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Abstract

The superplasticity of magnesium alloys (Mg) exhibits excellent behavior at high elongations while maintaining
mechanical properties and a deformation mechanism that depends on intergranular sliding. These alloys can be achieved
at lower stress levels with relatively high temperatures. Furthermore, the microstructure is fine-grained and
homogeneous, which gives the alloy a very high potential for forming then, obtaining complex components of various
weights. The microstructure and mechanical properties make magnesium alloys a successful choice for many industrial
applications, including the automotive, aviation, and medical device industries, which require lightweight materials with
high strength. The superplastic behavior of magnesium alloys treated by various manufacturing operations, such as
differential speed rolling (DSR), equal channel angular pressing (ECAP), and friction stir processing (FSP) was studied.
These operations contribute to reducing grain size and enhancing intergranular sliding, which is the basic mechanism
responsible for superplasticity.
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1. Introduction

Superplestic is a polycrystalline material that exhibits large
tensile elongations exceeding 400% and can withstand
large deformations before failure [1]. Many techniques,
such as symmetric rolling and electroslag remelting (ESR),
are used to improve and develop metal alloys during grain
refinement [2, 3]. There are requirements for the
conditions of superplastic behavior of alloys in general,
which include the deformation temperature higher than 0.5
Tm, tensile strain rate 0.00001 to 0.1 s, granule size
smaller than 10 pm, and flow stress <10 MPa [4]. The most
important contribution of superplastic deformation is grain
boundary slip (GBS), which involves grain slip at the
interface under an externally applied force [5-6]. Grain
phase size (GPS) and severe plastic deformation (SPD) are
employed to achieve a grain size of lower than 10 um with
an equiaxed structure, thereby addressing the issue of low
formability at high temperatures.

This approach also reduces manufacturing costs and
time. The new material, subjected to superplastic
conditions, can be used to manufacture complex products
with high elongation and without premature failure. Two
types of superplasticity are unique to the field of materials
science from the perspective of using superplastic forming
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methods for commercial applications, which are less
temperature superplasticity and more strain rate
superplasticity [26]. The superplastic forming (SPF)
techniques, including hollow cavity, rapid plastic forming,
blow molding, and diffusion bonding, can be applied to
obtain complex and lightweight components with high
dimensional accuracy [7]. The advantage of SPF can
manufacture complex parts on small-sized equipment.
According to the analysis of literature, it was found that
most grain improvement methods depended on plastic
deformation techniques, including FSP, HTP, DSR, and
ECAP [8-16].

Magnesium alloys are usually obtained in fine and
ultrafine grains by methods of severe plastic deformation,
and they are prepared with elongation exceeding 400%.
Magnesium alloys have excellent mechanical features at
ambient temperature, a high specific strength, and ductility
at moderate temperatures, as well as light weight. [17, 18].
The magnesium alloys lack anisotropic elements and have
poor sliding properties at room temperature, with
unsatisfactory ductility [19, 20]. Although the formability
of magnesium improves at ambient temperature, its
premature fracture rate limits its industrial use. The
superplastic materials are widely used in automobiles (e.g.,
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Toyota, Ford, Volkswagen, and General Motors) and in the
world-renowned aviation industry (e.g., Embraer, Airbus,
and Boeing), as well as in other applications [21-22]. On
the other hand, they are applied in the manufacture of
mobile phone covers, cameras, laptops, and computers, as
well as in the field of electronics and protective devices.
Magnesium features are low density, ease of
manufacturing, electromagnetic protection, possibility of
recycling, better heat dissipation, characterized by its good
vibration damping and high strength-to-mass ratio [23]. It
is known worldwide that its formation is weak at room
temperature due to its complex deformation behavior,
which is attributed to its hexagonal close-packed (HCP)
lattice structure that is tightly packed, and the limited
number of sliding systems [24, 25].

2. Superplastic Materials Process

According to the previous studies and research on
superplastic materials, many works have been conducted
using a variety of alloys. In this article, various types of
Mg alloys and different methods are employed to
investigate the plastic deformation properties under
different temperatures and strain rates, aiming to enhance
the microstructure, achieve high elongation, improve
formability, and expand the applications of magnesium
alloys. AZ31, AZ61, TZ61, TXM210, Zw13, and AZ41
magnesium alloys are adopted. The differential speed
rolling is considered the most important process utilized to
obtain superplastic behavior of magnesium alloys.
Therefore, most researchers have addressed the issue of
differential rolling speed to improve elongation and
superplasticity, modify the crystalline texture to reduce
slip, and also to achieve smaller and finer grain sizes
compared to conventional rolling and other methods. The
important rolling parameters, such as the velocity ratio,
reduction rate per pass, and processing temperature, can
affect the microstructure and mechanical properties.

H.G. Jeong et al. [27] used a differential rolling
process (DRP) to form AZ31 alloy at a high-speed ratio of
3. This process was performed on a sample with an initial
temperature of 473 K°. The thickness of the sheet was 2
mm, which was rolled to different reductions of 30%, 50%,
and 70%. The high-angle grain boundaries (HAGBs) were
recorded to be 0.53,0.41, and 0.47 at the reduction of 30%,
50%, and 70%, respectively. The results of the
microstructure based on the grain size measurement after
grip and tensile elongation are shown in Fig. 1. After the
50% and 70% reductions, low-angle grain boundaries
(LAGBs) in terms of sub-grains formed due to the
increased overlap density, which then transformed into
HAGBs through dynamic recrystallization [28]. The
elongation increased with decreasing strain rates to 830%
at (2x107*)/s, a temperature of 673 K°. DSR specimens
showed significantly greater elongation than conventional
rolling at 4.5 pum. As a result, reducing the grain size
increases the superplasticity [29]. The sliding of the grain
boundary occurs at lower rates, and grain boundary
climbing occurs at higher rates, while at 673 K°, the grain
boundary sliding mechanism is completely dominant [30].
At 673 K° and (2x107*)/s, an elongation of 830% was
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achieved, and the dominant mechanism was GBS with
dynamic grain growth from 24 to 34 um instead of DRX,
consistent with the expected critical size (=29 pm) and thus
grain growth during tension.
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Fig. 1 Microstructure in areas (a) grip (b) measured after
tensile elongation [27]

Dan Lu et al. [31] used the cast-roll method to
manufacture magnesium alloy AZ31 at different speeds.
The results showed that DSR weakens the basal texture,
resulting in improved mechanical properties. At speed 1.2,
the best results of grain size were obtained (10.3 um), with
the tensile stress of 240 MPa, yield stress of 145 MPa, and
elongation of 28.5% at room temperature. It was found that
rolling by the DSR method a significant enhancement in
the elongation property compared to identical rolling, due
to the poor basal crystallographic texture, with probable
activation of non-basal slips and grain boundary sliding
(GBS). S. Taylor et al. [32] studied a magnesium alloy
(AZ41) employing a hot-rolled at high-temperature tensile
testing method with (350-450°C) and strain rates (0.1 -
0.001 s™") to determine the deformation before failure. An
Aramis GOM camera and a circular grid technique were
adopted to simulate complex shapes, and the
microstructure was studied using SEM, EBSD, and TEM.
The high of the elongation reaches 520% under the
optimum conditions of 450°C and a strain rate of 0.001 s,
while under normal conditions, such as 400°C and a strain
rate of 0.01 s7', the elongation was 170%, 0.01 s™' at both
450 °C (195%), which is industrially acceptable. The main
forming mechanisms are grain sliding at the edges and
dynamic recrystallization (the internal structure changes
during forming, i.e., regenerates), which means the alloy
expands without breaking. In the gas swelling test, a 52
mm dome height was achieved in 12 minutes, which is the
best performance for an aluminium alloy. It did not exhibit
the premature melting seen in other alloys, due to the low
amount of aluminium used in the alloy.

Watanabe, Hiroyuki, et al. [33] conducted research
superplastic properties of ZK60 alloy at low temperatures,
and the typical grain structure of 6.5 um. Performing
tensile tests at low temperatures revealed a superplasticity
of no more than 400%. A portion of the overall strain is
due to grain boundary sliding (GBS), and the rate of strain
is inversely related to both the cube of the grain size and
the second stress force. The GBS-adapted dislocation
motion controlled by grain boundary propagation is the
deformation mechanism of LTSP.

Kim, W.J., et al [34] generated severe plastic
deformation of AZ61 sheets by differential rolling at high
speeds, resulting in grains with a fineness of 0.5-0.3 pm in
a single pass. Rolling temperature of 473-532 K° and a
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thickness reduction of 70% showed good superplasticity,
and the elongation reached 850% with a strain rate of 0.003
s

Kamil, Majchrowicz et al. [35] conducted an
extended study on two newly developed magnesium
alloys, AZ61 and TZ61, which were received and prepared
as rectangular samples, heat-treated at 480°C for 1 hour,
then rapidly cooled in water. After that, the samples were
rolled based on DSR in four passes at a reduction rate of
15%, heated at 400°C for 10 minutes before each pass, and
rotated 180° around the rolling direction [36]. Two rolling
methods were applied: symmetric rolling at R=1 and
asymmetric rolling at R=3 at a fixed roller speed of 4 m/s
[37]. Asymmetric rolling proved effective in filtered
grains, weakening the texture and developing the
mechanical properties. These results indicate that there
was a possibility for achieving superplasticity in TZ61 and
AZ61 alloys after processing them by rolling at varying
speeds, resulting in enhanced superplasticity due to a tiny
grain size, reduced intensity of the primary crystal
structure, and improved particle distribution.

Roberto B. Figueiredo et al. [38] used the ECAP
process to enhance the processing of AZ31 magnesium
alloy with a grain scale equal to 2.2 pm. The annealing at
673 K° for half an hour was performed. The alloy obtained
excellent superplasticity at 623 and 723 K°, with
elongation reaching 1000% at strain rates less than 0.0001
s™!. The experimental results were found to be consistent
with the superplastic model for the intergranular sliding,
and a strain rate sensitivity of 0.5.

Roberto B. et al. [39] employed the ECAP method to
improve the grain structure for the superplastic properties
of Mg alloy type ZK10. The grain refinement was obtained
after four cycles of ECAP, and the elongations were
improved at low strain rate with temperatures of 473 and
523 K°. It was found that there was agreement between the
experimental and theoretical models for the superplastic
behavior. At high stress rates and temperatures, a transition
to viscous sliding occurs.

Tomas Vavra et al. [40] used equal-channel angular
compression of the prepared commercial magnesium alloy
WE43 to obtain a fine-grained structure with an average
grain size of about 340 nm with a high secondary phase
density. The possibility of lowering the temperature at
strain rates of 0.01 s™' and 0.1 s compared to previous
studies was considered. The negative effect of grain
growth was controlled, and an elongation of 1230% at 0.01
s at temperatures of 350 and 400 °C was shown.
Increasing the strain rate by 0.1 at 400 °C resulted in
1000% elongation at maximum. The results showed that
even after large deformation, the microstructure was fine-
grained, and cavity growth occurred at 450 °C.

Marta Alvarez-Leal et al. [41] extruded a commercial
magnesium alloy ZK30 at high temperatures to evaluate
mechanical behavior through different temperatures and
stress rates. The tensile behavior was associated with the
microstructure and developed during testing to a 30 um
with small grains (1-5 pm). Elongations to failure
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indicated 360% and the apparent stress exponent was low
between 2.6 and 2.9 at lower stress rates. Stress exponent
rates exceeding 2 are attributed to accelerated grain
growth. The topography of the deformed sample at
different temperatures is presented in Fig.2.

Zhao—Peng Yu et al. [42] select AZT910 magnesium
alloy fine-grained 5 um after 16-cycle rolling to study the
properties of tensile properties and the microstructure
characteristics using three types of tensile specimens under
room temperature, as well as 200°C and 300°C. The results
revealed that tension direction properties correlate with
room temperature and 200°C, while a negligible
dependence at 300 °C. This is due to basal and non-basal
slips at room temperature, a mixture of basal and non-basal
slips, and grain boundary rotation slips at 200°C. Grain
boundary sliding (GBS) emerges as the predominant
deformation process at 300 °C.

Mengran Zhou et al. [43] utilized stir processing to
obtain a superplastic behavior of magnesium alloy type Mg
9Li-1Zn, with a 0.61 um alpha particle size and a 0.96 pm
beta phase. The ductility was 369% 1104% at 473k at a
strain rate of 0.1 s7' - 0.0001 s7".

Seyed Alireza Torbati Sarraf et al. [44] adopted a
high-pressure torsion technique for up to 5 passes of ZK60
alloy to discover a grain size of 9.4 um as well as structural
observations using an optical and scanning electron
microscope. The results showed that superplastic behavior
was achieved with a maximum elongation to failure of
535%, showing agreement with previous studies.
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Fig. 2 Topography of deformed sample at different
temperatures: a.300°C, b.350°C ¢.400°C, d .450°C [41]

The hot rolling process was for the superplastic
obtaining of the Magnesium alloy WE43. The impact of
the strain rate on the elongation at 440-500°C was studied.
The results revealed that the important superplasticity was
performed at 460°C with a small grain size, weakest
texture, and even distribution of phase number 2. The
elongation magnitude reached 367.7 £+ 3.7% at a strain rate
of 0.01. The observation of superplasticity at high strain
rates indicates that the alloy deformation is controlled by
grain boundary sliding and solute-dislocation creep [45].
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Y.S. Kim et al. [46] applied the high ratio of the DSR
technique on the microstructure of Mg9Al-1Zn (AZ91)
alloy obtained by the casting procedure to enhance grain
size and to show a semi-structured based on the eutectic -
phase. Optimum superelasticity was achieved at 573K° at
0.001 s™* with a maximum elongation of 830% due to the
loss of thermal stability. As a result, DSR led to an
important enhancement in the beta phase; the grain size
was reduced from 53 pum to 1-2 um.

W.J. Kim, et al. [ 47] employed fine-grained 1%Ca-
AZ80 (1CaAZ80) magnesium alloys manufactured by a
high differential speed rolling mill (DSRM). The particle
size was decreased in the range 11.5 to 0.8 um, and the
granules were purified and dispersed. At room
temperature, it has a high yield strength of 340 MPa, and
good superplasticity, with an elongation percentage of
700% determined at 523 K°.

Giuliano, Gillo et al. [48] selected AZ31 magnesium
alloy to run the sensor strain modulus determined from free
forming options at constant stress using a simplified
analysis model. They adopted the strength-stress strain
relationship when the strength modulus was determined by
inverse analysis with FEM. The result showed that the
simulation agreed well with the experimental analysis,
with an error of less than 9% for predicting the forming
time. This confirms the reliability of the model in
describing the superplastic behavior of alloys.

Deepika Harwani et al. [49] performed high-speed
two-pass friction stir (FSP) processing for the Mg-3Al1Zn
alloy. Equiaxed fine grains of 6.15 um were obtained,
which encouraged the development of large grains and the
superplastic behavior of the alloy. Microstructure and
tensile procedures were investigated at 350, 400, and
450°C, with a value of strain rate of 1.3 x 10 s'. The flow
stress reduced, and the elongation augmented at elevated
temperatures. Superplasticity was observed, with an
elongation of 200% at the highest deformation temperature
of the specimen.

Marta Alvarez-Leal et al. [50] conducted friction stir
processing (FSP) to evaluate ultra-fine grains with equal
axes and to improve coarse deposits of WE54 alloy. The
results showed high ductility of the material at ambient
temperature and excellent super-strength at 0.01% strain,
reaching an elongation of 726%.

Ligiang Zhan et al. [51] achieved hot extrusion at
400°C of the Mg-Nd-Zn-Zr alloy. The results revealed that
the elongation was higher, 1015.50% at 450°C, to obtain
fine grains. On the other hand, the ECAP technique was
used with several passes at different temperatures. After 8
passes, the tensile property of the ZE41 magnesium was
found to be higher, with a strain rate of 0.0001. At a strain
rate of superplasticity, the grain boundary slip was 0.52-
0.42 at 350 - 450 °C, and the solute drag creep was 0.37 at
500°C.

Taekyung Lee et al. [52] applied quickly solidified
flaky powder metallurgy (RS FP/M) to determine
superplasticity of AZ91 alloy at high strain rate, with
elongation magnitude to failure of 465%. The best strain
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rate to elongation was 0.01 s™!, which is higher than other
methods. It resulted in a very effective improvement of
~1 pum grain size and high thermal stability.

Abdul Malik et al. [53] conducted a study on the
superplasticity of extruded ZK61 alloy based on the tensile
test at elevated temperatures and multiple strain rates. The
results showed that high flexural elongation between 400%
and 334% at 673 K° and 623 K° with a strain rate of 0.001
s'. The composition is thermally stable at high
temperatures, the structure is also thermally stable, and
intergranular sliding is a controlling deformation
mechanism. All these factors helped to determine the
superplasticity behavior of this alloy. Fig. 3 (a-c) presents
that at a strain rate of 0.001 s-1 under specific conditions,
the microstructure developed. The results of OM depicted
that the grains elongated at a stress rate of 0.001 s™' and a
temperature of 623 K° developed within the sample, which
is a sign of intra-grain sliding. Fig.3 (b-d) illustrates that
during the tensile test and high temperature, the grain size
developed and increased slightly. This increase is within
the framework of superplasticity.

3 Grain size Grain size
=25 Max./pm = 27.09 Max./pm = 38.60
z20 Min./pum = 0.40 Min./pm = 0.40

Mean/pm = 5.58 Mean/pm = 5.98

Frequency (%)

0
0 5 10 15 2§ 0

Grain size (um)

Fig. 3 OM and SEM results for a strain rate of 0.001 s™" at
the same temperature (a-b) 623k, and analyze it for grain
size (c-d) at 673k and grain size analysis [53]

20 S 10 1S 20 25 30 35 40

Grain size (um)

Alsubaie Saad et al. [54] applied high-pressure
torsion (HPT) on AZ80 Mg alloys to improve the
mechanical properties, increase plasticity, and the
possibility of superplasticity at high temperatures. The
results showed that superplasticity appeared with an
elongation of 645% at 573 K°, and the presence of low
temperature, while it was found at 473 K°, equal to 423%.

Edalati, K et al. [55] produced Mg-8 wt.%Li alloy
ultrafine grains by severe plastic deformation based on an
extrusion procedure. The results showed that the
elongation reached 440% at room temperature, the strain
rate sensitivity was 0.37, and the grain boundary sliding
contributed about 60% of the total elongation.

Palacios-Trujillo, César, et al. [56] achieved
superplasticity in ZK60 magnesium alloy through indirect
extrusion at intermediate temperatures. The results
revealed a homogeneous microstructure with a grain size
of 4 + 2 um. The highest ductility was obtained at 250 °C
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and 10~* s7!, with an elongation at failure of 464%. Grain
Boundary Sliding — GBS is the dominant deformation
mechanism.
Table 1. Reports on superplastic magnesium alloys under various conditions
. Strain P
Alloy Processing Temperature | “p o | Grain Size Elongation (%) Reference
Technique O (s) (nm)
‘ 4.35 Low at 400 °C (673 K)
o Higher than 30% at
. 2x10 igher than 30% ai
AZ31 DSR 200 °C ] 3.7 400 °C (673 K) 27
2x107
‘ 2.02 830% at 400 °C (673 K)
~14.5
AZ61 DSR 400 °C — 17-18% 35
| ~10.8
AZ31 ECAP 350-450°C 0.0001 6 1000% 38
ZA10 ECAP 250°C 0.0001 52 750% 39
0.01 0.34 1230%
WE43 ECAP 400°C 40
0.1 1000%
ZK30 Extruded 450°C 0.001 1-5,30 360% 41
AZT910 Extruded, Rolling 300°C 0.001 5 - 42
0.0001 0.61-0.96 1104%
Mg-Li-Zn FSP 200°C 43
0.01 0.61-0.96 396%
ZK60 HPT 200°C 0.0001 1 535% 44

3. Conclusion

In this work, previous literature has been extensively
reviewed based on the superplasticity of magnesium alloy,
and many conclusions were summarized:

I- Magnesium alloys have good formability at
superplasticity and high elongation without fracture.
Intergranular sliding of GBS plays an important role in
superplasticity formation at elevated temperature and
low strain rate.

Method of differential speed rolling DSR shows that
with increasing thickness reduction, grain refinement
increases, tensile elongation increases with decreasing
strain rate. On the other hand, the stress hardening rises
with decreasing strain rate and with increasing
temperature.

[N}
1

W
1

It was shown that the difference between the elongation
and damage of AZ31 alloy sheets treated with DSR and
ESR technology decreased at high temperatures, which
led to a weakening of the basal tissue in elongation at
high temperatures

N
i

In the ECAP technique, the possibility of achieving
superplastic elongations at the lowest strain rates was
demonstrated. It was also shown that the true stress
curves in the direction of the investigated stress
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revealed clear hardening and high sensitivity in the
strain rate, which is compatible with large elongations.

5- In the extrusion process, it was found that there was an
improvement in the superplastic behavior with
elongation, as well as clear evidence of the presence of
GBS and the microstructure developed after extrusion.

6- Ultra-fine grains with equal axes, high ductility of the
material at ambient temperature, and excellent super-
strength at 0.01% strain, reaching an elongation of
726% of WES54 alloy, can be obtained using friction stir
processing (FSP).

Acknowledgements

I would like to thank all researchers for their studies
on the superplasticity of various magnesium alloys and for
all the solid fields through which we know all this research.

Conflict of interest

The authors declare that there are no conflicts of
interest regarding the publication of this manuscript.
References

[1] Langdon, Terence G. “Seventy-Five Years of
Superplasticity: Historic Developments and New

Opportunities.” Journal of Materials Science, vol. 44,
no. 22, Nov. 2009, pp. 5998-6010..



Bilad Alrafidain Journal for Engineering Science and Technology

https://dx.doi.org/10.56990/bajest/2026.ISCES.05

ISSN: 2073-9524
Pages: 29-36

[2] Feldner, P., et al. “Superplastic Deformation
Behavior of Zn-22% Al Alloy Investigated by Nano
indentation at Elevated Temperatures.” Materials &
Design, vol. 153, Sep. 2018, pp. 71-79.

Giuliano, G., et al. “Influence of Multiphase Forming
Approach on the Thickness Uniformity of
Components from Superplastic PbSn60 Alloy.”
Manufacturing Letters, vol. 18, Oct. 2018, pp. 16—19.

Chatterjee, Ritam, and Jyoti Mukhopadhyay. “A
Review of Super Plastic Forming.” Materials Today:
Proceedings, vol. 5, no. 2, 2018, pp. 4452-59.
DOl.org (Crossref),
https://doi.org/10.1016/j.matpr.2017.12.014.

Mikhaylovskaya, A.V., et al. “The Role of Grain
Boundary Sliding and Intragranular Deformation
Mechanisms for a Steady Stage of Superplastic Flow
for Al-Mg-Based Alloys.” Materials Science and
Engineering: A, vol. 833, Jan. 2022, p. 142524.
DOl.org (Crossref),
https://doi.org/10.1016/j.msea.2021.142524.

Hoseini-Athar, M.M., et al. “Microstructure and
Superplasticity of Mg—2Gd—xZn Alloys Processed by
Equal Channel Angular Pressing.” Materials Science
and Engineering: A, vol. 808, Mar. 2021, p. 140921.
DOl.org (Crossref),
https://doi.org/10.1016/j.msea.2021.140921.

Bernhart, G., et al. “Processes and Equipment for
Superplastic Forming of Metals.” Superplastic
Forming of Advanced Metallic Materials, Elsevier,
2011, pp. 49-71.

Zhou, Mengran, et al. “Pronounced Low-
Temperature  Superplasticity of Friction Stir
Processed Mg-9Li—1Zn Alloy.” Materials Science
and Engineering: A, vol. 780, Apr. 2020, p. 139071.

Liu, F. C., et al. “Microstructural Evolution and
Superplastic Behavior in Friction Stir Processed Mg—
Li—Al-Zn Alloy.” Journal of Materials Science, vol.
48, no. 24, Dec. 2013, pp. 8539-46.

[I0]Edalati, Kaveh, et al. “Room-Temperature
Superplasticity in an Ultrafine-Grained Magnesium
Alloy.” Scientific Reports, vol. 7, no. 1, Jun. 2017, p.
2662.

[11]Matsunoshita, Hirotaka, et al. “Ultrafine-Grained
Magnesium-Lithium Alloy Processed by High-
Pressure Torsion: Low-Temperature Superplasticity
and Potential for Hydroforming.” Materials Science
and Engineering: A, vol. 640, Jul. 2015, pp. 443—48.

[12]Kim, W.J., et al. “Ultrafine-Grained Mg-9Li—1Zn
Alloy Sheets Exhibiting Low Temperature
Superplasticity.” Materials Science and Engineering:
A, vol. 516, nos. 1-2, Aug. 2009, pp. 17-22.

[13]Furui, Mitsuaki, et al. “Influence of Preliminary
Extrusion Conditions on the Superplastic Properties
of a Magnesium Alloy Processed by ECAP.” Acta
Materialia, vol. 55, no. 3, Feb. 2007, pp. 1083-91.

[14]Yoshida, Yu, et al. “Tensile Properties and
Occurrence of Low Temperature Superplasticity of

34

ECAE Processed Mg-Li-Zn Alloys.” Journal of
Japan Institute of Light Metals, vol. 51, no. 10, 2001,
pp- 551-55.

[15]Mehrabi, A., et al. “Superplasticity in a Multi-
Directionally Forged Mg-Li—Zn Alloy.” Materials
Science and Engineering: A, vol. 765, Sep. 2019, p.
138274.

[16] Cao, Furong, et al. “Superplasticity of a Dual-Phase-
Dominated Mg-Li-Al-Zn-Sr Alloy Processed by
Multidirectional Forging and Rolling.” Materials
Science and Engineering: A, vol. 704, Sep. 2017, pp.
360-74.

[17]Nakata, T., et al. “Strong and Ductile Age-Hardening
Mg-Al-Ca-Mn Alloy That Can Be Extruded as Fast
as Aluminum Alloys.” Acta Materialia, vol. 130,
May 2017, pp. 261-70.

[18]Han, Ting-Zhuang, et al. “Influence of Continuous
Bending Process on Texture Evolution and
Mechanical Properties of AZ31 Magnesium Alloy.”
Acta Metallurgica Sinica (English Letters), vol. 31,
no. 3, Mar. 2018, pp. 225-33.

[19]She, J., et al. “Effect of High Mn Content on
Development of Ultra-Fine Grain Extruded
Magnesium Alloy.” Materials & Design, vol. 90, Jan.
2016, pp. 7-12.

[20] Sheng, Kun, et al. “Crack Behavior in Mg/Al Alloy
Thin Sheet during Hot Compound Extrusion.”
Journal of Magnesium and Alloys, vol. 7, no. 4, Dec.
2019, pp. 717-24.

[21]1Housh, Susan, et al. “Selection and Application of
Magnesium and Magnesium Alloys.” Properties and
Selection: Nonferrous Alloys and Special-Purpose
Materials, edited by ASM Handbook Committee,
ASM International, 1990, pp. 455-79.

[22]Luo, A.A. “Applications: Aerospace, Automotive
and Other Structural Applications of Magnesium.”
Fundamentals of Magnesium Alloy Metallurgy,
Elsevier, 2013, pp. 266-316.

[23]Luo, Alan A. “Magnesium Casting Technology for
Structural Applications.” Journal of Magnesium and
Alloys, vol. 1, no. 1, Mar. 2013, pp. 2-22.

[24]Reichelt S, et al, Accumulative roll-bonding of Mg-
alloys. In: Proceedings in MEFORM; March 2014
[Germany].

[25] Venkateswarlu, Ganta, et al. “Effect of
Microstructure and Texture on Forming Limits in
Friction Stir Processed AZ31B Mg Alloy.” Journal of
Materials Research and Technology, vol. 2, no. 2,
Apr. 2013, pp. 135-40.

[26]Sherby, Oleg D., and Jeffrey Wadsworth.
“Superplasticity—Recent Advances and Future

Directions.” Progress in Materials Science, vol. 33,
no. 3, 1989, pp. 169-221.

[27]Jeong, H.G.,, et al. “Microstructure and
Superplasticity of AZ31 Sheet Fabricated by
Differential Speed Rolling.” Journal of Alloys and



Bilad Alrafidain Journal for Engineering Science and Technology

https://dx.doi.org/10.56990/bajest/2026.ISCES.05

ISSN: 2073-9524
Pages: 29-36

Compounds, vol. 483, nos. 1-2, Aug. 2009, pp. 279—
82.

[28]Tan, J.C., and M.J. Tan. “Dynamic Continuous
Recrystallization Characteristics in Two Stage
Deformation of Mg-3Al-1Zn Alloy Sheet.”
Materials Science and Engineering: A, vol. 339, nos.
1-2, Jan. 2003, pp. 124-32.

[29]D.L. Yin, K.F. Zhang, G.F. Wang, W.B. Han, Mater.
Lett. 59 (2005) 1714-1718.

[30]Ji, Y.H., et al. “Finite Element Analysis of Severe
Deformation in Mg-3Al-1Zn Sheets through
Differential-Speed Rolling with a High Speed Ratio.”
Materials Science and Engineering: A, vols. 454—
455, Apr. 2007, pp. 570-74.

[31]Luo, Dan, et al. “Effect of Rolling Route on
Microstructure and Tensile Properties of Twin-Roll
Casting AZ31 Mg Alloy Sheets.” Materials, vol. 9,
no. 6, Jun. 2016, p. 433.

[32]Taylor, S., et al. “Superplastic Forming
Characteristics of AZ41 Magnesium Alloy.”
Transactions of Nonferrous Metals Society of China,
vol. 31, no. 3, Mar. 2021, pp. 648-54.

[33]Watanabe, Hiroyuki, et al. “Low Temperature
Superplasticity in a ZK60 Magnesium Alloy.”
Materials Transactions, JIM, vol. 40, no. 8, 1999, pp.
809—14. DOl.org (Crossref),
https://doi.org/10.2320/matertrans1989.40.809

[34]Kim, W.J., et al. “Realization of Low-Temperature
Superplasticity in Mg—Al-Zn Alloy Sheets Processed
by Differential Speed Rolling.” Scripta Materialia,
vol. 57, no. 8, Oct. 2007, pp. 755-58. DOl.org
(Crossref),
https://doi.org/10.1016/j.scriptamat.2007.06.020.

[35]Majchrowicz, Kamil, et al. “Comparison of
Microstructure, Texture, and Mechanical Properties
of TZ61 and AZ61 Mg Alloys Processed by
Differential Speed Rolling.” Materials, vol. 15, no. 3,
Jan. 2022, p. 785.

[36]Ko, Young Gun, and Kotiba Hamad. “Structural
Features and Mechanical Properties of AZ31 Mg
Alloy Warm-Deformed by Differential Speed
Rolling.” Journal of Alloys and Compounds, vol.
744, May 2018, pp. 96-103.

[37]1Majchrowicz, Kamil, et al. “Microstructure, Texture
and Mechanical Properties of Mg-6Sn Alloy
Processed by Differential Speed Rolling.” Materials,
vol. 14, no. 1, Dec. 2020, p. 83.

[38]Figueiredo, Roberto B., and Terence G. Langdon.
“Developing Superplasticity in a Magnesium AZ31
Alloy by ECAP.” Journal of Materials Science, vol.
43, no. 23, Dec. 2008, pp. 736671

[39]Figueiredo, Roberto B., et al. “Evidence for
Exceptional Low Temperature Ductility in
Polycrystalline Magnesium Processed by Severe
Plastic Deformation.” Acta Materialia, vol. 122, Jan.
2017, pp. 322-31.

35

[40]Vavra, Tomas, et al. “Excellent Superplastic
Properties Achieved in Mg—4Y-3RE Alloy in High
Strain Rate Regime.” Materials Science and
Engineering: A, vol. 784, May 2020, p. 139314.

[41] Alvarez-Leal, Marta, et al. “Superplasticity in a
Commercially Extruded ZK30 Magnesium Alloy.”
Materials Science and Engineering: A, vol. 710, Jan.
2018, pp. 240-44.

[42] Yu, Zhao—Peng, et al. “Effect of Tensile Direction on
Mechanical ~ Properties and  Microstructural
Evolutions of Rolled Mg-Al-Zn-Sn Magnesium
Alloy Sheets at Room and Elevated Temperatures.”
Journal of Alloys and Compounds, vol. 744, May
2018, pp. 211-19..

[43]Zhou, M., Morisada, Y., Fujii, H., & Wang, J. Y.
(2020). Pronounced low-temperature superplasticity
of friction stir processed Mg-9Li-1Zn alloy.
Materials Science & Engineering: A, 780.

[44] Torbati-Sarraf, Seyed Alireza, and Terence G.
Langdon. “Properties of a ZK60 Magnesium Alloy
Processed by High-Pressure Torsion.” Journal of
Alloys and Compounds, vol. 613, Nov. 2014, pp.
357-63. DOl.org (Crossref),
https://doi.org/10.1016/j.jallcom.2014.06.056.

[45]Xu, Dexi, et al. “Superplastic Deformation
Mechanisms of Coarse-Grained Rolled Mg-4Y-3RE
Magnesium Alloy.” Journal of Magnesium and
Alloys, Nov. 2024, p. S2213956724003566.

[46]Kim, Y.S., and W.J. Kim. “Microstructure and
Superplasticity of the As-Cast Mg—9Al-1Zn
Magnesium Alloy after High-Ratio Differential
Speed Rolling.” Materials Science and Engineering:
A, vol. 677, Nov. 2016, pp. 332-39.

[471Kim, W.J., and Y.G. Lee. “Enhanced Superplasticity
of 1 Wt.%Ca-AZ80 Mg Alloy with Ultrafine Grains.”
Materials Letters, vol. 64, no. 16, Aug. 2010, pp.
1759-62.

[48] Giuliano, Gillo, and Wilma Polini. “Characterization
of the Superplastic Magnesium Alloy AZ31 through
Free-Forming Tests and Inverse Analysis.” Applied
Sciences, vol. 13, no. 4, Feb. 2023, p. 2730. DOl org
(Crossref), https://doi.org/10.3390/app13042730.

[49]Harwani, Deepika, et al. “Investigation of
Superplastic Behaviour in Double-Pass Friction Stir
Processed Mg—Al-Zn Alloy.” International Journal
of Lightweight Materials and Manufacture, vol. 6, no.
3, Sep. 2023, pp. 405-15.

[50] Alvarez-Leal, Marta, et al. “High Strain Rate
Superplasticity of WE54 Mg Alloy after Severe
Friction Stir Processing.” Metals, vol. 10, no. 12,
Nov. 2020, p. 1573.

[51]Zhan, Liqiang, et al. “Superplastic Behavior and
Microstructure Evolution of a Fine-Grained Mg-Nd-
Zn-Zr Alloy Processed by Hot Extrusion.” Materials
Science and Engineering: A, vol. 846, Jun. 2022, p.
143314.



Bilad Alrafidain Journal for Engineering Science and Technology

https://dx.doi.org/10.56990/bajest/2026.ISCES.05

ISSN: 2073-9524
Pages: 29-36

[52]Lee, Taekyung, et al. “High Strain-Rate
Superplasticity of AZ91 Alloy Achieved by Rapidly
Solidified Flaky Powder Metallurgy.” Materials
Letters, vol. 234, Jan. 2019, pp. 245-48.

[53]Malik, Abdul, et al. “Superplastic Behavior of Fine-
Grained Extruded ZK61 Mg Alloy.” Results in
Physics, vol. 20, Jan. 2021, p. 103731.

[54]Alsubaie, S. A., Bazarnik, P., Huang, Y.,
Lewandowska, M., & Langdon, T. G. (2022).
Achieving superplastic elongations in an AZ&0
magnesium alloy processed by High-Pressure

36

Torsion. Advanced Engineering Materials, 24(9).
https://doi.org/10.1002/adem.202200620

[55]Edalati, K., Masuda, T., Arita, M., Furui, M.,
Sauvage, X., Horita, Z., & Valiev, R. Z. (2017).
Room-Temperature superplasticity in an Ultrafine-
Grained magnesium alloy. Scientific Reports, 7(1).
https://doi.org/10.1038/s41598-017-02846-2.

[56] Palacios-Trujillo, César, et al. “Superplasticity at
Intermediate Temperatures of ZK60 Magnesium
Alloy Processed by Indirect Extrusion.” Metals, vol.
11, no. 4, Apr. 2021, p. 606. DOl.org (Crossref),
https://doi.org/10.3390/met11040606.



