inverse relationship (Eq. (3))
between Z and the grain size (d) [33]: the grain size reduces
as the strain rate increases:

d'=alnZ-b 3)
where a and b are constants. Therefore, the grains of FSV-
processed samples are predicted to be smaller than those of
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100 um

Stir zone microstructures of FSV-processed samples subjected to a rotational speed of 1250 r/min, traverse speed of 63

mm/min, and different vibration frequencies: (a) 20 Hz; (b) 35 Hz; (c) 50 Hz.

(c) 3 >
»>
21
g r,
S L, —Em— FSP
I —- FSVP
0 - X s s s s s
-12 -9 -6 -3 0 3 6 9 12

Distance from the center / mm

Fig. 5.

Macrographs of stir zone for (a) FSP and (b) FSVP and (c) comparison of material flow in the processed zone for FSP and

FSVP. AS—Advanced side; BM—Base metal; TMAZ—Thermomechanical affected zone; HAZ—Heat-affected zone; SZ—Stir zone;

RS—Retreating side.

FS-processed samples. During FSVP, the material deforma-
tion, strain rate, and strain also increase as the vibration fre-
quency increases. The higher amount of dislocation density
results in a more extensive DR, and consequently, finer

grains are developed.

Fig. 6 compares the light optical microscopy (LOM) im-
ages of the microstructures of FS- and FSV-processed speci-
mens containing SiC particles. Due to the vibration, the dis-
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. Agglomérlat
nano-sized p:

tribution of nano-sized SiC particles in the FSV-processed
samples was more homogeneous in comparison to speci-
mens produced by friction stir process.

Fig. 7 presents the scanning electron microscopy (SEM)
images of nano-sized SiC particle distribution in FS- and
FSV-processed samples and the energy-dispersive X-ray
(EDX) spectroscopy analysis results. Particle agglomeration
in the FSV-processed samples was less than that in the FS-
processed samples, and the particle distribution homogeneity
increased with the application of FSVP. The authors believe
that the agglomerated particles break up as vibration is ap-
plied, and thus, the refining particles become more homogen-
eously distributed. This outcome agrees well with the results

120 pm

¢

" 20 pm ;

200 pm

Fig. 6. LOM microstructure images of (a) FS-processed sample and (b) FSV-processed sample.
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100 pm

from Ref. [34]. Abbasi et al. [34] reported that the uniform-
ity of particle distribution in an AZ91 alloy matrix was en-
hanced as the pass number increased, due to the breaking up
of the agglomerated particles. Furthermore, Zener pining ef-
fect can be considered as another reason for a more homo-
geneous distribution of particles in the matrix. According to
this effect, second-phase particles hinder grain growth by
pinning the grain boundaries [35]. Therefore, intensified dy-
namic recovery and recrystallization as well as Zener pining
are considered the significant reasons for the finer grains of
the FSV-processed samples compared with those of the FS-
processed samples.

The SEM images of agglomerated particles in FS-pro-

Det WD —————— 20 um
EDX 122 Si

AccV Spot Magn
26.0kV 7.0 1000x

Det WD F———— 20 um

AccV  Spot Magn
260KkV 7.0 1000x EDX 134 Si

Fig. 7. (a, ¢) SEM images and (b, d) EDX analyses to compare the nano-sized SiC particle distribution for (a, b) FSP and

(c,d) FSVP.
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cessed samples containing SiC particles and processed with
various traverse speeds are shown in Figs. 8(a), 8(c), and
8(e). The EDX analysis results of these specimens are also
presented in Figs. 8(b), 8(d), and 8(f). High-intensity Si peaks
can be observed for these particles. Fig. 8 shows that particle
agglomeration decreased as the traverse speed increased. As
previously mentioned, heat is generated during FSP and FS-
VP due to the contact between the welding tool and metal

Fig. 8.
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surface [36]. The heat is transferred to the metal matrix, and it
softens the material around the welding tool. So, the material
is deformed severely as tool moves and second-phase
particles are distributed in the matrix. As the tool traverse
speed decreases, heat transfer to the material around the
welding tool increases, and temperature increases. At high
temperature values, SiC particles have higher tendency to at-
tach to each other and agglomeration is higher [37].

() Mg
=
<
z
g
ki
ZnL
Zn .
| ozn, AISI, . . . . . L Zn, 7n,
0 1 2 3 4 5 6 7 8 9 10
Energy / keV
@ Me
=
<
2
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|
Si
L‘COJ@;\. e
0 1 2 3 4 5 6 7 8 9 10
Energy / keV
(H Mg
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2
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k|
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C, 7y 1]\, . . . . . _ Zn, In,
0 1 2 3 4 5 6 7 8 9 10
Energy / keV

(a, ¢, ¢) SEM micrographs and (b, d, f) EDX analyses of FS-processed samples subjected to a rotational speed of 1250 r/min

and various traverse speeds: (a, b) 40 mm/min; (c, d) 63 mm/min; (e, f) 95 mm/min.
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However, it should be noted that at very large values of trans-
verse speed which temperature in the stir zone is very low,
material deformation in the stir zone decreases and SiC ag-
glomeration is high [22].

The transmission electron microscopy (TEM) analysis
results of FS- and FSV-processed samples with no SiC
particles are shown in Fig. 9. Both specimens were pro-
cessed using the same rotational and traverse speeds. Fig. 9
presents the B-particle distribution within the microstructure.
The B-phase was not continuous, and it was transformed into
separate particles. According to Fig. 9, the B particles of FS-
processed samples were larger than those of FSV-processed
samples. Gajanan et al. [38] found that the B particles of as-
received AZ91 magnesium alloy dissolved as heat produc-
tion increased. Fig. 9(b) shows that some P particles were on
the grain boundaries (red arrows), while some were not (yel-
low arrows). Moreover, -phase particles may also reduce the
mobility of dislocations and improve the strength; however,
Baradarani ez al. [20] found that their detrimental effect on
crack formation is higher than their advantageous role.

The LOM images of the stir zones of FSV-processed
samples containing SiC particles and processed by various
vibration frequencies are displayed in Fig. 10. The homogen-
eity distribution of second-phase particles was improved, and
the size of agglomerated particles decreased as the vibration
frequency improved. As the vibration frequency improved,
the motion of material in the stir zone increased, and con-
sequently, the particle distribution homogeneity increased.

Fig. 9. TEM images of the processed samples: (a) FSP;

(b) FSVP.

Int. J. Miner. Metall. Mater., Vol. 27, No. 8, Aug. 2020

The SEM images of the microstructures of FSV-pro-
cessed samples are shown in Fig. 11. Two kinds of particles
can be observed in the images: continuous particles (denoted
by yellow arrows) and bright and seemingly distinct particles
(denoted by red arrows). The EDS analysis results for the
particles indicated by yellow arrows are also presented in Fig.
11. The Si peaks observed for these particles indicate that
they are SiC particles. It can be seen that the agglomeration
of reinforcing particles (shown by the yellow arrow) and the
size of P particles (shown by the red arrow) decreased as the
vibration frequency increased. It has been previously men-
tioned that the high vibration frequency increased the materi-
al deformation in the stir zone, and this resulted in a more ho-
mogeneous distribution of SiC particles. A decrease in the -
particles size by the increment of the vibration frequency
may be related to the effect of the workpiece vibration in FS-
VP on heat generation. Barooni et al. [39] measured the tem-
perature during FSVW and found an increase in heat genera-
tion and temperature as the welded specimens were vibrated.
They noted that vibration improves the friction between the
tool and the welded specimens. Based on the Mg—Al phase
diagram, the dissolution temperature of the B phase or
Mg;,Al,, phase is around 437°C. Baradarani et al. [20] found
that high temperatures during UaFSP led to the dissolution of
B particles.

Table 1 summarizes the stir zone grain sizes and mechan-
ical characteristics values of FS- and FSV-processed samples
for different traverse speeds and vibration frequencies. It has
been mentioned that increasing the traverse speed during FSP
or the vibration frequency during FSVP resulted in grain re-
finement as well as a more homogeneous distribution of
second-phase particles. Table 1 shows that the ultimate
tensile strength (UTS) of FS processed specimen increases
from 155.34 to 324.97 MPa as the transverse speed increases
from 40 to 95 mm/min. Table 1 also indicates that UTS of
FSV processed specimen increases from 292.57 to 361.82
MPa as the vibration frequency increases. These can be re-
lated to the roles of grain size and SiC particles distribution
on strength. It was mentioned before that grain size de-
creased and particles distributed more homogenously as tool
transverse speed increased (during FSP) and vibration fre-
quency increased (during FSVP). By reduction of the grain
size, the volume fraction of grain boundaries increases, and
the mobility of dislocations reduces [28]. Based on the
Hall-Petch equation (o~ = oy + kd~?) [28] (where g, is a ma-
terial constant and % is the strengthening coefficient), strength
(0) enhances as grain size (d) reduces. Additionally, less ag-
glomeration means uniformly distributed smaller particles
with lower separating distance. For a volume fraction of
particles (f), the free distance between the particles (1) is ob-
tained from the following relationship [39]:
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Fig. 10. (a, ¢, e) Microstructures and (b, d, f) EDX maps showing the distribution of Si element during FSVP under different vibra-
tion frequencies (rotational speed of 1250 r/min; traverse speed of 63 mm/min): (a, b) 20 Hz; (c, d) 35 Hz; (e, f) 50 Hz.

_4d-=-pHr
BT
where A decreases as 7 (particle size) decreases. Based on
Orowan mechanism the strengthening effect (Ao-) of second-
phase particles is dependent on particle size (7) and the dis-
tance of particles from each other (1) [40]:
0.13Gb, r

= lnz %)
where G and b are shear modulus and Burgers vector, re-
spectively. According to Eq. (5), the influence of 1 on
strengthening is greater than the effect of 7, and Ao increases
as A decreases. The grain size decrease and the increase of
distribution homogeneity both increase the strength. Con-
sequently, with an increase in the traverse speed, FS-pro-
cessed samples feature increased strength, and with an in-
crease in the vibration frequency, FSV-processed samples

Pl “4)

Ao

feature increased strength.

Table 1 also shows that with an increase in the traverse
speed or vibration frequency, the elongation increases. The
elongation for FS-processed specimen increases from
11.32% to 15.24% as the transverse speed increases from 40
to 95 mm/min, and the elongation for FSV-processed speci-
men increases from 12.26% to 16.88% as the vibration fre-
quency increases from 20 to 50 Hz. This can also be associ-
ated with the decrease in the grain size and the improvement
of the particle distribution. The volume fraction of grain
boundaries develops, as grain size reduces, Grain boundaries
reduce the crack growth and, as a result, increase the elonga-
tion [41]. On the other hand, large agglomerated particles are
preferable sites for crack initiation. As agglomeration de-
creases and particles distribute more homogeneously, crack
initiation is hindered, and as a result, the elongation increases.

Table 1 also compares the formability index of the invest-
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(a, ¢, ¢) SEM images and (b, d, f) EDS analyses of particles results of FSV-processed samples subjected to different vibra-

tion frequencies: (a, b) 20 Hz; (c, d) 35 Hz; (e, f) 50 Hz. Red arrows indicate -phase particles, and yellow arrows indicate reinforcing
particles (rotational speed of 1250 r/min; traverse speed of 63 mm/min).

igated specimens. The formability index is a factor for evalu-
ating toughness and is defined as the multiplication of ductil-
ity (E.L.) and strength (UTS): UTS x E.L. [42]. It is shown in
Table 1 that the formability index of FS-processed samples
increases from 1758.45 to 4952.54 MPa-% with the traverse
speed increasing, and likewise, the formability index of FSV-
processed specimens increases from 3586.91 to 6107.52
MPa-% with the vibration frequency increasing. This is re-
lated to the impact of vibration frequency and traverse speed

on the strength and ductility of the processed samples. The
strength and ductility were observed to improve as the tra-
verse speed and vibration frequency increased.

Fig. 12 illustrates the distribution of hardness in the cross
sections of the studied samples. It is evident that by increas-
ing the traverse speed and vibration frequency, the hardness
in different zones increased. The higher hardness can be at-
tributed to the more grain refinement and the more homogen-
eous distribution of the strengthening particles as the traverse
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Table 1. Grain sizes and mechanical characteristics of as-received, FS-processed and FSV-processed samples containing SiC
particles (rotational speed of 1250 r/min)

Sample Grain size / pm UTS /MPa Elongation / % Formability index / (MPa-%)
As-received 140.00 124.56 10.10 1252.40
FSP, 40 mm/min 53.23+2.00 155.34 11.32 1758.45
FSP, 63 mm/min 39.43 £2.00 283.67 12.83 3639.48
FSP, 95 mm/min 30.71 £ 2.00 324.97 15.24 4952.54
FSVP, 20 Hz, 40 mm/min 33.32+£2.00 292.57 12.26 3586.91
FSVP, 35 Hz, 63 mm/min 26.43 +£2.00 335.61 13.54 454416
FSVP, 50 Hz, 95 mm/min 20.02 +£2.00 361.82 16.88 6107.52
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Fig. 12. Hardness of the specimens produced by (a) FSP and (b) FSVP. The rotational speed is 1250 r/min for both processes, and
the traverse speed is 63 mm/min for FSVP.

speed and vibration frequency increased. Hardness is donated strength-to-mass ratio. Fig. 13 presents the strength-to-mass

as the ability of a substance to withstand plastic deformation, ratios of an as-received specimen and processed ones. The ra-
tio of the as-received specimen is the lowest, and those of the
FS- and FSV-processed samples increase with an increase in

traverse speed and vibration frequency, respectively. The

and it has an inverse relationship with dislocation movement
[43]. A reduction in grain size and an increase in the homo-
geneous distribution of particles both lead to a retardation in
dislocation movement and an increase in hardness [44]. higher strength-to-mass ratio of processed specimens com-

One noticeable characteristic of Mg alloys is their high pared with that of as-received specimens is not only associ-
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Fig. 13. Influence of FSP and FSVP on the strength-to-mass ratio for different processing conditions: vibration frequencies of 20,
35, and 50 Hz for FSV-processed specimens and traverse speeds of 40, 63, and 95 mm/min for FS-processed specimens.
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ated with grain refinement and the presence of strengthening
particles in the microstructure of the processed samples; it
may also be related to the absence of defects in the micro-
structures of FS- and FSV-processed specimens. Previous
findings have indicated that casting defects (such as shrink-
age cavities and porosities) are omitted by the application of
FSP and FSVP [45].

Fig. 14 shows the fracture surface images of studied
samples for FSP and FSVP. The fracture surfaces are full of
dimples. These dimples indicate that the fracture is ductile.
Ductile fracture is initiated by the nucleation of voids. The
voids grow and coalescence and eventually form cracks and

e

f" M
Y W

120 pm
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result in fracture [46]. Voids normally nucleate on disloca-
tion locks as well as around the second-phase particles
present in the microstructure [46]. It has been found that the
voids that initiate around the particles are larger than those
that initiate on locks and they have more effect on fractures.
Non-homogeneous distribution of reinforcing SiC particles
and the presence of large agglomerated particles lead to the
initiation of large voids. The parameters that enhance the ho-
mogeneity distribution of particles result in small-size voids,
and this hinders the propagation of fractures.

Fig. 14 displays that the voids for the FS-processed
samples are larger than those of the FSV-processed speci-

ad S ™ 2
Det Wi ———120 um
SE 130

Fig. 14. Fracture surfaces of (a, c, ¢) FS-processed specimens and (b, d, f) FSV-processed specimens. The traverse speeds are (a—b)
40 mm/min, (c—d) 63 mm/min, and (e—f) 95 mm/min; the vibration frequencies are (b) 20 Hz, (d) 35 Hz, and (f) 50 Hz; the rotational

speed is 1250 r/min.
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mens. The figure also indicates that the void size for FS-pro-
cessed specimens decreases as the traverse speed increases,
and likewise, that for the FSV-processed samples decreases
as the vibration frequency and the traverse speed increases.
As mentioned previously, these can be related to the effect of
particle distribution on void initiation.

4. Conclusion

In the current investigation, a modified version of FSP,
called FSVP, was implemented to fabricate AZ91/SiC sur-
face composites. The mechanical characteristics and micro-
structure of the composites developed by both methods, FSP
and FSVP, were evaluated. The effects of the traverse speed
of the tool as well as the vibration frequency of the work-
piece on the microstructure and different characteristics of
the developed composites were analyzed. The results dis-
played that the mechanical characteristics of the FSV-pro-
cessed samples were higher than those of the FS-processed
samples. Due to the workpiece vibration, the FSVP resulted
ina higher material deformation than the FSP. This in-
creased the DR and led to the development of finer grains.
Additionally, the higher material deformation during FSVP
led to a more homogeneous distribution of SiC particles. The
results also indicate that with an increase in the vibration fre-
quency and the traverse speed of the welding tool, the stir
zone grain size of the FSV-processed samples reduced and
the particle distribution homogeneity improved. The FSVP is
therefore suggested as an “easy-to-apply” method for vari-
ous industries compared with the FSP.
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