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ABSTRACT

Severe plastic deformation (SPD) has been one of promising routes to fabricate ultrafine-grained (UFG)
materials, especially aluminum alloys. However, the SPD products often suffer from their small size. This
issue implies the necessity of welding of UFG aluminum alloys for making them usable in complex, large
forms in industries. Among various welding processes, those based on solid state welding seem to be more
consistent with UFG materials. This is associated with the instability of UFG materials upon intense heating
cycle that is common in fusion state welding processes. Friction stir welding (FSW) as a well-known process
in the category of solid state welding is widely used for welding of aluminum alloys. This review paper
provides an overview of the state-of-the-art of FSW of UFG aluminum alloys. To do so, specific attention
is given to microstructural and textural evolutions, effect of secondary particles, and cooling medium.
Applying cryogenic cooling medium as well as secondary nanoparticles could inhibit excessive grain growth
in the stir zone, which were beneficial to improve the strength of the stir zone without remarkable decrease
in the ductility. These processing routes did not affect the main recrystallization mechanism of the stir zone.

Keywords: Ultrafine grained aluminum; Friction stir welding; Severe plastic deformation; Microstructure; Texture;
Electron Backscattered diffraction.

1. Introduction
Ultrafine grained (UFG) metals, specifically

kind of materials is of significant matter. The UFG
structure usually contains unstable grain boundaries

aluminum alloys, have attracted growing attention
due to superior mechanical properties that could be
obtained. One of the most effective route to fabricate
UFG metals is based on severe plastic deformation
(SPD) [1] in which grain subdivision progressively
occurs during various stages of deformation [2].
Many diverse SPD methods have been developed
for metals in the form of sheet [3,4] and even tube
[5]. In spite of existence of different SPD routes, they
all have similar drawbacks. As the extent of applying
force and the dimension of dies used in SPD are
restricted, the size of severely plastic deformed
products is often small confining their applicability
in industries [6,7]. Therefore, the welding of such

making them susceptible to heating cycle, so that
recrystallization and fast grain growth possibly
take place [8]. Thus, fusion welding processes are
not suitable candidate for this purpose as they
impose high magnitude of heat to the base metal
[6]. Also, the cast microstructure is obtained in
the weld zone deteriorating mechanical properties
of the joint. This issue implies the use of solid state
welding processes for UFG metals [9], among which
friction stir welding (FSW) is more interesting [10].
Although the amount of heat in FSW is quite lower
than that of fusion welding processes, UFG metals
would experience grain growth during FSW likewise
[11]. In fact, the stored strain in the base metal has
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considerable influences on the evolution of grain
structure in the weld zone of FSW joints [12].

There are many review papers in the literature
regarding SPD [13,14], nanostructured or UFG
materials [15,16], and FSW [17]; however, the FSW
of UFG aluminum alloys has not comprehensively
been reviewed. The present paper gives a brief
description on SPD and FSW in sections 2 and 3.
Then, a detailed evaluation of a number of research
studies on the FSW of UFG aluminum is reviewed
in section 4 with focusing on the microstructural
and textural evolutions. This is followed by the effect
of secondary particles and cooling media.

2. Brief review of SPD

Over the past decade, tremendous researches
have been carried out in the field of nanocrystalline
and UFG materials with a grain size lower than 100
nm [1] and 1 pm [18], respectively. These materials
could be achieved by introducing a high fraction
of grain boundaries, which is responsible for their
unusual properties such as high mechanical strength
and toughness [19]. There are two basic routes to
fabricate nanocrystalline materials, namely bottom-
up and top-down. The methods based on bottom-
up techniques usually have important drawbacks,
ie. the limited product size and high residual
porosity in products fabricated by consolidation of
nanopowders [20]. The other approach (top-down
techniques) is based on SPD in which a metal is
heavily strained under high pressure leading to the
formation of bulk nanocrystalline metals without
any considerable change in its overall dimensions
[21]. Copious methods have been developed in the
field of SPD to fabricate UFG metals some of which
are equal-channel angular pressing (ECAP) [22],
accumulative roll bonding (ARB) [4,23], constrained
groove pressing (CGP) [3] high-pressure torsion
(HPT) [24,25], and multi-axial incremental forging
and shearing (MAIFS) [26]. Grain refinement
mechanism in SPD includes progressive grain-
subdivision through imposing strain. At earlier
stage of straining, the dislocation density increases.
Then, dislocation rearrangement occurs causing
subgrain structure to form. Applying more strain
changes low-angle grain boundaries (LAGBs) to
high-angle grain boundaries (HAGBs) [27]. The
presence of 70-80% of HAGBs in metals processed
by multipass SPD is of common microstructural
observation [28]. Shin et al. [3] reported on the
grain refinement of aluminum from ~1.2 mm in the
annealed state to around 0.8 pm after four passes of

CGP. Also, a nano-sized crystallite size (~103 nm)
was reported for a pure aluminum after 10 cycles
of circular simple shear extrusion process [29].
Mechanical properties of a metal processed by a SPD
route vary considerably with the SPD passes since
the structure of grain boundaries depends on the
magnitude of imposed strain [1]. Most researchers
unanimously believe that mechanical strength of a
metal significantly increases during the initial stage
of SPD (i.e. the first pass) and further deformations
make minor improvement in mechanical properties.
For example, Huang et al. [30] examining the
effect of ECAP pass numbers on the mechanical
properties of a high-calcium-content Mg-Al-Ca-
Mn alloy reported of minor discrepancy in strength
of specimens processed by 4 and 8 passes of ECAP.
Also, Zrnik et al. [31] studied microstructure
evolutions and deformation behavior of aluminum
during the CGP process. In accordance with their
results, the main improvement in strength was
achieved after one pass while the strength reached a
maximum after four passes.

3. Brief overview of FSW

The FSW process emerges as the most popular
solid state welding process that invented by The
Welding Institute of UK in 1991 [17]. This process
was initially utilized for welding of aluminum alloys
that known as hard-to-weld alloys [32]. In FSW, a
non-consumable rotating tool with a particularly
designed shoulder and pin is plunged into a specific
area between two workpieces [33]. Localized
frictional heat as well as the plastic deformation
of the workpieces softens the material beneath the
FSW tool. The combined rotational and traveling
movements of the tool cause the softened material to
flow from the front of the tool to its back completing
a joint in the solid state [17]. Thus, FSW possesses
lower welding heat input in comparison with fusion
state welding processes making it suited for the
welding of UFG materials [6]. In recent decades,
friction stir processing (FSP) has received great
attention in surface engineering. This process is
also beneficial to modify the microstructure of cast
alloys in terms of uniformly dispersed secondary
phases [34]. This process is principally based on
FSW without the aim of joining. When a rotating
tool comes in contact with the surface of an alloy,
the material beneath the tool experiences SPD at
elevated temperature, namely hot deformation
[35]. So, dynamic recovery (DRV) [36] or dynamic
recrystallization (DRX) [37,38] phenomena
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would govern the microstructure evolutions in the
deformed, or stir zone. It has been found that FSP
has potential to produce a bulk UFG aluminum alloy
with grain size of 100-400 nm by running overlapped
passes followed by rapid cooling [39]. Also, Su et al.
[40] reported of an UFG microstructure with an
average grain size of 174 nm in stir zone of copper
after FSP conducted with continuous cooling.

4. FSW/ESP of severely deformed Al alloys

SPD products generally suffer from small
product size in spite of their copious advantages.
This is mainly caused by restricted applying load,
dimensions of dies, and rigidity of equipment.
Moreover, the geometry of metals undergone SPD is
often limited to routine shapes. These issues signify
the necessity of welding of SPD products for possible
industrial use [41]. However, grain boundaries in
severely deformed metals are not in equilibrium
condition due to the presence of excessive
dislocations, which do not have great contribution
in increasing misorientation between grains [31].
These non-equilibrium grain boundaries make SPD
products susceptible to any subsequent heating or
thermomechanical process [42-45]. Thus, grain
coarsening is of common observation not only in
the stir zone but also in heat affected zone (HAZ)
and thermomechanical affected zone (TMAZ) [46].
The welding of severely deformed alloys with UFG
microstructure is likewise confronted with great
challenges. Innovative processing routes have been

——————— - 200 j1m; Step size 0.7 pm

developed to overcome these difficulties which are
reviewed in the present paper.
4.1. Microstructure evolutions and texture
variations

Various mechanisms have been reported for
evolution of stir zone microstructure during FSP
of aluminum alloys. Fonda et al. [36] declared
that deformation-induced grain  subdivision
followed by DRV was responsible for formation of
equiaxed grains in the stir zone of 2195 aluminum
alloy. They did not observe any evidence of DRX.
On the other hand, Prangnell et al. [37] and Su
et al. [47,48] reported of combined DRV and
other recrystallization phenomena controlling
microstructure of stir zone in aluminum alloys.
Jata et al. [49] and Kumar et al. [50] argued that
continuous DRX (CDRX) or discontinuous DRX
(DDRX) mechanism is primarily pronounced in the
formation of equiaxed grains in the stir zone in spite
of high stacking fault energy of aluminum alloys.
However, some researchers believe that DDRX
would be retarded during FSW of aluminum alloys
as their high stacking fault energy facilitates cross-
slip and dislocation climb suppressing accumulation
of strain needed for nucleation of new grains [48].
So, the mechanism of microstructure development
during FSW/FSP of aluminum alloys remains
still unclear. This situation becomes even more
complicated in the case of FSW/FSP of severely
deformed aluminum since the strain stored in the
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Fig. 1- (a) Optical microscopy image, (b) inverse pole figure map, and (c) pole figures at the
longitudinalsectionof1050aluminumalloyseverelydeformedthrough2passesof CGP[54].
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base metal affects microstructure evolutions during
subsequent thermomechanical process [51]. In
order to apprehend this effect, Khorrami et al. [52]
studied microstructure and texture developments
during FSP of 1050-aluminum alloy, which was
severely deformed through 2 passes of CGP process.
This examination included electron backscattered
diffraction (EBSD) analysis from a longitudinal
section covering areas located ahead and beneath
the FSP tool. The microstructure located quite far
from the position of the FSP tool (corresponding
to the base metal) is indicated in Fig. 1. As shown,
elongated grains (dark boundaries) with the
corrugated pattern and interior substructure (white
boundaries) with a preferential grain orientation
were formed in the alloy after the CGP process.
Orientation distribution function (ODF) maps from
this section (Fig. 2) manifested the development
of {112}110)/{112}(110) (corresponding to
B/B ideal shear texture component), {011}(011)
rotated Goss, {110}(112) Brass, and (100)||ND
(0-fiber) texture components. Rotated Goss and
Brass texture components were also observed in
the aluminum alloy after ARB process [53].

During FSP of UFG alloy, the tool was stopped
at the middle of the path. Fig. 3 (a) shows inverse
pole figure map from front regions of the FSP
tool. It can be seen that the elongated grains were
replaced by equiaxed, large grains with almost
random orientation (Fig. 3 (b)). The combined
effects associated with the prestraining caused
by CGP and temperature rise by FSP led to the
incident of static recovery, recrystallization, and
grain growth ahead of the tool before being stirred
by the rotating tool. This phenomena deteriorated
UFG structure preliminarily formed in the base
metal. In the vicinity of the FSP tool, grains were
elongated along dotted line mainly due to the
deformation field applied by the tool. An increase
in the fraction of LAGBs (white lines) had a sign
of initiation of DRV. Moreover, the deformation
field resulted in the preferential grain orientation,
e.g. the (110) direction was aligned near the tool
movement direction (TMD) corresponding to
B-fiber shear texture (see Fig. 3 (c)) [52].

Fig. 4 shows the inverse pole figure map and
pole figures from beneath the tool (stir zone). The
elongated grains in the deformation field were
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Fig.2-ODFmapsfor1050Alalloyundergone2passesof CGPattheEulerspaceanglesofd1=0-90°and=0-90"ath2
sectionsin5°intervals(top)andattheEulerspaceanglesof$d1=0-360°and@=0-90°atsection$2=0(bottom)[54].
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Fig.3- (a) Inverse pole figure map indicating the microstructure evolutions from regions ahead of the FSP tool to
regionsbeneaththeshoulder,(b)and(c)polefiguresfromaheadofthetoolanddeformationfield, respectively[52].
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Fig. 4- Inverse pole figure map and pole figures from the stir zone of 1050 aluminum alloy processed by CGP
and subsequent FSP [52].
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replaced by the equiaxed, fine grains, suggesting the
incident of DRX. However, the grain orientation
was similar to that observed in the deformation
field. The strength of shear texture components (C
and A7) became stronger signifying the completion
of shear texture development. Simple shear
texture development was also observed in duplex
stainless steel after FSP [55]. The replacement of
elongated grains with equiaxed ones without any
change in textural characteristics was the sign of
geometrical DRX (GDRX) [52]. Comparing the
stir zone microstructures of the severely deformed
aluminum and the annealed counterpart, it can be
found that microstructure instability ahead of the
tool during FSP affects final microstructure in the
stir zone. This results in the formation of coarser
grain size in the stir zone of the severely deformed
aluminum [51].

[
D

Sun et al. [6] studied microstructure evolutions
of 1050 aluminum alloy in accumulative roll
bonded (ARBed), ARBed followed by H24
annealing, and as-received conditions during
FSW. As can be seen from EBSD maps of the
above specimens (Fig. 5), three different grain
sizes were obtained. The equivalent stir zone
microstructures are shown in Fig. 6. The stir zone
of ARBed specimen exhibited the largest grain size
although it had the smallest grain size before FSW
compared to the as-received and ARBed + H24
annealing counterparts. Accordingly, the ARBed
specimen was quite unstable upon subsequent
heating/thermomechanical process in which rapid
grain growth was pronounced rather than the
fragmentation of UFG microstructure by shear
stress induced by the rotating tool. The same results
were reported by Sun et al. [56] studying dissimilar

001 101

Fig. 5- EBSD maps of (a) as-received, (b) ARBed, and (c) ARBed followed by H24 annealing [6].

oot 101

Fig. 6- EBSD maps from the stir zone of specimens in the (a) as-received, (b) ARBed, and (c) ARBed followed by
H24 annealing conditions; rotational and translate speeds are 1000 rpm and 1000 mm.min, respectively [6].
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FSW of UFG 1050 to 6061-T6 aluminum alloys.
The UFG 1050 alloy exhibited instability during
FSW in terms of recrystallization and subsequent
grain growth while grain refinement occurred in
6061-T6 alloy.

Bead on plate FSW, or FSP, of ARBed aluminum
alloys was also characterized by Sato et al. [12]. Fig.
7 (a) indicates transmission electron microscopy
(TEM) images of an 1100 aluminum alloy processed
by 6 cycles of ARB process. The microstructure
consisted of pancake-shaped ultrafine grains (with
width and length of 260 and 450 nm, respectively)
surrounded by HAGBs. Moreover, dislocations and
substructure existed interior the elongated grains.
Referring to Fig. 7 (b), the stir zone included
mainly equiaxed grains with an average size of 870
nm as a result of DRX. The grain size of stir zone
was coarser than that of the base metal probably
due to the grain growth induced by frictional heat
generated in the stir zone. It was also declared that
the ARBed material just outside of the stir zone
experienced small grain growth and recovery of
dislocations that made FSW process suited for the
welding of UFG metals.

Topic et al. [10] examined FSW of 1050 (in
the cold rolled condition) and 6016 (in T4 state)
aluminum alloys after ARB process. Their results
showed that reduction in dislocation density as
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well as grain coarsening took place in the stir zone,
namely from 200 nm in the ARBed condition to
around 1 um in the stir zone. Based on the same
hardness values of the stir zone of ARBed and
coarse grained base metals, they concluded that
prestraining of the base metal has no effect on the
final microstructure of the stir zone. This argument
is entirely in contrast to those reported in [6,51].

4.2. Effect of secondary nanoparticles
Microstructure instability of UFG aluminum
alloys during FSW/FSP as a result of their tendency
for grain boundary migration causes coarse grains
to form in the stir zone. Several studies have been
carried out so far to investigate the possibility
of grain boundary pinning through applying
secondary particles during FSP of UFG aluminum
alloy [57,58]. Material flow at elevated temperature
enables FSP to distribute secondary particles in
an aluminum matrix leading to the fabrication
of surface composites or nanocomposites [59-
62]. The application of secondary particles could
effectively improve mechanical properties and
wear behavior of a metallic matrix if they are
properly dispersed [63]. There are some important
parameters in FSP that significantly affect material
flow and then distribution of secondary particles
in the stir zone. The most determinant factors are

Fig. 7- TEM images showing microstructure of (a) ARBed specimen and (b) stir zone after FSW process [12].
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Fig. 8- Elemental maps of aluminum and silicon achieved from energy dispersive spectroscopy (EDS) showing
distribution of SiC nanoparticles in the stir zone after (a) 1, (b) 2, and (c) 3 FSP passes [58].
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ESP pass numbers [58] as well as the geometry of
the FSP tool [64]. Notably, this processing route
has positive effects only on the stir zone. Thus, in
the case of FSP of UFG aluminum alloy, it is quite
critical to obtain well-dispersed particles with the
least FSP passes (and then the lowest heat input)
because of softening in HAZ. A research study on
the FSP of severely deformed aluminum using SiC
nanoparticles [58] revealed that large clusters of
nanoparticles were formed at the retreating side of
the stir zone when 1 or 2 passes of FSP were applied.
However, the third FSP pass resulted in the fairly
uniform distribution of nanoparticles (Fig. 8). The
existence of clusters created weak interface with
the aluminum matrix acting as stress concentration
sources during tensile test. It suggested initiation of
brittle fracture from the interface of the clusters and
the matrix. The observation of secondary particles
at the fracture surface confirmed this issue. In case
of uniform distribution of nanoparticles, the stir
zone exhibited acceptable mechanical properties in
such a way that fracture occurred outward from the
stir zone.

In another study [57], it has been reported that
a change in the rotational direction of the FSP

tool between passes as well as using a threaded
pin could effectively improve the distribution of
nanoparticles in the stir zone even after 2 passes
of FSP. In fact, these factors could effectively break
the cluster of nanoparticles. The achievement of
uniform distribution of nanoparticles at lower FSP
passes could increase the strength of processed
specimens during transverse tensile test due to the
less softening in HAZ. The influence of volume
fraction of secondary nanoparticles during FSP of
1050 aluminum alloy severely deformed by 2 passes
of CGP process was investigated by Khorrami et al.
[65]. They found that the application of FSP without
nanoparticles deteriorated the subgrain structure
preliminarily formed during CGP process and
increased the grain size to ~10 pm in the stir zone. A
significant reduction in the fraction of LAGBs was
also evident. Texture variations occurred likewise
so that {001}(100) Cube, {011}(011) rotated
Goss, {110}(112) Brass, and {112}(110) B/B
shear components developed in the aluminum alloy
processed by CGP were replaced by {001}(110)
rotated Cube and ideal shear component C after
FSP without secondary particles (see Fig. 9). When
1.5 volume percent of SiC was applied during

Max=4.022
0.793

{111y

Fig. 9- Experimental results of 1050 aluminum alloy processed by 2 passes of CGP and subsequent 1 pass of FSP without secondary particles:
(a) optical macro- and micrograph, (b) EBSD grain orientation map, (c) inverse pole figures, and (d) pole figures from the stir zone [65].
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FSP, the stir zone grain size decreased to ~5.6 um.
This was mainly attributed to the pinning effect
of nanoparticles that restricted grain boundary
migration. ODF examinations revealed that the
texture components were almost the same as those
developed in the particle-free processed specimen.
However, the strength of rotated Cube texture
component decreased while shear component C
became stronger. In case of applying 3 volume
percent of SiC nanoparticles, the stir zone grain
size of 5.2 pm was obtained (Fig. 10). ODF analysis
manifested the completion of development of
shear texture component C from the rotated Cube.
Of course, the overall texture strength became
weaker due to the activation of particle stimulated
nucleation (PSN) forming randomly oriented
grains (compare Fig. 9 with Fig. 10).

4.3. Effect of cooling media

There are a large number of studies in the
literature examining FSP under rapid cooling
conditions to fabricate UFG aluminum alloys
[66-68]. For example, Feng et al. [66] performed

submerged FSP of 2219-T6 aluminum alloy in a
room temperature water tank. They found that
the grain size decreased from 17 pm in the base
metal to around 1.3 pm in the stir zone (in case of
rotational speed of 1000 rpm) with a small fraction
in the range of 500-800 nm. When rotational speed
decreased to 600 rpm, an average stir zone grain
size of 0.8 um could be achieved demonstrating the
capability of FSP to produce UFG microstructure.
Of course, in their study the base metal was not
in the severely deformed condition. Khorrami et
al. [69] examined the effect of cooling media on
the stir zone microstructure of 1050-aluminum
alloy preliminarily processed by 2 passes of CGP.
To do so, the severely deformed specimen was
processed by one pass of FSP under normal cooling
condition and cryogenic temperature cooling
medium. Microstructural assessments (Fig. 11
and Fig. 12) revealed that both cooling media
resulted in the deterioration of subgrain structure
developed in the severely deformed aluminum.
The Zener-Hollomon (Z) parameter (Eq. (1))
reflecting the temperature (T) compensated strain

{100} {110} D

(©

a1y

98

Max=2.595
0.853

101

Fig. 10- Experimental results of 1050 aluminum alloy processed by 2 passes of CGP and subsequent 3 passes of FSP with 3 volume
percent of SiC nanoparticles: (a) optical macro- and micrograph, (b) SEM elemental map showing distribution of nanoparticles, (c)
EBSD grain orientation map, (d) inverse pole figures, and (e) pole figures from the stir zone[65].
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Fig. 11- Stir zone microstructure of the specimen processed under normal cooling condition: (a) optical microscopy image, (b) EBSD
map, and (c) grain orientation spread (GOS) map; blue, red, and yellow grains denoted recrystallized, distorted, and substructured
grains, respectively [69].

Fig. 12- Stir zone microstructure of the specimen processed under cryogenic cooling medium: (a) optical microscopy image, (b) EBSD
map, and (c) GOS map; blue, red, and yellow grains denoted recrystallized, distorted, and substructured grains, respectively [69].
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rate (¢) determines the grain size of the stir zone:

. Q
Z = g exp( RT (1)
where Q and R denote the activation energy
for self-diffusion and gas constant, respectively.
Processing under normal cooling condition led
to the formation of equiaxed grains with average
grain size of 13 pum and 60% of HAGBs. The
obtained grain size is larger than that estimated by
the Z parameter. This is attributed to large driving
force for grain growth induced by the strain stored
during SPD. However, processing under cryogenic
cooling medium resulted in the formation of lower
grain size in the stir zone as excessive grain growth
was inhibited. In this case, the Z parameter could
precisely predict the grain size of the stir zone.
This innovative method has positive effects not
only in the stir zone but also in HAZ and TMAZ.
Khorrami et al. [54] examined the microstructure
and texture evolutions ahead of the FSP tool
(Fig. 13) to realize the effect of cooling media on
the FSP of UFG aluminum alloy. In this research
a 1050 aluminum alloy was initially processed
by 2 passes of CGP followed by FSP submerged
in liquid Nitrogen. Optical microscopy and
EBSD assessments revealed the occurrence of

microstructure instability in the form of abnormal
grain growth (AGG). They attributed it to combined
effects associated with strong texture components
and intense gradient in the stored strain of the
severely deformed base metal. In fact the extremely
high cooling rate during submerged FSP impeded
the normal grain growth that is common during
routine FSP (see Fig. 3 and ref [52]). Rather,
the grains with orientations different from the
dominant texture could involve in AGG and
developed a Cube and Goss texture components.
Steep gradients within the shear textured volume
could provide conditions required by AGG. In this
case, growth path is toward the areas with higher
local misorientation, known as strain-induced
grain boundary migration (SIGBM). Pole figure
maps (Fig. 13 (c)) and ODF analysis (Fig. 14) from
ahead of the FSP tool demonstrated that the stored
strain of the base metal was not completely released
and then the texture components of Brass, rotated
Goss, and B/B (observed in the base metal) were
partially preserved. Moreover, the abnormally
grown grains were free from substructure (known
as recrystallized grains) as well as internal
misorientation as indicated in Fig. 15. More details
regarding the effect of texture and stored strain
on the AGG could be found in [70] and[71,72],

e
= 200 jum; Step size 0.7 pm

Fig. 13- Microstructure and texture evolutions ahead of the tool during cryogenic FSP of aluminum alloy processed by CGP: (a)
Optical microscopy image, (b) EBSD map, and (c) pole figure maps [54].
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Fig. 14- ODF maps from ahead of the tool for 1050 Al alloy undergone submerged FSP after CGP: the Euler space angles of ¢1=0-90°
and @=0-90° at ¢2 sections in 5° intervals (top) and at the Euler space angles of $1=0-360° and ¢=0-90° at section $2=0 (bottom) [54].

Substructured

Fig. 15- (a) Local misorientation map and (b) GOS map from regions corresponding to Fig. 10 (b) [54].

respectively. A slight number of deformed grains
(shown as “red” grains in GOS map) remained
ahead of the tool, suggesting considerable amount
of stored strain was released. However, elongated
grains formed during CGP were still observed.

In order to have both positive effects associated
with the addition of secondary nanoparticles and
applying rapid cooling during FSP, it is possible to
distribute reinforcing particles during submerged
ESP that is carried out in [73]. In this study, SiC

12

nanoparticles were dispersed in an UFG aluminum
alloy through 3 passes of FSP submerged in the
liquid Nitrogen. Fig. 16 shows the obtained stir zone
microstructure signifying uniform dispersion of
nanoparticles. Also, the EBSD and pole figure maps
are indicated in Fig. 17. This innovative processing
route resulted in the very fine grain structure in the
stir zone. However, in comparison with the specimen
processed under normal cooling condition, the
texture strength became lower possibly due to
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Fig. 16- Optical microscopy images showing the stir zone containing 1.5 volume percent of SiC
nanoparticles obtained with FSP of UFG aluminum alloy under cryogenic cooling medium [73].

m

(b)
{110}

Fig. 17- EBSD results from stir zone of UFG aluminum alloy processed by FSP using 1.5 volume
percent of SiC nanoparticles under cryogenic cooling medium [73].

the existence of grains with different orientations
from those developed by shear deformation. TEM
examination (Fig. 18) revealed the formation of a
grain surrounded by HAGBs and the size of ~100 nm
that was unlikely to exist prior to FSP. This suggested
the activation of DDRX mechanism in spite of high
stacking fault energy of aluminum alloy.

13

4.4. Mechanical behavior
4.4.1. Tensile properties

Nikulin et al. [74] examined the FSW of UFG
Al-Cu-Mg-Ag alloy under various heat treatment
conditions. The UFG microstructure with the
average grain size of 0.6 um was obtained with 8
passes of ECAP at 250 °C followed by hot rolling
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Fig. 18- TEM images in (a) bright field and (b) dark field modes from stir zone of UFG aluminum alloy
processed by FSP using 1.5 volume percent of SiC nanoparticles under cryogenic cooling medium [73].

at 250 °C. The achieved plate was subsequently
processed by FSW. Their results indicated that the
grain size reached 2.3 pm in the stir zone implying
the incident of grain growth during FSW. Tensile
test was implemented to characterize mechanical
properties of the alloy under various states (Fig. 19).
As shown, the severely deformed specimen (denoted
by SPD) exhibits continuous softening after limited
work hardening. However, the welded specimen
(SPD+FSW) has extensive uniform elongation,
suggesting its high capacity of work hardening
compared to the UFG base metal. The limited work
hardening capacity of UFG materials is one of their
common characteristics and is due to the high
density of dislocation as well as localized plastic
deformation from pre-existing shear bands formed
during SPD [75]. As a result of work hardening
effect, the weld showed higher ultimate strength
(UTS) value than the UFG base metal. Rather, the
yield strength (YS) of the base metal was more than
that of the weld because of the grain size effect. The
strength of UFG and welded materials increased
after solution and artificial aging heat treatment
(known as T6-temper). In this case, joint efficiencies
of unity and of ~97% were reported for the YS and
UTS, respectively. In spite of the deterioration of
UFG microstructure after solution heat treatment
at 520 °C, the strength of heat treated samples
increased from 285 MPa to 405 MPa after aging in
the light of dense precipitates that were uniformly
dispersed [74].

Some researchers studied the mechanical
properties of FSW joints of UFG aluminum alloys
through transverse tensile test. For example,
Khorrami et al. [76] examined mechanical
properties of 1050 aluminum alloy subjected to FSW
after CGP process. Their results had an indication
of reduction in the strength after CGP process.
Of course, the rate of decrease in the strength
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Fig. 19- Engineering stress-strain curves of Al-Cu-Mg-Ag alloy
treated under various processing routes [74].

considerably depended on the initial stored strain
value as well as welding parameters, i.e. welding
rotational and traveling speeds. As shown in Fig.
20 (a), the FSW joint fractured from the interface
of TMAZ and stir zone as a result of formation
of elongated grains. The effect of rotation and
traveling speeds on the strength of the FSW joints
are illustrated in Fig. 20 (b) and (c), respectively.
It is obvious that an increase in rotation speed of
the FSW tool resulted in less tensile strength of the
joints regardless of initial stored strain value (strain
magnitude of 1.16 and 2.32 in specimens subjected
to 1 and 2 passes of CGP process, respectively).
Traveling speed had contrary effects on the tensile
strength of the joints of specimens undergone 1 and
2 passes of CGP. The lower the traveling speed, the
more the tensile strength in the joint of specimen
processed by 1 pass of CGP. It has been attributed to
the formation of more equiaxed grains at TMAZ as
well as higher heat conduction while more elongated
grains developed at TMAZ of specimen welded at
higher traveling speed. For specimen processed by
2 passes of CGP process, microstructure instability
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Fig. 20- (a) Place of fracture during transverse tensile test of 1050 aluminum alloy processed by CGP process followed
by FSW, (b) and (c) shows the effect of rotation and traveling speeds on the strength of the FSW joints, respectively [76].

—— Annealed sample
— — CGPed sample
... Without nanoparticles

= = 1.5 vol. pct. SiC nanoparticles

= + 3 vol. pct. SiC nanoparticles

Stress (MPa)

20

0.05 0.1 0.15 02 0.25

Strain

03 0.35 0.4 0.45

Fig. 21- Stress-strain curves of specimens prepared from 1050
aluminum alloy under annealed, severely deformed (CGPed),
and friction stir processed using various amounts of secondary
particles [65].

dominantly occurred in all FSW conditions leading
to appreciable reduction in tensile strength. Also,
Fujii et al. [8] reported a considerable reduction in
tensile strength of UFG 1050 aluminum alloy after
FSW. Their joint specimens fractured from the stir
zone during transverse tensile test.

In another research [65], the effect of volume
fraction of secondary particles on the mechanical
properties of the stir zone was examined. In this
study, a 1050 aluminum alloy was severely deformed
through 2 passes of CGP process followed by
ESP using 0, 1.5, and 3 volume percent of SiC
nanoparticles. Stress-strain curves from specimens
extracted from the stir zone in the longitudinal
direction are indicated in Fig. 21. It was observed
that the application of FSP on the severely deformed
aluminum alloy resulted in significant reduction in
YS and UTS even when secondary nanoparticles
were used. However, an increase in the volume
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Fig. 22- Stress-strain curves obtained with tensile test of 1050
aluminum alloy under annealed, severely deformed, and post-
deformed conditions [69].

fraction of nanoparticles enhanced both YS and
UTS values at the expense of slight decrease in
elongation magnitude. This also led to the increased
work hardening rate that is common in specimens
containing well dispersed secondary particles.
Moreover, it was observed that fracture initiated from
the interface of nanoparticles and the matrix. It was
proposed that Orowan was the main strengthening
mechanism in specimens containing nanoparticles
while dislocation density governed the mechanical
properties of particle-free specimens.

The effect of cooling media on the mechanical
properties of UFG aluminum alloy processed by FSP
was also investigated in [69]. In this research, severely
deformed aluminum alloy specimens were post-
deformed through FSP under room temperature
and cryogenic cooling media (FSP submerged in
liquid Nitrogen). Stress-strain curves obtained with
tensile test from the stir zone are shown in Fig. 22.
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Although cryogenic cooling media during FSP
could effectively inhibit grain growth in the stir
zone, considerable reductions in YS and UTS were
observed in post-deformed specimens compared
to the UFG base metal. The authors have attributed
it to the deterioration of subgrain structure along
with grain growth. However, the extent of strength
drop was less in case of processing in the cryogenic
cooling medium.

4.4.2. Hardness properties

Sun et al. [56] examined dissimilar FSW of
UFG 1050 and 6061-T6 aluminum alloys. The
microhardness profiles are shown in Fig. 23. As
depicted, in the UFG side, a gradual decrease in the
hardness value occurred as a result of grain growth

140

and dislocation density drop. The same behavior
was also observed in the 6061-T6 side due to the
dissolution and, at the same time, coarsening of
precipitates. Moreover, use of higher revolution
pitch (corresponding to lower heat input) led to
lower hardness drop in the HAZ. In the stir zone,
the lowest hardness value was reported in the UFG
side mainly due to the grain growth phenomenon.
In another research study [6], FSW of UFG 1050
aluminum alloy processed by 5 cycles of ARB was
examined. Also, the effect of H24 annealing of
UFG alloy prior to FSW was studied. The related
microhardness profiles are indicated in Fig. 24.

It was revealed that the stir zone hardness of as-
received alloy increased compared to that of the
base metal because of grain refinement caused by
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Fig. 23- Microhardness profiles across stir zone in UFG 1050 and 6061-T6 dissimilar FSW joints fabricated under
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DRX. However, the FSW resulted in a significant
reduction in hardness value of the UFG alloy.
It was in contrast to that observed in the UFG
alloy undergone H24 annealing before FSW. The
stir zone of this specimen exhibited the highest
hardness values than those of as-received and UFG
alloys. They attributed it to the instability of UFG
alloy upon temperature rise during FSW while in
the as-received and the UFG alloy undergone H24
annealing that had more stable microstructure,
grain subdivision during FSW dominated rather
than grain growth [6]. Sato et al. [12] published
almost the same results on the FSW of UFG 1100
aluminum alloy. Based on the results obtained with
the microhardness test (Fig. 25), they proposed that
the strain stored in the base metal hardly affected
microstructure of stir zone. This argument is
contrary to that reported by other researches who
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Fig. 25- Microhardness profiles across the stir zone of starting
and UFG alloys after FSW under rotational and traveling speeds
of 500 rpm and 12 mm/s, respectively [12].
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Fig. 26- Indentation curves for 1050 aluminum alloy under
various conditions of fully annealed, severely deformed by CGP,
and friction stir processed after CGP using 0, 1.5, and 3 volume
percent of SiC nanoparticles [65].

emphasized that the stored strain could provide
excessive driving force for grain growth after DRX
during FSW [6,51]. As mentioned in the previous
section, the addition of secondary nanoparticles
during FSW/FSP of UFG aluminum alloys could
effectively prevent growth of grains newly formed by
DRX. In another research [65], the effect of applying
SiC nanoparticles during FSP of 1050 aluminum
alloy preliminarily severely deformed by CGP
process. The related curves as well as quantitative
results obtained with indentation test are indicated
in Fig. 26 and Fig. 27, respectively. As can be seen,
the application of CGP process caused a significant
increase in the hardness value compared to the
annealed specimen. This was related to the grain
refinement along with increase in dislocation density
after CGP process. The application of FSP without
secondary particles led to an appreciable reduction
in hardness value of the stir zone due to grain
growth. However, the stir zone hardness increased
with increasing the volume fraction of nanoparticles
because of multilateral effects associated with their
presence. They inhibited grain growth during FSP
by pinning of grain boundaries. Additionally, the
use of nanoparticles activated several strengthening
mechanisms among which dislocation pinning, or
Orowan mechanism, was more pronounced. The
addition of SiC nanoparticles during FSP was also
responsible for increased elastic modulus of the stir
zone that is consistent with the rule of mixture.

5. Summary

UFG aluminum alloys consist of unstable
grain boundaries that susceptible them to heating
cycle. In this regard, the welding of these alloys
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indentation test of 1050 aluminum alloys under various
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confronts with many challenges, specifically fusion
state welding process is utilized. To overcome this
difficulty, solid state welding process such as FSW
seems to be suited for this purpose. The present
review aims to outline the current state-of-the-art
processing of UFG aluminum alloys by FSW/FSP.
Particular issues, including microstructure and
texture evolutions, effect of secondary particles and
cooling media are discussed. Moreover, mechanical
behaviorsin terms of tensile propertiesand hardness
measurements are reviewed. It is obvious that HAZ
as well as the stir zone experiences considerable
grain growth after FSW. DRV and DRX followed
by grain growth completely deteriorate subgrain
structure initially developed in the UFG alloy. More
interestingly, static recrystallization and recovery
occur in regions located ahead of the stir zone prior
to being stirred by the rotating tool. This incident
will affect the final microstructure of the stir zone.
Shear texture components gradually developed
ahead of the tool become stronger, suggesting
GDRX mechanism is dominantly involved in
the microstructure evolutions in the stir zone.
The addition of secondary nanoparticles during
ESP could restrict grain boundary migration and
results in the formation of finer grain size and
increased mechanical properties of the stir zone.
This processing route does not change the main
recrystallization mechanism but activates PSN
which is responsible for the formation of randomly
oriented grains and then reducing the overall
texture strength. The accomplishment of FSP
submerged in the cooling medium affects not only
the microstructure of the stir zone but also that of
regions around the rotating tool. Microstructure
instability in the form of AGG induced by texture
and stored strain. However, a finer grain size is
obtained with this route. So, welding of UFG
aluminum alloy could be successfully carried
out by FSW if necessary measures, including the
application of secondary particles and processing
cooling medium are considered.
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