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a b s t r a c t

Double-pass friction stir processing (FSP) engendered intense plastic deformation in Mge3Ale1Zn alloy
with variation in the most influential process parameters, namely tool rotation speed and tool traverse
speed. The effect of change in the FSP processing route on the resulting grain size was also analysed.
Uniformly distributed fine equiaxed grains (average grain size ~ 6.15 mm) were acquired in the stir-zone
(SZ) due to extensive dynamic recrystallization (DRX). Attainment of large grain refinement encouraged
for further investigation of the alloy's superplastic behaviour at elevated temperatures. Microstructural
examination was followed by uniaxial tensile tests that were carried out at three distinct temperatures of
350, 400 and 450 �C at the constant strain rate of 1.3 � 10�3 s�1. With the rising deformation temper-
ature, reduction in the flow stress led to significant increase in the tensile elongations of all the processed
specimens. Micro-grain superplasticity (elongation >200% under tension) was observed at the highest
deformation temperature for the friction stirred specimen with the finest grains.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In today's modernised machining era, superplastic forming
(SPF) is an eminent technology which is greatly associated with
high-temperature processing of the lightweight materials. It is
categorized as an advanced forming technique which comprises of
inducing plastic deformation dominated by large plastic strains [1].
SPF causes the material to elongate atleast more than 200% as
compared to its original size, which is very challenging with other
conventional approaches like hot rolling of sheet-metals [2].
Diffusion bonding, blow forming and hollow cavity forming are the
common SPF techniques to activate extensive strains in the metals
[3]. The global titans of the automotive manufacturing industry
have implemented some of these processes like quick plastic
forming (QPF) by General Motors, Hydro's Superplastic Forming
and Ford's Aluminium Superplastic Technology (FAST) [4].

SPF facilitates fabrication of thin-walled structural elements in
the near-to-net-shape condition without the requirement of any
joining or assembling [5]. The general methodology involves a pre-
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heated sheet of material which gets formed in a die-cavity or with a
punch having the desired shape with the help of compressed gas
[6]. Intricately designed components can be produced as unitized
structures with the added benefits of energy and cost savings,
lower part-counts, reduced weight and good surface finish [7]. This
specialist forming typically occurs at the temperatures of about 70%
of the melting point of the materials when the SPF related mech-
anisms like grain boundary sliding (GBS) and dislocation creep get
initiated [8]. In addition to the limitation of achieving the pre-
defined elevated temperatures in the starting materials, forma-
tion of intergranular voids, increased production cost per unit and
large cycle-time are other factors which have imposed restrictions
on the large-scale commercial viability of SPF [4].

Increasing concerns apropos of escalating levels of the polluting
emissions leading to global warming, near-to exhaustion of the
fossil fuels and paucity of the substitute fuel sources have been
pressurizing the transportation sector more than ever [9].
Unearthing new means of curtailing the weight of the transport
vehicles continue to spark a widespread interest amongst the
leading automobile industries as well as the researchers world-
wide. SPF of the lightweight materials like aluminium (Al), mag-
nesium (Mg) and titanium (Ti) is intrinsic to solving the issue of
mass-reduction in weight-sensitive applications in the aerospace
as well as automobile fields [10]. Despite of its limitations,
employing SPF can be rationalised when low-formability and
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Abbreviations

FSP Friction Stir Processing
SZ Stir Zone
DRX Dynamic Recrystallization
SPF Superplastic Forming
QPF Quick Plastic Forming
FAST Ford's Aluminium Superplastic Technology
GBS Grain Boundary Sliding
FSPed Friction Stir Processed
Al Aluminium
Mg Magnesium
Ti Titanium
SPD Severe Plastic Deformation
HPT High Pressure Torsion
ARB Accumulative Roll Bonding

ECAP Equal Channel Angular Pressing
MAF Multiple Axial Forging
FSW Friction Stir Welding
Zn Zinc
FSPed Friction Stir Processed
Hp Horsepower
PM Parent Metal
OM Optical Microscopy
EDM Electrical Discharge Machining
UTM Universal Testing Machine
TMAZ Thermo-Mechanically Affected Zone
HAZ Heat Affected Zone
HI Heat Index
HCP Hexagonal Closed Packed
GBS Grain Boundary Sliding
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expensive metals like titanium and magnesium can be formed into
complex and vital parts like airframes for the military aircrafts and
hollow fan blades for the turbine engines in single cycle [11].

The essence of SPF is "superplasticity". Derived from a Russian
word 'sverkhplastichnost' which means ultra high plastic, super-
plasticity is referred to as the uniform tensile stretching of a poly-
crystalline material (elongation >200% prior to its failure) via
plastic deformation [12]. One of the major prerequisites for
achieving superplasticity is fine grain size (�10 mm) of the material
[13]. This preference is basically deduced from the generic consti-
tutive equation to demonstrate the correlations between various
superplasticity parameters [14]:
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where έ is strain rate, T is absolute temperature and d is the
diameter of grains (grain size). Many severe plastic deformation
(SPD) methods have been studied upon for the grain refinement
and superplastic behaviour of the Mg alloys like high pressure
torsion (HPT) [15], accumulative roll bonding (ARB) [16], equal
channel angular processing (ECAP) [17], multi-axial forging (MAF)
[18] and friction stir processing (FSP) [19].

FSP, principally evolved from solid-state friction stir welding
(FSW) process, is garnering more attention in comparison to other
SPD practices owing to the beneficial features of lower cycle pe-
riods, larger microstructural refinement in single pass, less
complicated working set-up and procedural steps [20]. Designated
as a binary system of thermo-mechanical reactions, FSP mainly
generates three microstructural zones in any material. These
distinct regions are typically termed as the innermost stir zone (SZ)
or the nugget region, enclosed by thermo-mechanically affected
zone (TMAZ) which is followed by the heat-affected zone (HAZ). SZ
basically refers to that area through which the pin of the FSP tool
has traversed. TMAZ is the area which has experienced thermal
changes along with the mechanical contortion. HAZ, which is sur-
rounded by the PM on its other side, is that region which has not
undergone the plastic deformation. However, it encounters little
change in the grain structure depending on the temperature cycle
of the process. FSP is prominently acknowledged for the major
microstructural transformations in the non-ferrous alloys.

Wrought Mg alloys seem to have more potential applications in
the fabrication of lightweight structures, especially the AZ series e

which also have cheaper alloying elements of Al and zinc (Zn) [21].
Usage of AZ31 alloy has been noted in automotive industries [22].
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Successful trials have been conducted to produce door panels from
superplastically formed AZ31 for the niche and exotic vehicles [23].
Superplastic parts of AZ31 alloy also possess great appeal for utiliza-
tion in the aerospace sector. Previously published studies have
inducedsuperplasticity inAZ31alloybyapplying techniques like twin
roll casting [24], high ratio extrusion [25], differential speed rolling
[26], ARB [27] andECAP [28]. Limited efforts have beendevoted in the
direction of generating superplasticity via FSP route. A comparative
analysis regarding the impact of the number of passes of the FSP tool
on the superplastic elongations in AZ91 and AZ31 alloys has been
reported by Mohan et al. [29]. Another study aimed to inspect the
effectof variation in thedeformation temperaturesand strain rateson
the superplastic features in friction stir processed (FSPed) AZ31 alloy
[30]. Gas blow forming was performed to examine how the multi-
pass FSPed AZ31 alloy reacts to various gas pressures [31].

Multi-pass FSP has sparked a widespread interest among the
researchers as a means to develop excellent microstructural homo-
geneity in Mg alloys [32]. One interesting study reported that two-
passes of FSP (with 50% overlap) accompanied with rapid cooling
set-up enhanced the uniformity of the grain distribution in the
microstructure of AZ31 alloy. But when the direction of the overlap
was changed during the second pass, the grain size decreased and
the ductility got reduced [33]. Venkateswarlu et al. [34] reported that
double-pass FSP (with 100% overlap) significantly reduced the grain
size and also improved the mechanical properties and formability of
AZ31B alloy. But not much focus has been concentrated towards
inducing the superplastic properties in AZ31Mg alloy throughmulti-
pass FSP. As an effort to widen this narrow spectrum of the available
information, the present study has been dedicated to investigate the
effect of two FSP passes, change in the direction of the FSP route
during the second pass accompanied with the variation in the
operation parameters on the microstructural grains in AZ31B alloy.
Their correlations have been established with subsequent super-
plastic behaviour. It should be noted that as compared to the pre-
viously published studies, comparatively higher strain rate was
employed in our study to achieve the superplasticity. Higher strain
rates are more favourable from the commercial view-point as more
deformation can be induced in lesser time-cycles.

2. Experiments

2.1. Materials and set-up

All the FSP experimental rounds in this study were accom-
plished on a hot-rolled 6 mm thick AZ31B Mg alloy (main alloying
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elements of 3 wt% Al and 1 wt% Zn). These experiments were
executed on the special-purpose vertical milling machine having
maximum power of 3 hp and the required set-up for FSP. A heat-
treated tool steel of a tungsten-molybdenum alloy (M2 grade)
with a concave-shaped shoulder having 18 mm diameter and a
tapered cylindrical pin with left-handed threads was used for the
experimentation. The pin design constituted 6 mm root diameter,
3 mm tip diameter and 5.9 mm length. The tool design is a critical
factor affecting the final properties of the material after FSP. The
standard conventionalities regarding the tool design have been
conformed to the accepted criteria as well as the formerly reported
literature [35,36].

2.2. Method

Firstly, the as-received parent material (PM) plate having
thickness of 6 mm was treated to single-pass FSP with different
rotational speeds and the travel speeds of the tool (as depicted in
Table 1). The experiments were categorized in two sets: i) the first
set was implemented with the constant tool travel speed of
250 mm/min and two variations in the tool rotation e 1000 and
700 rpm respectively (samples S-0.4 and S-0.2), ii) the second set
was carried out with the same tool rotational speed of 700 rpm but
with two different travel speeds of the tool e 200 and 150 mm/min
respectively (samples S-0.25 and O-0.33). The tool tilt of 2.5� was
kept same for all the aforementioned experimental runs. The
samples were allowed to cool down to the room temperature
before proceeding to execute the second pass of FSP. All the samples
underwent the second pass of FSP (with 100% overlap) with the
exact operation parameters as that employed during the first pass
Table 1
Process parameters for double-pass FSP.

Sample ID Tool rotation (rpm) Traverse rate (mm/min) Heat ind

S-0.4 1000 250 0.4
S-0.2 700 250 0.2
S-0.25 700 200 0.25
O-0.33 700 150 0.33

Fig. 1. Schematic of d
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(as illustrated in Fig. 1). The direction of the tool traverse during the
second pass was kept similar as that during the first pass except for
the sample O-0.33, wherein the direction was reversed. After the
second pass, the samples were allowed to naturally reach the room
temperature.

It has been observed that the combination of higher tool tra-
verse rate accompanied with lower tool rotation favours lower heat
input during FSP [20]. Lower the heat produced, finer the grains
would be in the processed zone of the material. Moreover, a recent
study noted that selecting the tool rotation speed lower than
600 rpm during FSP stimulated furrow formation due to inappro-
priate material flow in the stirred region [37]. Hence, based on the
available literature as well as the operating specifications of the
machine set-up, the pilot experiments were carried out. Preferen-
tially, the best experimental parameters were then selected for the
final experiments.

2.3. Measurement

Optical microscopy (OM) was undertaken to observe the
microstructure of the specimens obtained from the SZ of all the
FSPed samples. OM was facilitated by the optical microscope of
OLYMPUS make (Model No. BX53 M). This study mainly targeted
the microstructural examination of only the probe-dominated SZ,
hence the specimens (2 mm � 2 mm) were cut from the FSPed
samples along the processed region. Mechanical grinding of these
small specimens was carried out in wet condition with the SiC
papers (ranging from 800 to 1200 grit) which was followed with
precise polishing with the 1 mm diamond paste. In order to develop
further microstructural details, chemical etching was performed on
ex (min.mm)�1 Tool direction during the second pass Tool Tilt (�)

Same 2.5�

Same
Same
Opposite

ouble-pass FSP.
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the polished specimens using the specially prepared etchant e

acetic picral (4.5 g picric acid þ 10 ml acetic acid þ 50 ml
ethanol þ 10 ml distilled water). Finally, the average grain size was
measured from the obtained optical micrographs as per the line
intercept method (ASTM E112-13). A field emission scanning elec-
tron microscope (SEM) of CARL ZEISS make was utilized to observe
the morphologies of the fractured tensile specimens.

For measuring the superplastic tensile strength, sub-sized
specimens having 2.5 mm, 1 mm and 0.9 mm gage length, width
and thickness respectively, were cut using a wire-cut electrical
dischargemachining (EDM)machine of CONCORDmake (model no.
DK7732 VC). These tensile specimens were cut along the SZ. High
temperature tensile tests were implemented in a cylindrical
furnace (with inbuilt internal cooling mechanism) attached to a
computer-controlled electro-mechanical universal testing machine
(UTM) with model no. WDW-2S. The temperatures selected for the
tensile tests were 350, 400 and 450 �C and the strain rate of
1.3 � 10�3 s�1 was kept unchanged for all the tests. This study
aspired to probe the effect of high temperatures on the FSPed AZ31
alloy during the tensile straining hence the strain rate was kept
consistent while the temperatures were altered. In order to insti-
tute a thermal equilibrium inside the furnace, the hold time for the
specimens was about 30 min after reaching the selected tempera-
ture value.

3. Results and discussion

3.1. Microstructural characterization

Fig. 2 depicts the microstructural features of the as-received
hot-rolled AZ31B material. Coarse-sized granules can be observed
in the initial microstructure of the PM. The average grain size of the
PMwas around 15.43 mm. The grains appear to be irregular in shape
and non-uniformly spread across the metal matrix. The optical
micrograph is also indicative of the presence of the secondary
particles (Mg17Al12) as referred from the phase diagram of an
AleMg duplex system [38]. These intermetallic particles are also
asymmetric in size with uneven distribution in the alloy structure.

Fig. 3 provides the OM plots of the double-pass FSPed samples. It
is apparent from the images that the clusters of the coarser grains
which were observed in the PM were fragmented into finer grains
in all the prepared samples. Microstructural modification is the
most pronounced in the SZ as the FSP tool pin is in its closest and
continuous contact. The SZ sustains SPD due to the continual
movements of the shoulder against the top surface of the plate as
well as the rotating pin. The original grains are repeatedly broken
down due to thesemovements of the tool across the cross-sectional
Fig. 2. Optical micrograph of PM.
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area of the material amounting to dynamic recrystallization (DRX).
Simultaneously, frictional heat is generated at the interface of the
tool shoulder and the PMwhich attributes to the material changing
from the solid to the plastic state. The synergetic effect of the
localized plastic deformation and the DRX in the stirred region
ascribes to relatively large-scale grain refinement in the FSPed
samples. During the second pass, the boundaries of the already
recrystallized grains (from the first pass) became the activation
centre for the double DRX and led to more refined structure
(depicted in Fig. 4).

On comparing the microstructure of the PM and the FSPed
samples, it is clearly visible that the obtained structures are
completely homogenized and refined. The average grain size of the
samples S-0.4, S-0.2, S-0.25 and O-0.33 was about 7.36, 6.15, 6.35
and 7.12 mm respectively. Single-pass FSP was performed on AZ31B
alloy with the same set of processing parameters, but the grain size
obtained was lower as compared to that obtained with double pass
FSP [39]. The grain sizes of all four samples fulfilled the major pre-
condition of targeting the superplastic behaviour, i.e. grain size
�10 mm [from eq. (1)]. The grain size decrement achieved after two
consecutive passes of FSP is in the range of 52e60% as compared to
the larger grains of the PM. The final grains are not only smaller in
size but are also uniformly disbursed across the stirred zones. In
addition, the phase particles can also be seen across the SZ which
have severed into smaller parts and more uniformly spread after
FSP. The microstructural changes alighted upon in this study are in
agreement with the previously proclaimed investigations [40,41].

The processing of the sample S-0.4 with the tool travel speed of
250 mm/min and tool rotation of 1000 rpm yielded the average
grain size of 7.36 mm. Keeping rest of the parameters unchanged for
the sample S-0.2 and decreasing the tool rotation from 1000 to
700 rpm resulted in the grain size reduction ~ 6.15 mm. Hence, the
average grain sizes of these two samples S-0.4 and S-0.2, which
were producedwith the same tool travel speed of 250mm/min, can
be considered as a function of the varied rotational speed of the
non-consumable tool. Higher rotation of the tool (1000 rpm) added
to the frictional heat input during the processing of the sample S-
0.4. This can be accounted by calculating the heat index (HI) value.
HI is delineated as the heat input per unit length during the process
[42]. The peak temperature attained in the SZ is in direct proportion
to the HI which is calculated using the empirical eq. (2) [43]:

HI ðmin:mmÞ�1 ¼ u2

v� 104
(2)

where u represents the tool rotation speed and v is the traverse
speed of the tool. It is evident from eq. (2) that the heat formation is
essentially governed by both these operation parameters.

Fig. 5 graphically displays the HI values for each of the FSPed
samples. It can be inferred that greater rotational speed of the tool,
i.e. 1000 rpm employed for S-0.4 sample led to more heat addition
during the stirring action resulting in higher HI. On the contrary,
the HI value corresponding to 700 rpm speed is half of that, i.e. 0.2
(min.mm)�1. This implies that higher the tool rotation, morewill be
the heat evolution. The amplified heat restricts the recrystallization
process by augmenting excessive grain growth [44]. That is the
reason for the larger grain size observed in the sample as compared
to the sample S-0.2. On the same note, analogous conclusion can be
drawn for the samples S-0.25 and O-0.33, wherein the tool rota-
tional speed was kept the same (700 rpm) and the tool travel speed
was curtailed from 200 to 150 mm/min respectively. Lower travel
speed of the tool across thematerial allows for more time of contact
between the material and the tool, thus leading to more thermal
exposure. In contradiction to this, higher tool traversing rate is
beneficial in acquiring higher heat dissipation resulting in lower HI



Fig. 4. Schematic of effect on the grain structure during double pass FSP.

Fig. 3. Optical micrographs of SZ of double-pass FSPed samples.
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Fig. 5. HI summary for the FSPed samples.
Fig. 7. Grain size plot for variable tool traverse speeds for FSPed samples.
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value ~ 0.25 (min.mm)�1. Henceforth, the grain size obtained by
employing 200 mm/min speed, i.e. 6.35 mm is lower than that ob-
tained with 150 mm/min (7.12 mm).

The grain size of the FSPed samples varies linearly with respect
to the HI (Fig. 6). Higher heat volume during the FSP mechanism
proved to be detrimental to the attainment of the refined grains.
Reduction in the overall heat production and simultaneous
increased heat dissipation during the process is advantageous to
the microstructural grain refinement. The least grain size ~ 6.15 mm
was obtained when the HI was the minimum. HI is further
dependent on the selection of the FSP tool speeds. Fig. 7 depicts the
grain size as a direct function of the tool traverse speed. With the
increased horizontal movement of the tool astride the material, the
size of the grains consistently decreased. Moreover, the smallest
grains were cultivated with the combination of higher travel speed
of 250 mm/min and lower tool rotation speed of 700 rpm.
Conclusively, it can be noted that the parametric optimization of
these two critical factors e tool rotation and tool traverse evidently
play a key role in minimizing the heat generation during the stir-
ring process and ensuring the maximum grain refinement. Refined
grains in the microstructure is the stepping stone towards
achieving superplastic characteristics in the metallic alloys.

Another interesting observation is the effect of the direction of
the tool traverse during the second pass. The second FSP pass was
executed on the O-0.33 sample in the opposite direction in com-
parison to the first pass. The processing conditions for S-0.25 and
O-0.33 samples were same considering the tool rotation rate
(700 rpm) and the tool tilt. The traverse rate was lowered from 200
to 150 mm/min for sample O-0.33 and the tool travel direction
during the second pass was changed. As the tool traverse rate
Fig. 6. Variation of grain size w.r.t. HI.
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increased, the HI value increased due to higher heat input. Also, the
changed processing route of the tool did not contribute in grain size
reduction as the grain size ~ 7.12 mm is larger as compared to S-0.25
sample. Hence, the effect of the decreased tool traverse rate during
the second pass apprehended larger grain size. More endeavours
towards investigating the effect of the FSP processing direction can
be exerted in future studies in relation to multi-pass FSP of AZ31B
alloy.

3.2. Tensile elongations during high-temperature tensile tests

Owing to the hexagonal closed packed (HCP) atomic structure
and restrained ductility at the room temperature, Mg alloys are
widely known as the "limited-plasticity" materials [45]. To over-
come this limitation, selection of the forming temperature plays a
crucial part in the thermal activation of the additional slip planes in
the Mg alloys [46]. Earlier researches have outlined that substantial
reduction in the flow stress occur in the AZ31B alloy after reaching
the temperatures beyond 200 �C [47]. Further, the melting point of
this alloy is about 640 �C [31]. So, all the selected temperature
values in the present studywere greater than 200 �C as well as> 0.5
Tm, where Tm is the melting point of the PM. This is another prime
requirement to achieve the superplasticity.

Uniaxial tensile tests were carried out at various temperature
loads of 350, 400 and 450 �C at the constant strain rate of 1.3� 10�3

s�1. Fig. 8 illustrates the macroscopic images of the untested and
the fractured tensile specimens. The highest values of the per-
centage elongation to failure obtained for the samples S-0.4, S-0.2,
S-0.25 and O-0.33 were 120, 212, 160 and 120% respectively. Rela-
tively larger prolongations of the FSPed alloy was noticed at the
temperatures of 400 and 450 �C during the tests. So, similar tem-
perature tests were exercised on the tensile specimens sliced from
the PM at the same strain rate of 1.3 � 10�3 s�1. The resulting
percentage elongations at 400 and 450 �C were 80 and 95%
respectively. A graphical depiction of the impact of all three
selected testing temperatures on the corresponding ductile elon-
gation to fracture for all the samples is shown in Fig. 9.

The tensile specimen from S-0.4 sample (having the grain size of
7.12 mm) displayed 100% elongation when deformed at 350 �C. The
flow stress generated in the material during the test was around
21.16 MPa (Fig. 10 a). When the temperature was increased to 400
�C, the material elongated to 120%. Decrement in the flow stress
(14.38MPa) is noted at higher temperature. It can be presumed that
at constant straining, the elevation in the deformation temperature
causes reasonable decline in the flow stress of AZ31B alloy. This
reduced flow stress permits more uniform stretching of the mate-
rial which expedites its tensile elongations. As the temperature is



Fig. 8. Fractured tensile specimens tested at the constant strain rate of 1.3 � 10�3 s�1.
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further raised to 450 �C, despite of the flow stress drastically
reducing to 7.84 MPa, the elongation observed in the material is
more or less the same ~120%. This behaviour can be attributed to
probable instability of the microstructure at higher temperature
resulting in the lack of elongations beyond 120%. The SEM micro-
graph (as shown in Fig. 11) shows the surface of the fractured
Fig. 9. Elongation vs. Temperature plot for the tensile specimens.
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tensile sample which indicates the type of failure. Intergranular
fracture caused from the loss of grain cohesiveness can be observed
from the fractured surface in Fig. 11 a).

The specimen S-0.2 (machined at 700 rpm and 250 mm/min
parameters) yielded the lowest grain size ~ 6.15 mm out of all the
processed samples. At the elevated temperature of 350 �C, it
exhibited 80% elongation, with the flow stress value of 18.35 MPa
(Fig. 10 b).

Increasing the temperature load to 400 �C fetched appreciable
elongation of 120% due to significant decrease in the flow stress.
Superplasticity was observed at 450 �C with the flow stress cur-
tailing down to 4.14 MPa allowing the alloy to elongate to 212%
prior to its failure. As a typical characteristic of superplastic
behaviour, the gage region elongated uniformly under tensile load
without much necking as can be viewed in Fig. 12 (b).

It can be noted that the lowest grain size manifested the largest
ductility in the FSPed AZ31B alloy in the present study. Small sized
grains promote the phenomenon of grain boundary sliding (GBS)
which is the dominant deformation mechanism during super-
plasticity in Mg alloys [48]. GBS comprises of shifting of grains
against each other involving shear displacement in the boundaries
or in the regions near the boundaries [49]. At higher temperatures,



Fig. 10. Flow stress variation w.r.t. deformation temperature in FSPed specimens.

Fig. 11. SEM images of the tensile specimens fractured at 450 �C.
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GBS and dynamic grain growth need to be in balance so as to
achieve superplasticity in the alloy. Moreover, smaller grains ac-
count for more number of grain boundaries. These increased grain
boundaries assist in the relaxation of the accumulated stress near
412
the boundaries and junctions in the microstructure [20]. It can be
observed from Fig. 11 b the formation of shallow cavities of varying
sizes in the fractured tensile specimen of sample S-0.2, which in-
dicates that the failure of the specimen is due to cavity coalescence



Fig. 12. Macroscopic appearance of the fractured tensile specimens tested at 450 �C.
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during superplastic deformation. Conclusively, it can be said that
the finer grains activated GBS and rendered superior thermal sta-
bility to the overall microstructure that facilitated the superplastic
elongation in the S-0.2 sample.

Elongation of 80% was observed in both S-0.25 and O-0.33
tensile specimens at the testing temperature of 350 �C. Thematerial
resisted the localized neck formation thereby leading to the brittle
failure in the gage region under tension as depicted by the typical
cup and cone shaped fracture as observed from Fig. 12 c and d. It
indicates that the dynamic recrystallization and the grain sliding
were not much active at this temperature. Raising the temperature
to 400 �C led the S-0.25 specimen to elongate to 160% as the flow
stress dropped to 14.38 MPa from 17.26 MPa (Fig. 12 c).

There is absence of superplasticity as the material stretching is
less than 200% but the elongations up to 150% or beyond are
considered pertinent in view of the design expectations of indus-
trial SFP procedures [8]. On the other hand, O-0.33 specimen
illustrated comparatively lower elongations of 120% at 400 �C. This
difference in the ductile behaviour of both the specimens is by the
virtue of their grain sizes. Lower grain size of 6.35 mm aided in
larger elongations in S-0.25 specimen in comparison to O-0.33
specimen possessing grains of size 7.12 mm. Further enhancement
of the temperature to 450 �C did not affect much the elongations of
both the respective samples despite of considerable decrease in the
respective flow stresses (Fig.12 c and d). This might probably due to
the occurrence of the intergranular cavitation at higher tempera-
ture which disturbed the microstructural stability to elongate.
413
Another aspect could be the inadequate thermal equilibrium in the
furnace.

4. Conclusions

Following conclusions can be inferred from the present work
based on the effect of the double-pass FSP parameters on the
microstructure, eventually leading to the superplasticity in the
AZ31B Mg alloy.

� Double-pass FSP (with 100% overlap) led to refined and homo-
geneous microstructure as a result of double DRX. Equiaxed
grains were observed in the SZ for all the variable processing
parameters. The least grain size ~ 6.15 mmwas achieved with the
parameter set e lower tool rotation of 700 rpm and higher tool
travel speed of 250mm/min. The change in the processing route
during the second FSP pass could not contribute in achieving
more reduction in the grain size.

� Keeping the tool traverse rate as 250 mm/min and decreasing
the tool rotational speed from 1000 to 700 rpm, the grain size
remarkably reduced due to relative decrement in the HI. On the
other hand, reverse effect was noted when the tool rotation was
maintained as constant at 700 rpm and the tool traverse speed
was decreased from 200 to 150 mm/min.

� Microstructural superplasticity (212% elongation) was observed
in the sample having the lowest grain size at the deformation
temperature of 450 �C and the strain rate of 1.3 � 10�3 s�1. The
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finest grains en route easy grain sliding and provide thermal
stability to the microstructure. At the constant strain rate,
increased temperature abates the flow stress ascribing to
extraordinarily large elongations under tension.

� The associated future prospects lies in the experimental study of
the effect of other FSP parameters, for instance the tool tilt, on
the grain structure and consequent superplasticity in AZ31B
alloy.

Superplastic parts made from Al alloys are already in commer-
cial usage in the fabrication of components like winglets, air stairs
and engine nacelles for the aircraft bodies. Similarly, manufacturing
of superplastically formed Mg structures could help in replacing Al
alloys and promote greater weight reductions in the aerospace and
military sectors.
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