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Abstract

Friction stir processing (FSP) is a surface processing method to modify the microstructure and enhance the mechanical properties
of metal surface. This process is also numerated as a method to incorporate second-phase nanoparticles into microstructure and
form surface composites. In the current research, the work specimen is vibrated normal to processing line during FSP. Transverse
and rotation movements of shoulder are accompanied with vibration motion of specimen. This new process is entitled FSVP
(friction stir vibration processing). The effect of FSP and FSVP processes on microstructure and mechanical properties of A15052
alloy matrix composite incorporated SiC nanoparticles is analyzed. The results show that the presence of vibration during FSP
leads to the grain size decrease in the stir zone and it enhances the homogeneity of particle distribution. The results indicate that
strength and ductility of friction stir (FS) processed specimens are lower than those processed by FSVP. These are related to
increased deformation and strain of soft material in the stir zone as vibration is applied which promotes the dynamic recovery and
recrystallization during FSP. The results also imply that the microstructure is refined more and the strength and the hardness of
friction stir vibration (FSV) processed specimens increase as vibration frequency enhances.
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1 Introduction

FSP is a thermo-mechanical process which induces a specif-
ic thermal cycle in the processed zone of metal surface. The
rotating tool penetrates into the workpiece until the shoulder
contacts the upper surface of workpiece and is then traversed
along the surface at a controlled velocity and rotation speed.
The heat generated by friction and deformation leads to a
soft material around the tool that flows from the front to the
back of the tool and around the pin. FSP leads to grain
refinement, dissolution of strengthening phases, and removal
of cast porosities in case it is applied for surface modifica-
tion of cast substrates [1]. The equiaxed dynamically recrys-
tallized grains with large fraction of high angle grain
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boundaries are the microstructural characteristics of a FS
processed zone [2, 3].

FSP also changes the size, type, and distribution of the
strengthening particles in the microstructure. Arora et al. [4]
found that AL,Cu strengthening particles within the matrix of
the 2xxx series aluminum alloys were dissolved into the stir
zone due to the heat generated during the FSP. Fu et al. [5]
concluded that these strengthening particles were dissolved
during the FSP method and after cooling, the particles were
re-precipitated into the microstructure.

Hannard et al. [6] found that FSP increased the fracture
strain of the Al alloy 6056 and made the microstructure more
isotropic. Their micro-tomography results showed that FSP
affected the main causes of ductility loss in metallic alloys.
It broke the large intermetallic particles into smaller and thus
stronger ones, closed the pre-existing porosities, and random-
ized the iron-rich intermetallic particle distribution. Large par-
ticles break easily during deformation and the increase of FSP
passes enhances the proportion of particles with an aspect ratio
close to one. Leal et al. [7] applied FSP to promote the micro-
structure and electrical conductivity of the copper alloy
C12200. They studied the effect of tool rotation and traverse
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speeds as well as tool geometry on characteristics of processed
alloy. They found that tool geometry had a strong effect on
microstructure and different properties of FS processed spec-
imens. They also concluded that electrical conductivity of the
FS processed copper governed by the density of dislocations
inside the grains and the electrical conductivity of the proc-
essed material increased as dislocation density decreased.

Production of bulk ultrafine grained composites by incor-
porating reinforcing particles such as SiO,, SiC, TiO,, and
NiTi in metallic plates such as aluminum, magnesium, and
copper are some examples of application of FSP [8-12].
Ghanbari et al. [13] studied the effect of FSP pass number
on microstructure and wear behavior of Al12024 matrix com-
posite incorporated SiC nanoparticles and found that the par-
ticles distribution homogeneity within the stir zone increased
as the number of passes increased. They also concluded that
the hardness decreased and the wear resistance increased as
the pass number increased.

Ghanbari et al. [14] also studied the effect of heat treatment
on microstructure and wear resistance of A12024 matrix com-
posite incorporated SiC nanoparticles and found that solution
annealing and artificial aging after FSP increased the hardness
and improved the wear resistance. The hardness increase was
related to the dissolution of the coarse S-phase precipitations
during the solution annealing and re-precipitation of fine S-
phase (Al,CuMg) during artificial precipitation aging.

Shafiei et al. [15] produced composite of A16082/A1203 by
FSP and explained that the hardness increase in the produced
composite was related to the decrease of grain size and the
Orowan mechanism. Ahmadifard et al. [16] fabricated
Al5083/SiC surface composite by FSP and evaluated the ef-
fect of FSP pass number on characteristics of FS processed
specimens. Al5083 alloy sheet with thickness of 5 mm was
used as base material and SiC micron-sized powders were
applied as strengthening particles. They found that microhard-
ness and ultimate tensile strength improved as pass number
increased. They concluded that as pass number increased, the
agglomeration of second-phase particles decreased.

Khodabakhashi et al. [17] employed the FSP to fabricate a
surface composite layer. Graphene nanoplatelets (GNPs) were
dispersed into an Al5052 aluminum alloy. They observed a
fine equiaxed recrystallized grain structure with an average
size of 2.1 um in the stir zone (SZ). They also reported that
hardness and yield strength increased by 53% and three times,
respectively, compared to the base material.

Dadaei et al. [18] investigated the role of two reinforcing
particles, SiC and Al,O5; nanoparticles, incorporated in sur-
face composite developed on AZ91 magnesium alloy by
FSP. They found that strength and hardness increased as rein-
forcing particles were added to matrix. They also concluded
that SiC particles were more beneficial than Al,O5 particles.

In the current research, a new method is applied to modify
the microstructure and enhance the mechanical properties of
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surface composite layer developed on A15052 alloy by FSP. In
this method, the workpiece is vibrated normal to processing
line during FSP. This method is entitled friction stir vibration
processing (FSVP). Microstructure and mechanical properties
of FS and FSV processed specimens are compared.

2 Materials and methods

Al5052 aluminum alloy sheet with thickness of 3 mm was
applied for experiments. The chemical composition of the
studied sheet is presented in Table 1. The sheet was cut into
specimens with dimension of 100 x 200 (mm x mm).

A V-shaped surface groove with 2-mm width and 1.5-mm
depth was machined along the length and in the middle of the
each specimen. The specimens were all cleaned by methanol
to remove any oil and debris. The groove on each specimen
was filled with SiC nanoparticles as second-phase and rein-
forcing particles. SiC nanoparticles with nominal diameter of
20 nm were utilized. The weight of powders used for each
specimen was 0.06 g. The specimen, contained powders in
groove, was fixed on fixture and fixture was installed on mill-
ing machine. In the first pass, the groove surface was rubbed
by a pin-less FSP tool with just shoulder to cover the groove
surface up and to encapsulate the particles within the groove.
This inhibits the escape of particles during proceeding FSP or
FSVP passes. FSP and FSVP were conducted by application
of a milling machine. For FSP, the fixture was clamped on the
milling machine, while for FSVP, the fixture was clamped on
a vibrating machine installed on the milling machine. The
vibrating machine changes the rotating movement of motor
shaft to linear and reciprocatory movement of vibrating plate
by a camshaft mechanism. Schematic design of machine used
for FSVP as well as great detail of cam follower is presented in
Fig. 1. Using turning process, a part of shaft is made acentric.
As shaft rotates, the acentric part impacts the walls of channel
and leads to motion of vibrating plate. Vibrating plate moves
on two guide rails. Due to excessive wear between part and
wall, the impact of part was transferred to the wall through a
ball bearing. Based on design, the maximum displacement of
vibrating plate is 0.5 mm. Vibration frequency was adjustable
and it was controlled by a driver.

Two-piece FSP tool, consisted of shoulder from heat-
treated M2 steel and pin from carbide tungsten, was applied
for processing. Schematic design of shoulder and pin is pre-
sented in Fig. 2. Different rotation and transverse speeds
values were tried to find the optimum values, based on trial

Table 1 Chemical composition of the studied aluminum alloy (wt%)

Al Mg Cr Si Cu Mn Zn Fe Other

Balance 2.5 03 025 01 0.1 0.1 035 0.5
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Fig. 1 Machine used for FSVP

and error method, for FSP. The findings showed that FSP with
rotation speed of 1150 rpm and transverse speed of 31.5 mm/
min resulted in surface with good appearance and fair me-
chanical properties. These optimum values of the rotation
and transverse speeds were also applied for all FSVPs.
Different vibration frequencies were applied, 20, 35, and
50 Hz. The tilt angle for all FSPs and FSVPs was considered
to be 2°.

Microstructure was revealed by metallography tech-
niques based on ASTM-E3 [19]. The etchant consisted
of 4.2 g picric acid, 10 mL acetic acid, 10 mL water,
and 70 mL ethanol was used for etching and it was ap-
plied for 5 s. Microstructure was analyzed utilizing light
optical microscopy (LOM) and scanning electron micros-
copy (SEM). Uniaxial tensile test based on ASTM-ES8
[20] was performed to obtain the stress-strain curves of
processed specimens. Tensile test specimens, normal to
processing direction, were prepared from FS and FSV
processed specimens using electro discharge machining
(wire cut) while the stir zone was located in the middle
of gauge length. During the tensile tests, the crosshead
speed was 0.5 mm/min. Three tensile tests were carried
out for each processing condition. Vickers microhardness
for different zones of FS and FSV processed specimens
was measured based on ASTM-E92 [21]. Load was
100 gf and dwell time was 10 s. Five repeats were

Refractory sheet
Shoulder

Vibrating plate

considered for each measurement. The distance between
test points was higher than six times the diameter of
indentations.

3 Results and discussion
3.1 The effect of vibration

Cross sections of FS and FSV processed specimens are shown
in Fig. 3. Both specimens show a defect free stir zone. The
processed zone size for FSV processed specimen is larger than
that for the other one. This relates to vibration of workpiece
during FSVP which results in a larger processed zone.

Microstructures of processed zones for FS and FSV proc-
essed specimens are observed in Fig. 4. The three areas, name-
ly stir zone (SZ), thermo-mechanically affected zone
(TMAZ), and heat affected zone (HAZ) which are formed
during FSP, are observed in Fig. 4. The grains in the HAZ
experience heat and do not deform while the grains within the
TMAZ experience heat and slightly deform. The finest grains
are observed in the stir zone which grains, in this zone, deform
excessively during FSP and accordingly fine and co-axial
grains are produced.

It is also observed in Fig. 4 that the stir zone grain size for
the FSV processed specimen is lower than that for the FS

Fig. 2 Schematic design of tool 50 .
used for FSP and FSVP M6 Screw |
o ————
Pin = Y | ]
T} @20
D6 ©® D18
105°
A
Shoulder % ' |
25 125 15 60 -

All dimensions are in mm.
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Fig. 3 Cross section macrostructure of processed specimens: a FS and b
FSV processed specimens

processed specimen. It is known that grain size decreases dur-
ing FSP due to dynamic recrystallization [22, 23]. In fact, FSP
is a thermo-mechanical process which deforms the soft mate-
rial in the stir zone severely [23]. This phenomenon produces
vast amount of dislocations which can reorient themselves
during dynamic recovery and form low-angle grain bound-
aries within parent grains. As deformation proceeds, dynamic
recrystallization occurs and low-angle grain boundaries within
grains transform to high-angle grain boundaries and conse-
quently low-size grains are constituted in the microstructure
[24, 25]. During FSVP, the workpiece vibration is accompa-
nied with tool transverse and rotation movements.

b 200 pm

Fig. 4 Processed zones microstructures of a FS and b FSV processed
specimens
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Consequently, more deformation and strain is applied on the
material in the stir zone. Based on findings [26, 27], disloca-
tion density increases as strain increases. Higher number of
dislocations leads to increased dynamic recovery and recrys-
tallization and as a result, smaller grains are constituted [28,
29].

In addition to the effect of vibration during FSP on grain
size, it seems that it also plays an important role on particle
distribution. In Fig. 5, light optical microscopy figures from
cross section of processed specimens and in Fig. 6, SEM fig-
ures relating to the distribution of second-phase particles as
well as Si map analysis by SEM/WDX (wavelength
dispersive X-ray) for both FS and FSV processed specimens
are observed. In the absence of vibration, SiC particles are not
distributed properly and agglomeration of particles occurs
largely (Figs. 5a and 6a). For FSV processed specimen, less
agglomeration of particles is observed (Figs. 5b and 6b). This
can be related to the effect of vibration during FSP which
enhances the stir action and correspondingly leads to more
homogenous distribution of particles and less agglomeration.

Stress-strain curves of FS and FSV processed specimens as
well as base material are seen in Fig. 7. It is observed that
ultimate tensile strength of FS and FSV processed specimens
are higher than base material; although, their ductility is lower.

b 200 pm

Fig. 5 SiC nanoparticles distribution for a FS and b FSV processed
specimens
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Fig. 6 Particle distribution for a FS and b FSV processed specimens

Higher strength of processed specimens can be related mainly
to presence of second-phase particles in metal matrix which
enhance the strength.
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Fig. 7 Stress-strain curves of FS and FSV processed specimens as well as
base material
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It is also observed in Fig. 7 that strength and ductility of the
FSV processed specimens are higher than those of the FS
processed specimens. It was observed in Figs. 4 and 5 that
the stir zone grain size for the FSV processed specimens was
lower than that for F'S processed specimens and second-phase
particles had more homogenous distribution in the former
specimen with regard to the latter one.

Grain boundaries and second-phase particles both can
increase the strength and they numerate as two strengthen-
ing mechanisms [30, 31]. According to Hall-Petch equa-
tion (o = o0; + kd? ) [32], strength increases as grain size
(d) decreases. As grain size decreases, volume fraction of
grain boundaries increases and correspondingly the in-
crease to dislocations movement enhances and the strength
levels up. Second-phase particles distributed in a ductile
matrix are also a common source of alloy strengthening
[33]. The degree of strengthening resulting from second-
phase particles depends on several factors including the
shape, the volume fraction, the average particle diameter,
and the interparticle spacing of particles. These factors are
all interrelated, so that the change of one factor changes the
others [34]. For a given volume fraction of second-phase
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particles, the average distance between particles decreases
as the particle size decreases. Based on Orowan theory
[35], strengthening made by second-phase particles can
be presented by the following equation:

aGB ! (r)
= n|{—

A b

which

Ao

«  constant

G shear modulus

b  bergurs vector

r  radius of spherical particles

A: interparticle spacing and a simple expression for it is
_ 4(=f)r

3f
where f'is the volume fraction of spherical particles of

radius 7. So, \ decreases and Ao increases as » decreases.

A

Fig. 8 Fracture surfaces of a FS
and b FSV processed specimens

Spot Magn
/6.0 200x

\ccV Spot Magn
650kV 60 200x
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For FSV processed specimens, due to presence of vibra-
tion, the stir zone grain size (d) is lower than that for FSP
processed specimen (Fig. 4) and second-phase particles
have more homogenous distribution and are less agglom-
erated (lower r) (Figs. 5 and 6). In this regard, more
strength of FSV processed specimen with regard to FS
processed specimen is rational.

Figure 7 also shows that ductility of FSV processed spec-
imens is higher than that for FS processed specimens. This can
also be related to lower grain size and more homogenous
distribution of second-phase particles in the former specimen
with respect to the latter one. Fracture surfaces of both spec-
imens are presented in Fig. 8. Both samples show a dimpled
fracture surface which is characteristic of ductile metal frac-
ture surface [36]; although, more dimples are observed for
FSV processed specimen.

It has been known that voids initiate and grow during
forming of ductile metals and these voids coalesce to form

oy
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crack [37]. Coalescence occurs by elongation of the voids
and elongation of the bridges of material between the
voids [37]. This leads to the formation of a fracture sur-
face consisting of elongated dimples as if it had formed
from numerous holes. Voids form at different sites.
Particles and precipitations are primary sites for void for-
mation; although, the voids can be generated where spe-
cial jogs or dislocation locks are forced to move [38].
However, the former voids are larger than the latter ones
[37]. Presence of large agglomerated particles in

c ' 200 pm

Fig. 9 Processed zones microstructures for FSV processed specimens
using different frequencies: a 20 Hz, b 35 Hz, and ¢ 50 Hz

microstructure of FS processed specimen (Fig. 6) results
in the formation of large voids and crack growth occurs
ecasily during forming. Figure 8 also shows that voids for
the FSV processed specimens are smaller than those for
the FS processed specimens. In this regard, lower ductility
of FS processed specimens with respect to FSV processed
specimens is anticipated.

Hardness analyses revealed that FSV processed specimens
had higher hardness in the stir zone (61.52+2 HV) with

c 200 pm

Fig. 10 SiC particle distribution for FSV processed specimens using
different frequencies: a 20 Hz, b 35 Hz, and ¢ 50 Hz
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respect to FS processed specimens (57.41 + 2), while hardness
for base material was 48.5+1 HV.

3.2 The effect of frequency

Microstructures of FSV processed specimens using different
vibration frequencies, namely 20 Hz, 35 Hz and 50 Hz, are
presented in Fig. 9. It is observed that as vibration frequency
increases, the grain size in the stir zone decreases. As vibration

e
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during FSVP increases, due to accompany of vibration move-
ment of substance with transverse and rotation movements of
shoulder, material deformation in the stir zone increases, and
more strain is applied to metal. Based on refs. [26, 27], dislo-
cations are generated during deformation and their density is
proportional to strain value. More strain during FSVP leads to
more dislocation density. On the other hand, the main mech-
anism for grain refinement during FSP is dynamic recrystalli-
zation which leads to dislocation rearrangement and

Det WD F—— 20um
EDX 124 Si

AccV Spot Magn
260kV 7.0 1000x

AccV SpotMagn Det wp F—————
260kV 7.0 1000x EDX 120 Si
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Fig. 11 SiC particle agglomeration and distribution for FSV processed specimens using different frequencies: a 20 Hz, b 35 Hz, and ¢ 50 Hz
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constitution of fine grains [24, 25]. More density of disloca-
tions leads to more dynamic recrystallization and correspond-
ingly, finer grains are obtained [28].

Vibration frequency increment role on particle distribution
is also important. The effect of vibration frequency on second-
phase particles distribution is shown in Figs. 10 and 11. It is
seen that distribution homogeneity of particles increases and
agglomeration decreases as frequency enhances.

As frequency increases, the material in the stir zone de-
forms more and the incorporated particles in the matrix are
distributed more homogenously. The lower agglomeration of
particles, in FSVP, leads to the higher content of smaller ag-
glomerated particles and according to Orowan equation [35],
higher strength is anticipated.

Stress-strain curves of FSV processed specimens using dif-
ferent vibration frequencies are shown in Fig. 12. The effect of
vibration frequency on the stir zone hardness is also presented
in Table 2. UTS and hardness increases can be related to lower
grain size (Fig. 9) and smaller agglomerated particles (Fig. 10)
due to vibration frequency increase. According to Hall-Petch
[32] and Orowan equations [35], these lead to strength and
hardness increase.

Ductility increase as a result of vibration frequency incre-
ment can also be related to decrease of grain size and size of
agglomerated particles in the stir zone. TEM analyses [39, 40]
show that grain boundaries increase the dislocation density
through the generation of new dislocations called geometri-
cally necessity dislocations (GNDs). GNDs can provide dis-
placement compatibility between grains by accommodating
each grain’s strain gradient and ductility increases as grain size
decreases [40]. Higher ductility of small grains can also be
assigned to higher resistance of these grains to crack propaga-
tion [41]. Small grains have a higher resistance to crack prop-
agation due to distribution of strain among more grain
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180 | \s ]
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& 140 L T
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Fig. 12 Stress-strain curves of FSV processed specimens using different
frequencies

Table 2 Hardness variations in stir zone of FSV processed specimens
using different vibration frequencies

Vibration frequency (Hz) Stir zone hardness (HV)
20 61.5+2

35 64.1+£2

50 66.8+2

boundaries. Small agglomerated particles (for FSV processed
specimens) also delay formation of voids, with respect to large
ones (for FS processed specimens) which lead to large voids,
and correspondingly enhance the ductility. Fracture surfaces
of FSV processed specimens using various vibration frequen-
cies are presented in Fig. 13. Based on Fig. 13, the specimen
processed with the higher frequency shows a fracture surface
full of dimples, while for the specimen processed with the
lower frequency, dimples are lower but larger. This can be
related to more homogenous distribution and less agglomera-
tion of particles as frequency increases. Particles with large
size are primary sites for formation of large voids and cracks
which eventually lead to early fracture and low ductility [42].

AccV  Spot Magn  Det WD F——————— 100 um

25 0kV 60 200x St 120

’

Det WD F—— 100 m

W25.0kV 6.0 200x SE 119

;_;.)\('4. V  Spot Magn

Fig. 13 Fracture surfaces of FSV processed specimens using different
frequencies: a 20 Hz and b 35 Hz
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4 Conclusions

In this research, FSVP method was introduced as a new ver-
sion of FSP. The effect of FSVP on microstructure and me-
chanical properties of surface composite formed on Al5052
alloy metal surface was investigated. SiC nanoparticles were
applied as strengthening particles. Comparison between proc-
essed zone microstructures of FS and FSV processed speci-
mens showed that stir zone grain size decreased and particle
distribution homogeneity increased as FSVP was applied. The
results also indicated that FSV processed specimens had
higher strength and ductility with respect to FS processed
specimens. It was also observed that strength and ductility of
FSV processed specimens increased as vibration frequency
increased. It was concluded that presence of vibration during
FSP increases the deformation and strain of the soft material in
the stir zone and correspondingly, more refined grains are
developed in the stir zone, due to enhanced dynamic recrys-
tallization. Additionally, more deformation and movement of
material in the stir zone leads to less agglomeration of SiC
nanoparticles. Application of FSVP as an “easy to apply”
processing method, which enhances the efficiency of FSP, is
recommended for industries.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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