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Abstract: Aluminium alloy is one of the earliest and most widely used superplastic materials. The objective of this 
work is to review the scientific advances in superplastic Al alloys. Particularly, the emphasis is placed on the 
microstructural evolution and deformation mechanisms of Al alloys during superplastic deformation. The evolution of 
grain structure, texture, secondary phase, and cavities during superplastic flow in typical superplastic Al alloys is 
discussed in detail. The quantitative evaluation of different deformation mechanisms based on the focus ion beam 
(FIB)-assisted surface study provides new insights into the superplasticity of Al alloys. The main features, such as grain 
boundary sliding, intragranular dislocation slip, and diffusion creep can be observed intuitively and analyzed 
quantitatively. This study provides some reference for the research of superplastic deformation mechanism and the 
development of superplastic Al alloys. 
Key words: aluminium alloys; superplasticity; superplastic deformation mechanism; grain boundary sliding; micro- 
structural evolution 
                                                                                                             
 
 
1 Introduction 
 

Superplasticity is the special property of poly- 
crystalline materials that show an elongation of 
hundreds of percent at relatively high temperatures 
(>0.5Tm; Tm is the melting point) and low strain 
rates (10−4−10−1 s−1) [1−3]. The technology of 
component manufacturing utilizing the super- 
plasticity of materials is called superplastic forming 
(SPF), which helps to achieve near-net-shape 
manufacturing of large parts [4−6]. The elongation 
of superplastic Al alloys can vary from 200% to 
2000%, and the equivalent thickness strains 
achieved in Al alloys can exceed 300% during  
SPF [6]. the combination of Al alloys and SPF 

technology, with the advantages of high efficiency, 
low cost and lightweight, is widely used now and 
expected to grow rapidly in the future [4,7]. 

Typically, for Al alloys, to achieve super- 
plasticity, a fine grain structure with an average 
grain size below 10 μm is needed [8]. Some 
processing technologies such as thermomechanical 
processing (TMP) [9−27], high-pressure torsion  
(HPT) [26−36], friction stir processing (FSP) [37−63], 
equal-channel angular pressing (ECAP) [64−96], 
etc. have been developed to refine the grains of Al 
alloys. Among these process technologies, TMP is 
most widely used in producing superplastic Al 
alloys due to its cost advantages and ability to 
obtain large-sized sheets. The process technologies 
of FSP, HPT, ECAP, etc. are classified into severe 
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plastic deformation (SPD). According to the initial 
grain structure prior to deformation, superplastic Al 
alloys can be divided into two types: one is with 
initial banded structure and the other is with fine 
equiaxed grains [8], and the initial grain structure is 
mainly determined by the elemental composition 
and processing method. 

With the research in the past decades, 
researchers have gradually established a theoretical 
system of superplastic deformation mechanisms 
with grain boundary sliding (GBS), diffusion creep 
(DC), and intragranular dislocation slip (IDS) as the 
main deformation mechanisms. Some classical 
superplastic deformation mechanisms such as 
Ball−Hutchison model [97], Ashby−Verrall model 
[98], and Core−mantle model [99] have been 
proposed and widely accepted. Moreover, some 
new technologies such as high-resolution electron 
backscatter diffraction (EBSD) [65,66], focus ion 
beam (FIB) [25,100,101], in-situ scanning electron 
microscopy (SEM) [25,102,103] have been carried 
out to investigate the superplasticity of Al alloys 
and have obtained some new insights. During 
superplastic deformation or SPF, due to the 
combination of elevated temperature and large 
strain, Al alloys would experience sever micro- 
structure evolution. Furthermore, due to the 
difference of initial grain structure, Al alloys show 
different superplastic deformation behaviours and 
mechanisms. Better understanding of the micro- 
structure evolution and deformation mechanism of 
Al alloys during superplastic deformation is vital 
for selecting optimal forming parameters and 
service performances. 

In this work, the recent development and 
research focus in superplastic Al alloys are 
summarized. The development and application 
history of superplastic Al alloys are retrospectively 
reviewed, and their research status is analyzed 
comprehensively. In addition, the microstructure 
evolution of Al alloys during superplastic 
deformation is summarized and analyzed. The 
typical cases of superplasticity research in Al alloy 
by using mechanical behaviour analysis are 
summarised. The newly developed method for 
quantitative research of superplastic deformation 
mechanism, the FIB-assisted surface study, is 
introduced and discussed. Finally, the future 
research focus and development direction of 
superplastic Al alloy are introduced. 

 
2 History and application background of 

superplastic Al alloys 
 

Recognized research on superplasticity began 
in 1934 when PEARSON [104] discovered a tensile 
elongation of 1950% in Pb−Sn eutectic alloy.  
Since then, superplasticity has been developed in 
various materials, especially in Al alloys. In 1964, 
BACKOFEN [105] published a landmark paper 
reporting the pneumatically formed “bubble” of 
superplastic Al−Zn eutectic alloys, unlocking    
the prelude to the development of superplastic 
forming. Based on the technologies in the field of 
superplastic Al alloys (especially Al−6wt.%Cu− 
0.5wt.%Zr alloy), the first SPF company, 
Superform Metals, was established in England    
in 1973 [4]. The superplastic Al−6%Cu−0.5%Zr 
alloy, called SUPRAL 100, has achieved great 
commercial success since then. 

In the late 1970s, due to the impact of rising 
global oil prices, superplastic Al alloys were rapidly 
developed and widely used in the aviation field. 
The high-strength Al alloys such as AA7475   
alloy, Al−Cu−Mg alloy, and Al−Li−Zr alloy were 
developed during that period. These alloys can be 
classified into the second-generation superplastic Al 
alloys [5,6], by adding trace elements such as Sc 
and Zr, to achieve grain refinement and prevent 
grain growth. Most of the second-generation 
superplastic Al alloys were prepared by TMP and 
mainly used in the aerospace, automotive, rail, and 
architecture fields [4]. In 1992, Boeing first used 
SPF to manufacture the blowout door assembly on 
the 737 with superplastic 7475 alloy [106]. In 
around 2000, General Motors Company (GM) 
creatively improved the SPF technology and 
extended it to the auto industry, and the 
representative application is the manufacturing of 
liftgates by using superplastic 5083 alloy [4]. A lot 
of interests produced by SPF of Al alloys such as 
building panels, unconventional chairs, frame of 
bicycles came out in that period [107]. 

The rapidly developed SPD technology 
spawned the development of the third generation of 
superplastic Al alloys [5,6,108,109]. By using SPD, 
ultrafine-grained structures [29,30,43,45,75] and 
even nanocrystalline structures [33,35] can be 
introduced into Al alloys, and these alloys are more 
likely to exhibit low-temperature and/or high-strain- 
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rate superplasticity. Although Al alloy has become 
widely used superplastic materials due to its lower 
production cost, earlier application and higher 
comprehensive properties, its application is now 
suffering from the challenges of other superplastic 
alloys, such as lighter magnesium alloys [3,110], 
higher strength titanium alloys [111−113], and even 
high entropy alloys [114,115]. Researchers and 
manufacturers are recommended to develop more 
competitive superplastic Al alloys such as those 
with low-temperature superplasticity and high- 
strain-rate superplasticity, while reducing the 
manufacturing cost and improving their service 
performance, to further enhance the competition of 
superplastic Al alloys. 
 
3 Research status of superplastic Al 

alloys 
 

The number of published research papers on 
superplastic Al alloys as a function of year is 
counted and shown in Fig. 1. According to Fig. 1, 
before 1999, the publications on superplastic Al 
alloys were not much. From 1999 to the beginning 
of the 21st century, the research on superplastic Al 
alloys ushered in explosive growth, which can be 
attributed to the development of SPD technologies. 
Since 2010, the number of papers published on the 
superplasticity of Al alloy has remained at a stable 
level, which indicates that this field has been a 
research hotspot. 

Figure 2 shows the quantities of papers related 
to superplastic Al alloys published by each country 
or region from 2000. More than 20 countries or 
regions in the world have conducted research    
on the superplasticity of Al alloys, of which China 
accounts for the largest number of papers published, 

followed by Russia and USA. 
The main brand of superplastic Al alloys, their 

processing methods, and the grain structure prior to 
deformation are shown in Fig. 3. The most studied 
brand of superplastic Al alloys is Al−Mg-     
based (5xxx) alloy, accounting for ~45%, followed 
by Al−Zn−Mg−Cu (7xxx) alloys (~28%) and 
Al−Cu-based (2xxx) alloys (~10%). Superplasticity 
has also been reported in other grades of Al alloys 
such as Al−Si alloy, Al−Li alloy, and pure Al. For 
the processing methods, TMP is most widely used 
to produce superplastic Al alloys accounting for 
~44%, and the proportion of ECAP and FSP is 
almost the same, accounting for ~20%, respectively. 
HPT accounts for 6% and some other methods such 
as extrusion and cross-rolling account for ~10%. 
The grain structure of Al alloys before superplastic 
deformation can be divided into two types: 
equiaxed and banded (or called recrystallized   
and unrecrystallized). According to Fig. 3, banded- 
grained superplastic Al alloys are mainly produced 
by TMP. The SPD methods containing ECAP, FSP, 
and HPT generally introduce fine, equiaxed grains 
into superplastic Al alloys. 

 
 
4 Microstructure evolution in Al alloys 

during superplastic deformation 
 

In general, there are two microstructural 
prerequisites for superplastic materials to obtain 
considerable elongation: (1) fine equiaxed grain 
structure so as to provide high density of grain 
boundaries and then motivate GBS; (2) fine   
grain structure that can remain stable under the 
combination of high temperature and high stress [5]. 
For Al alloys, fine equiaxed grain structure can be 

 

 

Fig. 1 Number of published research papers on superplastic Al alloys as function of year 
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Fig. 2 Ring bar chart showing contribution of each 
country or region to published papers related to 
superplastic Al alloys from 2000 
 
obtained by static recrystallization or by dynamic 
recrystallization during hot deformation. The rules 
of microstructure evolution of these two types    
of superplastic Al alloys are different [25,100]. 
Furthermore, during superplastic deformation, 
microstructures such as texture, cavity, and 
secondary phase would evolve strongly [10]. 
Understanding the microstructure evolution of Al 
alloys during superplastic deformation is of great 
significance in regulating the microstructures and 
properties of parts after SPF. 
 
4.1 Grain structure evolution of Al alloys with 

initial unrecrystallized structure during 
superplastic deformation 

For Al alloys with initial unrecrystallized 
structure, during superplastic deformation, fine 

approximately-equiaxed grain structure can be 
obtained via dynamic recovery and dynamic 
recrystallization [59]. Typically, the structure of 
these Al alloys is stabilized against static 
recrystallization by Sc or Zr dispersoids [8,59]. 
When conducting superplastic deformation to these 
rolled or extruded Al alloys, the process of banded 
grains evolving into equiaxed shape dynamically 
plays a vital role in the whole deformation stage. 

ZHANG et al [13] compared the high- 
temperature tensile properties of Al−Mg−Sc−Zr 
alloys with different Sc/Zr ratios and found that the 
alloy with a higher Sc/Zr ratio can achieve much 
larger elongation. This is because the combination 
effects of discontinuous dynamic recrystallization 
(DDRX) and pinning force from Al3Sc precipitates 
result in homogeneous fine equiaxed grains during 
deformation, which facilitates the GBS at the 
subsequent deformation stage. When investigating 
the hot deformation of Al−Cu−Zr alloys, 
SOTOUDEH and BATE [100] noticed that 
superplasticity was found in alloys with high solute 
content. By comparing the grain structure after 
deformation, it was found that in Al−2Cu−Zr alloy, 
the grain remained a banded shape after tensile 
deformation, and oppositely, Al−4Cu−Zr alloy 
exhibited an equiaxed shape after deformation. This 
further proves the importance of fine equiaxed grain 
structure to the superplastic Al alloy. 

LIU et al [59] analysed the microstructure 
evolution process of a band-grained Al−Mg−Sc 
alloy during superplastic deformation and divided it 
into three stages: sub-grain rotation and coalescence 
at the early stage, dynamic recrystallization at the 
middle stage, and GBS and grain growth at the final 

 

 
Fig. 3 Sankey diagram showing proportion and relationship of superplastic Al alloys, producing process, and initial 
grain structures 
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stage. The grains transformed into equiaxed shape 
at the true strain of 1.6 and then this microstructure 
with random distribution was kept until fracture. 
Figure 4 shows the typical grain structure evolution 
process of 5A90 alloy during superplastic 
deformation [116]. It can be seen that the banded 
grains transform into equiaxed shape gradually with 
the increase of superplastic strain. 

ZOU et al [25] investigated the grain structure 
evolution of a band-grained 2A97 Al−Cu−Li alloy 

during superplastic deformation systematically. 
This alloy shows an excellent elongation (525%) 
when stretched at 430 °C and 2×10−3 s−1. As can be 
seen in Fig. 5, with the true strain increases from 
0.35 to 1.1, the banded grains are replaced by 
equiaxed grains; when the true strain continues to 
increase to 1.6, the dynamically generated equiaxed 
grains grow and extend along the tension direction. 
By quantitative analysis, with the increase of true 
strain from 0.35 to 1.6, the fraction of low angle  

 

 
Fig. 4 EBSD images of 5A90 alloy after being stretched to different true strains [116]: (a) 0.18; (b) 0.5; (c) 0.56; (d) 0.9; 
(e) 1.16; (f) 1.27 
 

 
Fig. 5 IPF maps of 2A97 Al−Cu−Li alloy after being superplastically deformed to different true strains [25]: (a) 0.35;  
(b) 0.7; (c) 1.1; (d) 1.4; (e) 1.6  
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grain boundaries decreases from 29.5% at the true 
strain of 0.35 to 7.8%, which indicates that the 
CDRX occurs and results in grain evolution. 
 
4.2 Grain structure evolution of Al alloys with 

initial recrystallized structure during 
superplastic deformation 
The Al alloys with fine equiaxed grains prior 

to superplastic deformation are mainly produced by 
SPD [59,66,82,117] or via recrystallized annealing 
after TMP [28,103]. The grain structure evolution  
in these superplastic Al alloys is relatively stable 
and is related to their deformation mechanisms. 
When the superplastic deformation mechanism is 
dominant by GBS, the grains would remain nearly 
equiaxed shape with random grain misorientations 
until large strain and even after fracture, which is 
caused by the competition between GBS and grain 
growth [59,103]. In other works [65,66], dynamic 
recrystallization was observed during deformation 
in initial fine-grained superplastic Al alloys. This is 
because the elongated grains are subdivided into 
chains of fine grains via continuous dynamic 
recrystallization (CDRX) [65]. 

Based on EBSD results and previous research 
works [118], LIU et al [59] proposed a schematic 

microstructure evolution mechanism combining 
GBS and grain growth. Significant GBS occurs 
between the fine and equiaxed grains and then 
results in random grain rotation. The HAGBs and 
LAGBs convert to each other due to the random 
grain rotation. Grain growth and grain shape change 
act as accommodating role during the superplastic 
deformation to avoid cavitation. MASUDA et al 
[119] found that the grain grew more rapidly in the 
tensile direction in a fine-grained Al−Mg−Mn alloy 
after superplastic deformation, and they proposed a 
mechanism of dynamic anisotropic grain growth by 
using EBSD and surface study: neighbouring grains 
rotate and coalesce with each other due to GBS, 
resulting in the grain size growth along the tensile 
direction. 

Figure 6 shows the grain structure evolution of 
a fine-grained Al−Cu−Li alloy during superplastic 
deformation [103]. Before superplastic deformation, 
the tested alloy had nearly equiaxed grains with an 
average grain size of (6.7±0.6) μm. After being 
stretched to fracture at 490 °C and 2×10−4 s−1,    
the grains near the fracture area grew up to 
(20.3±2.1) μm. The grains at the undeformed grip 
section kept a stable status, with an average grain 
size of (8.5±0.9) μm. The microstructure evolution 

 

 
Fig. 6 EBSD IPF maps of fine-grained Al−Cu−Li alloy deformed to different true strains [103]: (a) 0; (b) 0.69; (c) 1.2; 
(d) 1.79; (e) 2.01; (f) Grip section 
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was divided into three stages: during the strain 
range of 0.1−1.2, the grains remained nearly 
equiaxed and the flow curve was stable; after   
this stage, dynamic recrystallization occurred and 
resulted in strain softening; with the strain 
continued to increase, rapid grain growth could be 
observed, which resulted in strain hardening. 

SONG et al [29] investigated the room- 
temperature superplasticity of an ultrafine-grained 
Al−Zn alloy and observed its grain evolution 
process by using in-situ EBSD. The in-situ 
evolution process of grains is shown in Fig. 7. The 
Grains A, B, and C, which were initially vertically 
aligned, gradually evolved to be horizontally 
aligned at the strain of 115%. After that, with 
increasing the strain, the three grains separated from 
each other. The change in IPF colour of Grain A 
demonstrated its rotation. After being deformed to 
the stain of 200%, these grains kept equiaxed shape 
and the average grain size was found to have no 
noticeable change. The above analysis proves that 
the superplastic deformation of the studied alloy is 
governed by GBS and grain rotation. 

 
4.3 Evolution of texture, secondary phase, and 

cavitation in superplastic Al alloy 
(1) Texture 
The texture evolution of Al alloys during 

superplastic deformation is a common phenomenon 
accompanied by the grain structure evolution, 
especially for those Al alloys with initial banded 
grains [8,10,59,116]. Some researchers [13,59,120] 
proposed that if sub-grain growth develops rapidly 
during superplastic deformation, the texture will 

maintain its initial structure or slightly weaken with 
increasing strain because the HAGBs are developed 
from grain boundary migration. This process is  
now called discontinuous dynamic recrystallization 
(DDRX). On the contrary, if the recrystallization is 
dominant by sub-grain rotation assisted by sliding 
behaviour, the texture will become diffused 
gradually or even be randomly distributed [10,121]. 
This process is now called continuous dynamic 
recrystallization (CDRX). 

During the superplastic deformation, dynamic 
recrystallization would result in texture spreading 
and randomization [8,10,59,116]. ZOU et al [10] 
investigated the evolution of macrotextures of an 
initial banded superplastic Al alloy by using X-ray 
diffraction (XRD), as shown in Fig. 8, where the 
maximum texture strength is reduced, which proves 
the spreading of texture. Furthermore, from the 
quantitative results given in Fig. 9, it can be 
observed that the rolling textures (Brass, S, and 
Cupper) weaken with the increase of superplastic 
strain, and the recrystallization textures (Goss and 
Cube) grow. This process is attributed to the 
recrystallization process induced by the particle 
stimulated nucleation (PSN) during superplastic 
deformation. 

(2) Secondary phases 
Like other high-temperature deformations, 

superplastic deformation would result in changes  
in secondary phases due to elevated temperature 
and strain. As mentioned in Section 4.1, Sc or Zr 
element is often added into Al alloys to stabilize the 
grain size and inhibit recrystallization; furthermore, 
adding Sc or Zr would increase the strain rate  

 

 
Fig. 7 EBSD maps of Al−Zn alloy at different strains by using in-situ observation [29] 
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Fig. 8 ODF sections of superplastic 2A97 Al−Cu−Li 
alloy after being deformed to different strains [10]: (a) 0; 
(b) 50%; (c) 100%; (d) 150%; (e) 200%  
 

 
Fig. 9 Fraction of main texture components of super- 
plastic 2A97 Al−Cu−Li alloy after being deformed to 
different strains [10] 

sensitivity (m) and decrease the deformation 
activation energy (Q) [122]. The Sc or Zr element 
tends to precipitate as L12-structured Al3X 
nanoscale precipitates (dispersoids) during the 
homogenization treatment [41,123,124]. The initial 
structure of these dispersoids and their evolution 
during superplastic deformation have a significant 
influence on superplasticity. DENG et al [122] 
investigated the evolution of Al3(Sc1−xZrx) in 
Al−Zn−Mg alloys. They found that after super- 
plastic deformation (deformation parameters: 
500 °C, 0.01 s−1), the size of Al3(Sc1−xZrx) particles 
increased from (9.8±3.4) nm to (16.4±6.8) nm, their 
number density decreased, and the lattice misfit 
between particle and Al matrix increased from  
1.04% to 1.30%. 

Apart from the L12-structured Al3X nanoscale 
precipitates, coarse secondary phases generated by 
high temperature over-ageing are often introduced 
into Al alloys, especially for those Al alloys 
produced by TMP [23,25,125]. These large-sized 
phases can act as nucleation sites during static 
annealing or hot deformation and then refine    
the grains, which is called “particle-stimulated 
nucleation” (PSN) [126,127]. ZOU et al [10] found 
that with increasing the strain, the volume fraction 
of coarse secondary phases decreased gradually; 
however, those phases larger than 0.8 μm increased. 
By conducting an in-situ SEM, as shown in Fig. 10, 
the coarsening and dissolution of phases were 
noticed simultaneously, which can be attributed   
to the diffusion of solute atoms [128,129]. WANG  
et al [9] investigated the phase evolution of a 
superplastic 2198-T8 Al−Cu−Li alloy at different 
deformation temperatures (400−550 °C). They 
found that T1 phases disappeared when deformed at 
temperatures higher than 450 °C, and S′ phases 
coarsened with increasing the temperature. 

 

 

Fig. 10 Evolution of coarse secondary phases during superplastic deformation [10] 
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(3) Cavitation 
Cavities have an adverse influence on the 

properties of Al alloys, and most superplastic 
materials fail due to the nucleation, growth, and 
interlinkage of cavities during superplastic 
deformation [130]. CHOKSHI [130] pointed out 
that the nucleation of cavities in superplastic 
materials can be attributed to stress concentration. 
The stress concentrations are likely to develop 
around the sites of triple junctions, grain boundary 
ledges, and grain boundary particles due to GBS 
[131]. Several mathematical models of superplastic 
cavity initiation were given [130]. As shown in 
Fig. 11, the cavity formation mechanism indicates 
that the nucleation of the cavity is caused by the 
mismatch between dislocation slip and dislocation 
climb at the grain boundary [132]. According to the 
research conducted by BAE and GHOSH [133], 
most cavities initiated and grew at the interface 
between matrix and particles, and the cavity 
fraction increased with increasing the strain rate  
and decreasing the deformation temperature. ZOU 
et al [10] recorded the process of cavitation in an 
Al−Cu−Li alloy during superplastic deformation 
and found that the cavities initiated from the triple 
junctions and then grew with GBS and grain 
rotation, and these cavities resulted in the decrease 
of ductility of material after the superplastic 
deformation. 
 

 
Fig. 11 Mechanism of cavity formation for Al−Si−Mg 
alloy during superplastic deformation [132] 
 
5 Superplastic deformation mechanism 

research based on deformation 
behaviour analysis 

 
Superplasticity can be divided into three 

regions according to the flow behaviour: Region I, 
Region II, and Region III with low, high, and again 

low m values, respectively [1,134]. The GBS is 
activated and even plays the dominant role in 
superplastic Region II [1,134], and most of the 
superplastic Al alloys are in this region. When 
Region II transits into Region III with increasing 
the strain rate and/or decreasing the temperature, 
the m value decreases to ~0.2 and intragranular 
dislocation climb occurs. Strain rate sensitivity (m) 
is an important index for superplastic materials and 
even determines the elongation, and materials with 
high m value usually show good resistance to 
necking behaviour [2,6]. Typically, the m value  
can be obtained by using the constant strain rate 
method [135] and the strain rate jump method [105]. 

In the constant strain rate method [135], a 
series of uniaxial tensile tests are carried out  
under constant strain rate conditions, and then the 
stress−strain curves are obtained. By drawing the 
plots of the naturally logarithmic relationship 
between stress and strain rate under a particular 
level of strain, the m value can be obtained 
according to the formula:  

= ln / lnm σ ε∂ ∂                            (1)  
where σ is the stress and ε  is the strain rate. 

The strain rate jump method [105] is also 
conducted under uniaxial tensile conditions. The 
stretching is started at a strain rate; after a certain 
interval of strain, strain rate is increased (usually by 
10%−25%) and kept for the same interval, and then 
restored to the initial strain rate. In a test, it is 
usually to set multiple strain rate jump intervals to 
obtain the stress change values at different strain 
stages. The m value can be obtained with the 
following formula:  
P=A0σe−ε                                 (2)  

2 1

2 1

ln ( / )
 
ln ( / )

P P
m

ε ε
=

                           
(3) 

 
where P is the load applied, A0 is the original area, ε 
is strain, and P1 and P2 are the loads on both sides 
of the jumped curve. 

The typical m values obtained by using the 
constant strain rate method and the strain rate  
jump method are demonstrated in Figs. 12(a, b), 
respectively. In many works [12,13,20,125,136],  
m value was calculated to understand or predict    
the superplastic deformation mechanism of Al 
alloys. YAKOVTSEVA et al [136] measured the m 
values in an Al−Mg-based alloy during superplastic 
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Fig. 12 Measured m values by using the constant strain rate method [15] (a), and strain rate jump method showing m 
value changes with increasing strain [125] (b) 
 
deformation by using the strain rate jump method, 
and they found that despite the presence of dynamic 
recrystallization, the measured m value did not 
change significantly with the change of strain rate 
and increasing strain. This is because the grains 
transformed into an equiaxed shape quickly and the 
dynamic grain growth was insignificant. The GBS 
played a dominant role and even provided a 
contribution up to 41% to the total strain. However, 
a decrease of m value from 0.6 to 0.4 with 
increasing strain was noticed in fine-grained 
Al−Mg-based alloys, because the significant 
dynamic grain growth and grain elongation during 
superplastic deformation resulted in a weaker GBS 
[20]. GHAYOUMABADI et al [12] compared the 
m values of AA6013 alloys with different Y, Sc, and 
Zr additions by using the constant strain rate 
method. It was found that the m value for the alloy 
with minor additions was higher because the trace 
elements refined the grains and facilitated GBS. 

ZOU et al [25] obtained the m values of a 
2A97 Al−Cu−Li alloy with the strain rate jump 
method and noticed that the m value increased from 
~0.4 to ~0.5 from the initial deformation stage to 
the middle stage and then decreased to ~0.4 again 
with further increasing strain. By analyzing the 
microstructure evolution, the authors found that  
the grain structure and deformation mechanism 
significantly affected the measured m value. In the 
primary deformation stage, the alloy had banded 
grain structure, and the main deformation 
mechanism was IDS; with the increase of strain, the 
grain structure transformed to an equiaxed shape 
and GBS became the dominant deformation 
mechanism, so the m increased; when the strain 

increased continuously, the grains grew and then the 
m value of the alloy decreased. The same variation 
of m values was reported by LIU et al [125]. 

The above cases prove intrinsic relationship 
between m value and superplastic deformation 
mechanism, and show the importance of GBS in 
superplastic Al alloys. Apart from m, the activation 
energy (Q) can also be used to analyze and predict 
the superplastic deformation mechanism [2]. The Q 
of Al alloys for hot deformation represents mainly 
the free energy barrier to dislocation slipping on 
slip planes. In Al alloys, Q (=84 kJ/mol) is the grain 
boundary diffusion coefficient and is considered to 
indicate the mechanism of GBS; the Q value of 
lattice diffusion is 142 kJ/mol and corresponding 
deformation mechanism is expected to be solute 
drag creep [2,137]. The Q value can be obtained by 
using the following equation:  

ln    
(1/ )

R σQ
m T ε

∂
=

∂ 

∣
                        

(4) 
 
where R is the molar gas constant, and T is the 
deformation temperature. 

Figure 13 shows a typical calculated Q values 
in an superplastic Al−Mg alloy. DUAN et al [138] 
calculated the Q values of Al−Mg−Mn−Zr alloys 
with Sc and Er addition as 84.8 and 87.2 kJ/mol, 
respectively, and proposed that GBS is the 
dominant superplastic deformation mechanism of 
the tested alloys. Through the study of AA6013 
alloy, GHAYOUMABADI et al [12] found that 
with the addition of Y, Sc, and Zr, the 
superplasticity was enhanced, and the Q value of 
the alloys decreased from 154 to 95 kJ/mol, 
indicating that the deformation mechanism of the 
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Fig. 13 Average Q value under different strain rates in 
superplastic Al−Mg−Sc−Zr alloy [140] 
 
alloy gradually changed to GBS. ZHANG et al [13] 
noticed that the alloy with better superplasticity 
exhibited a calculated Q value closer to 84 kJ/mol, 
which proved that GBS played an important role in 
this alloy. More research on Q for superplastic Al 
alloys can also be found in works reported by BI  
et al [139], LI et al [140], and DUAN et al [14]. 
 
6 Quantitative research of superplastic 

deformation mechanism based on FIB- 
assisted surface study 

 
6.1 Occurrence and development of surface 

study on superplastic deformation mechanism 
The surface study is to investigate the 

evolution process of materials by recording their 
surface information before and after deformation. 
Surface study in bulk samples during superplastic 
deformation provides direct evidence of GBS, IDS, 
and DC, and it is one of the most effective methods 
to quantitatively study the superplastic deformation 
mechanism. There have been continuous studies 
trying to reveal the superplastic deformation 
mechanism by observing the surface structure 
characteristics during superplastic deformation and 
many theoretical deformation models have been 
proposed. The earliest surface research in super- 
plasticity began in 1975 when HOTZ et al [141] 
made scratches on the polished sample surface by 
using diamond grinding paste, and then the 
scratches at the grain boundaries were found 
dislocated after deformation, thereby intuitively 
revealing the phenomenon of GBS during super- 
plastic deformation. VALIEV and LANGDON [142] 

took the original features inside the grains as 
reference points and recorded their changes in the 
process of superplastic deformation, which proves 
the occurrence of IDS inside the grains. However, 
the above studies were conducted in random, and it 
is difficult to obtain reliable and repeatable surface 
studies with these methods. 

With the development of FIB technology [143], 
researchers found that FIB could be used to mill 
high-resolution grids or lines on the alloy surface, 
and the superplastic deformation mechanism could 
be quantitatively analyzed by comparing the 
characterizations of these grids or lines before and 
after superplastic deformation [1]. RUST and 
TODD [144] carried out an FIB-aid surface study 
on 5083 Al alloy in the superplastic deformation 
Zone II and found that there was almost no 
deformation in the grains at strain of 5%−150%, 
indicating that there was no intra-granular 
dislocation movement, and the main superplastic 
deformation mechanism was GBS accommodated 
by DC. When investigating the superplastic 
deformation of Al−Mg−Mn alloy by using a FIB- 
aid surface study, MASUDA et al [119] noticed that 
grain rotation is an important accommodation 
mechanism of GBS. ZOU et al [25] proposed a 
modified Ashby−Verrall superplastic deformation 
model accompanied by IDS based on the FIB-aid 
surface study. LI et al [102] conducted FIB-aid 
surface studies on an Al−Zn−Mg−Cu alloy in a 
vacuum environment. They pointed out that the 
striated zones are the intergranular oxides formed 
by grain splitting, and a GBS model was proposed 
based on their findings. The combination of FIB 
and in-situ/quasi-in-situ electron microscopy 
enables researchers to re-examine the superplastic 
deformation mechanism proposed earlier by 
providing direct experimental evidence. 

The typical papers on superplastic deformation 
research using FIB-aid surface study are listed in 
Table 1. According to Table 1, FIB-assisted surface 
study was widely used by researchers from 2008 in 
various superplastic Al alloys, and the largest true 
strain conducted for FIB-aid surface study ranges 
from 0.3 to 2.18. The largest true strain was 
achieved by SHEN et al [21], where the high- 
strain-rate superplastic deformation mechanism of 
an Al−Cu−Li alloy was quantitatively studied by 
three stages of quasi-in-situ SEM and FIB-assisted 
surface study in the true strain range of 0−2.8. 
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Table 1 Typical publications on superplastic deformation research by using FIB-aid surface study 

Number First author Alloy 
Largest true 

strain of 
surface study 

Dominant 
superplastic 
deformation 
mechanism 

Journal Year 

1 SHEN Zhi-xin [21] Al−Cu−Li 2.18 GBS J Mater Res Technol 2024 

2 ZOU Guo-tong [25] Al−Cu−Li 1.61 IDS at primary stage, 
GBS at second stage Mater Sci Eng A 2023 

3 LI Jun [145] Al−Cu−Li 1.02 IDS Mater Lett 2023 

4 LI Guan-yu [102] Al−Zn−Mg−Cu 1.1 GBS Mater Sci Eng A 2022 

5 LIU Xiao-dong [103] Al−Cu−Li 0.71 DC Mater Sci Eng A 2022 

6 MIKHAYLOVSKAYA 
A V [19] Al−Mg 1.0 DC J Alloy Compd 2022 

7 LIU Xiao-dong [23] Al−Mg−Li 1.01 GBS Mater Lett 2021 

8 LIU Xiao-dong [125] Al−Mg−Li 0.74 IDS at primary stage, 
GBS at second stage Mater Sci Eng A 2021 

9 MIKHAYLOVSKAYA 
A V [146] Al−Zn−Mg−Cu 1.36 GBS and IDS Mater Lett 2020 

10 YAKOVTSEVA O A 
[147]  

Al−Zn−Mg−Cu, 
Al−Mg−Mn 0.7 GBS Mater Lett 2020 

11 YAKOVTSEVA O A 
[148] Al−Zn−Mg−Cu 1.0 GBS and DC Mater Sci Eng A 2020 

12 MIKHAYLOVSKAYA 
A V [149] Al−Zn−Mg−Cu 1.59 DC at primary stage, 

GBS at steady stage Mater Sci Eng A 2018 

13 MASUDA H [119] Al−Mg−Mn 0.25 GBS Scripta Mater 2018 

14 MIKHAYLOVSKAYA 
A V [101] Al−Mg 0.4 DC Mater Sci Eng A 2015 

15 RUST M A [150] Al−Mg−Mn 0.69 DC Acta Mater 2011 

16 SOTOUDEH K [100] Al−Cu−Zr, 
Al−Mg−Mn 0.3 DC in Al−Mg−Mn Acta Mater 2010 

17 RUST M A [144] Al−Mg−Mn 1.0 DC Material Wissenschaft 
und Werkstofftechnik 2008 

 
Based on the above cases, GBS, DC, and IDS 

have all been found to play a dominant role in 
various superplastic Al alloys, at least at a certain 
deformation stage. The superplastic deformation 
mechanism of Al alloy is related to the alloy 
composition, deformation parameter, grain  
structure, etc. Based on the summary in Table 1, by 
using FIB-aid surface study, it was found that the 
superplastic deformation of Al−Mg alloys is mainly 
controlled by DC, and that of Al−Zn alloy is  
mainly GBS. For those Al alloys with initial banded 
grain structure, GBS is difficult to occur at the 
initial stage of deformation due to the banded  
grain boundaries; therefore, IDS is the dominant 
deformation mechanism. When the dynamic 
recrystallization is accomplished, the main 
deformation mechanism will transform from the 

IDS into GBS due to the increase of HAGBs 
fraction. 
 
6.2 Main methodology of FIB-aid surface study 

The typical FIB milled grids are shown in 
Fig. 14. The coarse grids are used to observe the 
offsets of grain boundaries, the fine grids are used 
to observe the intragranular deformation after 
deformation, and the size of milled grinds depends 
on the grain size. Normally, samples should be 
polished mechanically before FIB milling. After 
being milled, in-situ/quasi-in-situ superplastic 
deformation can be carried out on the test samples, 
and vacuum protection or anti-oxidant protection is 
necessary to prevent oxidation from affecting the 
surface morphology. To capture usable surface 
information, the strain of each step of deformation  
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Fig. 14 Typical FIB-etched grids for surface study [25]: (a) Coarse grids; (b) Fine grids  
 
should be strictly controlled, and a true strain    
of 0.2−0.4 is suitable for most superplastic Al  
alloys. By comparing the SEM images of the 
surface before and after each step of deformation, the 
features of every superplastic deformation 
mechanism can be analyzed and their contribution 
to total strain can be calculated quantitatively. 

The contribution of GBS to the total 
superplastic strain can be calculated by using the 
following formula [151]:  

( )GBS 0= tan /i iε u lθ∑
   

                  (5) 
 

( )tot 0 0/ε l l l= −                           (6) 
 

( ) ( )GBS GBS tot 0/ tan /i iγ ε ε u l lθ= = −∑
        

(7) 
 
where εGBS is the strain caused by GBS, ui is the 
offset component along the stretched axis at the ith 
grain boundary, θi is the angle between the ith grain 
boundary and the stretched axis, l0 is the length of 
the grid line perpendicular to the stretched axis 
before the tensile test, εtot is the total strain 
transverse to the tensile axis, l is the length of the 
fine grid line perpendicular to the stretched axis 
after the tensile test, and γGBS is the contribution of 
GBS to the total strain. 

The contribution of IDS is determined by 
calculating the spacing changes before and after 
every stage of deformation of fine grid lines inside 
the grains [142], and the following equation can be 
used:  

( )IDS 0 0/ε a a a= −∑                       (8) 
 
γIDS=εIDS/εtot                                             (9) 
 
where εIDS is the strain induced by GBS, a0 is the 

length of the grid line inside a grain before 
deformation, a is the length of the same grid    
line after deformation, and the grid line length is 
measured along the tension direction, and γIDS is the 
contribution of IDS to the total strain. 

The contribution of DC can be obtained by 
subtracting the contribution of GBS and IDS from 
100% [13,125], or by calculating the proportion of 
the total length of striated zones to diffusion zones 
in the total strain in a certain region [136,149]. 
 
6.3 Typical research cases on superplastic 

deformation mechanism in Al alloys 
Figure 15 shows the SEM images of the 

FIB-aid surface study conducted on AA3003 alloy 
(with initial banded grains, and no superplasticity) 
and AA5083 alloy (with initial equiaxed grains and 
superplastic true strain of more than 1.4) [100]. The 
offsets of coarse grid lines in both alloys can be 
observed, but the fine grid lines inside the grains of 
AA3003 exhibit greater deformation than those of 
AA5083. The extension zones are significant 
features in AA5083. By carrying out quantitative 
calculations of the intergranular and intragranular 
deformation, it was found that the values of 
intergranular deformation in the two alloys are 
similar, but the intragranular strain in AA3003 is 
twice that of AA5083. According to the FIB-aid 
surface study and quantitative analysis, the DC is 
considered responsible for the superplasticity of 
AA5083 due to its high solute content and self- 
diffusion. 

By conducting a careful FIB-assisted surface 
study, ZOU et al [25] analyzed the superplastic 
deformation mechanisms of a banded-grained 2A97  
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Fig. 15 SEM images of grids on polished surfaces of AA3003 and AA5083 deformed to average strain of 0.3 at 530 °C 
and 5×10−1 s−1 [100] 
 

 

Fig. 16 SEM images showing evolution of coarse grids in 2A97 Al−Cu−Li alloy during quasi-in-situ superplastic 
deformation [25] 
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Fig. 17 SEM images showing evolution of fine grids in 2A97 Al−Cu−Li alloy during quasi-in-situ superplastic 
deformation [25] 
 
Al−Cu−Li alloy under a large true strain range 
(0−1.61). As shown in Figs. 16 and 17, in the initial 
deformation stage, “grain splitting” phenomenon 
can be observed from Figs. 16(a, b), and the fine 
grid lines can be found elongated and bent from 
Figs. 17(a, b), which is evidence of intragranular 
deformation and dynamic recrystallization. When 
the deformation comes to the second stage, from 
Figs. 16(c−f), significant GBS, grain rotation, grain 
drowning, and grain floating can be observed. 
These evidences prove that the superplastic 
deformation mechanism of the studied alloy 
transforms from IDS to GBS with the increase of 
true strain, which is consistent with the quantitative 
calculation results (the maximum contribution of 
IDS is ~54.1% at the true strain of 0.74, and the 
contribution of GBS is more than 50% with the true 

strain larger than 1.1). 
Figures 18 and 19 show SEM images of a 

fine-grained Al−Cu−Li superplastic alloy with the 
FIB-aid surface study [103]. By tracking the 
evolution of representative grains with the true 
strain of 0.13−0.71, obvious grain rotation    
(Grain A) and relative grain motion can be found. 
According to the surface images before and after 
deformation, the fine grids in grains have little 
change, which indicates insignificant intragranular 
deformation. Significant striated zones can be 
noticed among grains, which is the manifestation of 
DC. By calculating the contribution of different 
superplastic deformation mechanisms to the total 
strain, it is found that the contribution of GBS and 
IDS are not much, with the largest contribution of 
GBS of (33.1±4.6)%, and the largest contribution of 
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Fig. 18 Evolution of coarse grids in fine-grained superplastic Al−Cu−Li alloy with different true strains [103]: (a) 0.13; 
(b) 0.29; (c) 0.52; (d) 0.71 
 

 
Fig. 19 Evolution of fine grids in fine-grained superplastic Al−Cu−Li alloy with different true strains [103]: (a) 0.13;  
(b) 0.29; (c) 0.52; (d) 0.71 
 
IDS of (9.2±1.1)%. Therefore, the authors attributed 
the dominant superplastic deformation mechanism 
to DC. GBS and IDS played accommodating 
mechanisms. 

MIKHAYLOVSKAYA et al [149] compared 
the superplastic deformation mechanisms of a fine 
grain AA7475 alloy at the primary stage (the true 
strain of 0−0.69) and steady stage (the true strain of 

0.69−1.59) by using FIB-aid surface study. In the 
SEM images of coarse grid evolution shown in 
Fig. 20, grain neighbour switching and grain 
rotation can be noticed in various strain ranges, but 
these phenomena are more intensive at the steady 
stage. For the observation of fine grids, as shown in 
Fig. 21, it can be found that the grid lines maintain 
their initial configurations in the centre of the grains, 
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Fig. 20 Surface study of fine-grain AA7475 alloy during superplastic deformation [149]: (a−d, i−l) In primary stage; 
(e−h, m−p) In steady stage  
 

 
Fig. 21 Local area observation of fine-grain AA7475 alloy during superplastic deformation [149]: (a−d) In primary 
stage; (e−h) In steady stage  
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which indicates that IDS plays little role. The 
quantitative analysis shows that the GBS accounts 
for 30%−40% at the primary stage and increases to 
50%−60% at the steady stage of deformation, and 
DC plays an important role during the whole 
deformation range. 
 
7 Summary and conclusions 
 

(1) Superplastic Al alloys have a profound 
research foundation and are widely used in 
aerospace, automobile, and rail transit, etc. The 
development tendency of superplastic Al alloys is  
to obtain superplasticity at low temperature and/or 
high strain rate, and the superplastic forming (SPF) 
of Al alloys is developing into the direction of high 
quality and low cost. 

(2) Fine, equiaxed, and stable grain structures 
are very important for superplastic Al alloys, and Sc 
and Zr elements are commonly used in Al alloys  
to refine and stabilize grains. For superplastic Al 
alloys with an initial banded (unrecrystallized) 
structure, obtaining fine and equiaxed grains via 
dynamic recrystallization during deformation is  
the guarantee of superplastic elongation. Texture 
evolution and cavitation are affected by the 
superplastic deformation mechanism. The texture, 
coarsening of secondary phases, and cavities have 
an adverse influence on the Al alloys after 
superplastic deformation. 

(3) Deformation behaviour parameters such  
as strain rate sensitivity (m) and activation energy 
(Q) can reflect the superplastic deformation 
mechanisms of Al alloy. Grain boundary sliding 
(GBS) plays an important role in superplastic Al 
alloys. The m value corresponding to GBS is   
~0.5, and the Q value corresponding to GBS is 
~84 kJ/mol. 

(4) FIB-aid surface study is one of the widely 
used methods for investigating the superplastic 
deformation mechanism of aluminum alloys. The 
contribution of different deformation mechanisms 
such as grain boundary sliding (GBS), intragranular 
dislocation slip (IDS), and diffusion creep (DC) can 
be calculated quantitatively. Some new insights  
and new models of deformation mechanisms for 
superplastic Al alloys are proposed based on the 
FIB-aid surface study, such as a modified Ashby− 
Verrall model accompanied by IDS, tracking the 
evolution of dominant deformation mechanisms in 
the whole superplastic deformation stage. 
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超塑性铝合金的显微组织演变及变形机理综述 
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摘  要：铝合金是最早开始使用且应用最广泛的超塑性材料之一。综述了超塑性铝合金的研究进展，重点总结了

铝合金在超塑性变形过程中的显微组织演变和变形机理，详细讨论了典型超塑性铝合金在超塑性变形过程中晶粒

组织、织构、第二相和空洞的演变。基于聚焦离子束(FIB)的表面研究能为不同超塑性变形机制提供定量评估，从

而为研究铝合金的超塑性提供新的思路。基于 FIB 的表面研究可以直观地观察到晶界滑移、晶内位错滑移和扩散

蠕变等主要特征，并进行定量分析。本研究可为超塑性变形机理的研究和超塑性铝合金的发展提供一定的参考。 

关键词：铝合金；超塑性；超塑性变形机理；晶界滑移；显微组织演变 
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