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a b s t r a c t   

Electron backscatter diffraction (EBSD) was applied to investigate the superplastic behavior of a fine-grain 
Al-Mg-Li alloy. It was found that microstructural changes were noticeably influenced by the occurrence of 
continuous dynamic recrystallization. This mechanism involved a transverse subdivision of pre-elongated 
grains which eventually transformed into chains of nearly-equiaxed grains. A body of experimental ob
servations, including extensive strain hardening, marked grain elongation, the formation of pronounced 
substructure in interior regions of grains, and the development of crystallographic texture, provided strong 
evidence of large amounts of intragranular slip operating during superplastic flow. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

It has been well accepted for a long time that the fundamental 
prerequisite for superplastic deformation is a relatively-fine equiaxed 
grain structure with a high fraction of high-angle boundaries. It is be
lieved that such a microstructure is best suited for grain-boundary 
sliding which is usually recognized as the key mechanism of super
plasticity. However, it has been conclusively demonstrated recently 
that materials with “non-ideal” microstructures may also exhibit su
perplasticity. Specifically, superplastic behavior has been found in 
materials with partially-recrystallized microstructures which contain a 
large fraction of low-angle boundaries [1–28], in very coarse-grain 
(~100 µm scale) materials [17,29–39], and in lamellar-type micro
structures [40–42]. In all such cases, the initial stage of superplastic 
deformation was characterized by the extensive occurrence of dynamic 
recrystallization which converted the “non-ideal” initial microstructure 

into the typical fine-grain one. As a general rule, this stage was also 
characterized by measurable strain hardening (followed perhaps by 
strain softening), and subsequent steady-state flow was typically at
tributed to the activation of the grain-boundary sliding  
[2–9,11,12,14,15,20–22,25,28,35,39–42]. A somewhat similar behavior 
has also been observed during superplasticity of bimodal grain struc
tures [28,43,44]. In such instances, the coarse-grained constituent ty
pically experiences continuous recrystallization whereas the fine- 
grained one undergoes grain-boundary sliding. 

Clear signs of extensive intragranular slip have also been found in 
superplastically-strained materials with “ideal” fine-grain, well-re
crystallized microstructures [10,45–57]. Specifically, pronounced 
continuous recrystallization has been observed in various structural 
materials including aluminum alloys [10,46,47,50,54,55,57], titanium 
alloys [48,49,51,53], magnesium alloys [52,56], and duplex stainless 
steel [45]. In two-phase materials, this effect is sometimes attributed 
to strain partitioning between the softer and harder phases [58]. 

Taken together, the above observations suggest that a significant 
role is played by intragranular slip under superplastic-deformation 
conditions. In fact, these recent findings are in line with “old” 
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theories (proposed in the 1960–1990 s) which suggested a close 
relationship between superplasticity and dynamic recrystalliza
tion [59–62]. 

The relatively-recent advent of high-resolution/high-speed elec
tron backscatter diffraction (EBSD) [63] may provide new insight 
into intragranular slip activity occurring during superplastic de
formation and thus the overall phenomenon itself. To date, however, 
investigations utilizing EBSD have been relatively limited. Therefore, 
the present EBSD effort was undertaken to quantify microstructural 
changes occurring during superplastic deformation of an “ideal” 
fine-grain1 recrystallized material. The main emphasis was on in- 
depth microstructural analysis which involved examination of grain 
size and morphology, the substructure within grains, misorientation 
distributions, crystallographic texture, and the orientation relation
ship between neighboring grains. 

2. Materials and procedures 

The material used in the present work was the commercially- 
produced aluminum alloy 1420 (per the Russian designation) with a 
nominal chemical composition (in weight percent) of Al-5.5Mg- 
2.2Li-0.12Zr. This is a relatively simple alloy whose superplastic 
behavior has been well studied. Hence, it was considered to be 
particularly suitable for the purpose of the present effort. The ma
terial was received as a hot-rolled plate with a fully-recrystallized 
microstructure and a mean grain size of 20 µm. 

To produce a fine-grain microstructure appropriate for superplastic 
testing, the received alloy was solution treated at 470 °C for 1 h, water 
quenched, and then subjected to 10 passes of equal-channel angular 
pressing (ECAP). ECAP was conducted at 370 °C (≈0.69 Tm, where Tm is 
the melting point) via route BC using a die with a 90° square channel. 
This resulted in a well-recrystallized material with a mean grain size of 
3 µm and a minor fraction of nano-scale precipitates of the Al2LiMg and 
Al3(Li, Zr) phases evenly distributed within the interior of grains 
(supplementary Fig. S1). The processing procedures and resulting mi
crostructure are described in more detail elsewhere [64]. 

Tension specimens for superplasticity tests were machined along 
the longitudinal axis of the ECAP’ed billet; they had a gage (reduced) 
section measuring 5 × 3 × 0.8 mm3. The specimens were mechanically 
polished to achieve a uniform thickness and to remove surface defects. 
Tension tests were conducted to failure at 320 °C (0.64 Tm), 355 °C 
(0.67 Tm), 370 °C (0.69 Tm), and 395 °C (0.72 Tm). As shown in previous 
work [65], this temperature interval covers the entire range of super
plasticity for the 1420 alloy in the fine-grain condition. In all cases, tests 
were performed at a constant crosshead speed corresponding to a 
nominal strain rate of 3 × 10−2 s−1 using an Instron testing machine. As 
found previously [66], this particular strain rate provided the highest 
elongation to failure over the entire range of temperature which was 
investigated. Prior to each experiment, the test specimen was held at 
temperature for 10 min to attain thermal equilibrium. Furthermore, to 
enhance ductility, tensile straining was assisted by imposing ultrasonic 
vibration at a frequency of 20 kHz and amplitude of 5 µm by using in- 
house acoustic system [67]. As shown by Myshlyaev, et al. [67], this 
approach provided an ~60-pct. increase in elongation-to-failure due to 
the enhancement of diffusion-driven processes. 

Selected rate-jump tests to determine values of the strain-rate 
sensitivity parameter (m) were also conducted by cycling the strain 
rate between 3 × 10−2 and 6 × 10−2 s−1 during tension testing over a 
true strain interval of 0.2–1.1. 

Following tension testing, microstructure observations were 
performed using EBSD. To produce a suitable surface finish, each 
specimen was mounted and mechanically polished using conven
tional metallographic procedures followed by a final step comprising 

24-h vibratory polishing with a suspension of colloidal silica. EBSD 
was then conducted using a Hitachi S-4300SE field-emission-gun 
scanning electron microscope (FEG-SEM) operated at an accelerating 
voltage of 25 kV, which was equipped with a TSL OIM™ EBSD 
system. To investigate microstructure evolution at different length 
scales, EBSD maps were acquired for each material condition using a 
scan step size of 0.2 µm, 0.5 µm, or 2 µm. To improve the reliability of 
the acquired EBSD data, small grains comprising 3 or fewer pixels 
were automatically “cleaned” using the standard grain-dilation op
tion of the EBSD software. Due to the limited angular accuracy of 
EBSD, boundaries with misorientations below 2° were excluded 
from consideration. Last, a 15° threshold was applied to differentiate 
low-angle boundaries (LABs) and high-angle grain boundaries 
(HAGBs). 

3. Results 

3.1. Mechanical behavior 

Typical engineering stress-strain curves recorded during the 
tension tests (Fig. 1a) revealed that the total elongation to failure 
exceeded 400% (or a true failure strain ≥ 1.6) over the entire range of 
test temperatures. Thus, from a phenomenological standpoint, the 
studied alloy exhibited superplastic behavior. As expected, an in
crease in the test temperature resulted in a reduction of flow stress 
and promoted material ductility (Fig. 1a). 

The corresponding true stress-true strain curves2 (Fig. 1b) 
showed a complex character. In all cases, it was characterized by 
pronounced strain hardening, the attainment of a peak, and finally 
what appeared to be flow softening. As described below, the ob
served strain hardening was associated with extensive intragranular 
slip activity and/or dynamic grain growth, thus being in the line with 
previous results reported in the literature [e.g. 1, 45–57]. Further
more, steady-state flow was not observed. This behavior also agreed 
well with previous studies of superplastic behavior of the examined 
material [65,67]. 

The strain-rate-sensitivity parameter (m-value) provided addi
tional insight into material behavior. Typical results are shown in  
Fig. 1c. In agreement with previous work [67], the m-value varied 
between 0.4 and 0.6, thus confirming the superplastic character of 
material flow. In addition, the strain-rate-sensitivity tended to de
crease with superplastic strain. The possible origin of this interesting 
phenomenon is discussed in Section 4.3. 

In addition to the relatively high m-value, experimental ob
servations of failed specimens exhibited evidence of diffuse necking 
(e.g., Fig. 2). It is likely therefore, that the apparent flow softening at 
high strains observed in the true stress-strain curves (Fig. 1b) was 
associated with strain localization. The assumption of uniform flow 
in the gage section during the reduction of load-stroke data at high 
strains (i.e., at which extensive diffuse necking occurs) gives rise to 
such trends. Therefore, the apparent softening at high strains is not 
an intrinsic material-flow characteristic, but is rather an artifact of 
the data-analysis method. In superplasticity, this effect is sometimes 
referred to as “geometric softening” [68]. 

3.2. Effect of static annealing on microstructure evolution at 
superplastic temperatures 

Due to the relatively-large grain-boundary area (and thus com
paratively high grain-boundary energy), fine-grain materials are well 

1 Fine-grain structures are defined as those having a mean grain size of ~1–10 µm. 

2 To compensate for the continuous decrease in true strain rate during tension 
testing, the true stress-true strain curves were corrected by multiplying each stress 
data point by a factor of (L/Lo)m, where L denotes the instantaneous gage-section 
length, Lo is the initial gage length, and m is the strain rate sensitivity. 
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known to be unstable at high temperatures and may experience 
marked microstructural coarsening. To separate the influence of 
thermal exposure from superplastic deformation, microstructure 
changes in the grip section of tested specimens were examined. To 
evaluate the maximum extent of static annealing, the specimen 
strained at the highest superplastic temperature (395 °C) was uti
lized (Fig. 3). 

It was found that the initial, reasonably-homogeneous fine-grain 
microstructure evolved into a bimodal one (Fig. 3a). Although 
“islands” of the original 3-μm grains were still seen, the micro
structure became dominated by much coarser grains, and the mean 
grain size was ~9 µm (Fig. 3b); i.e., it was approximately tripled. The 
specific non-uniform morphology of the microstructure suggested 
that the material had experienced abnormal-like grain growth. 
Nevertheless, the material still contained a large fraction of LABs 
(Fig. 3c), which were preferentially concentrated in the surviving 
fine-grain remnants (red lines in Fig. 3a). 

The corresponding texture changes were elucidated by 111 and 
110 pole figures derived from EBSD measurements (Fig. 3d). For 
clarity, the orientations of the shear direction (SD) and the shear 
plane normal (SPN) characterizing deformation during ECAP [69] 
were superimposed on the pole figures. In addition, the pole figures 
were rotated to align the shear direction horizontally and the shear- 
plane normal vertically to simplify texture interpretation, as is 
typically done when analyzing simple-shear textures [69]. The tex
tures indicated by the rotated pole figures (Fig. 3e) were relatively 
weak and diffuse but did exhibit clear signs of simple-shear 
orientations A (11̄1)[110] and < >C {001} 110 . 

3.3. Microstructure changes in the reduced section 

3.3.1. Microstructure morphology and grain size 
EBSD measurements from the deformed, reduced sections of 

failed specimens also provided insight into microstructural changes 
during superplastic deformation. Typical examples are shown in  
Fig. 4, while the relevant microstructure statistics are summarized in  
Fig. 5. Material strained at a relatively low temperature exhibited a 
clearly-bimodal microstructure (Fig. 4a) with the fine grains clus
tered together in “islands” aligned parallel to the tension direction. 
With an increase in test temperature, the isolated bands of fine 
grains tended to disappear (Figs. 4b-d, 5a). On the other hand, the 

coarse-grain constituent essentially increased in size (Figs. 4 and 
5b-c), thus indicating the occurrence of dynamic grain growth. 

Although the microstructures appeared to be nearly equiaxed 
from a broad perspective (Fig. 4), quantitative analysis did reveal the 
presence of highly-elongated grains (Fig. 5d3). Moreover, the mean 
grain-shape aspect ratio exhibited a small but measurable increase 
with test temperature (Fig. 5e). In this context, it is important to 
emphasize that the elongated grains often contained LABs which 
were oriented approximately transverse to the tension axis (Fig. 4). 
Furthermore, these LABs were often characterized by a variable 
misorientation along their length with some adjacent segments 
being in the high-angle range; several examples are indicated by 
arrows in Fig. 4. These observations suggested that the apparently- 
equiaxed microstructure may have originated from the transverse 
subdivision of elongated grains, i.e., via a progressive process such as 
continuous dynamic recrystallization (CDRX). Such observations and 
conclusions imply that extensive intragranular slip occurred, as has 
been suggested by other data in the literature [45–57]. 

3.3.2. Evaluation of dislocation substructure 
Further insight into intragranular slip activity was obtained from 

misorientations within grains, which were quantified using the 
kernel-average misorientation (KAM)4 feature of the EBSD software. 
Typical KAM maps (Fig. 6) revealed several important aspects of the 
superplastic deformation. 

First and foremost, a very noticeable variation of KAM was found 
within grains. This observation implied the evolution of substructure 
and hence substantial dislocation activity. This finding is in agree
ment with several previous works in the scientific literature  
[10,45–57,70]. In the present research, the most pronounced levels of 
KAM were often seen near grain boundaries and at triple joints 
(Fig. 6). Another significant finding was the relatively-high KAM 
values revealed within the fine-grain remnants of the original (as- 
ECAPed) microstructure (Fig. 6a, b). This observation is discussed in  
Section 3.4. In accordance with expectations, the KAM value tended 
to decrease with superplastic temperature (Figs. 5f and 6a to d). 

Fig. 1. Effect of deformation temperature on tension behavior: (a) Engineering stress-strain curves, (b) true stress-true strain curves, and (c) the evolution of m-value with strain.  

Fig. 2. Typical appearance of a failed tension specimen, which was tested at 370 °C.  

3 In this work, the grain-shape aspect ratio was defined as the length of the major 
axis divided by the length of the minor axis of the ellipse fitted to each grain. 

4 The KAM, or kernel-average misorientation, comprises the average misorientation 
around each pixel in an EBSD map with respect to its nearest-neighbor pixels. 
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Fig. 4. Selected portions of EBSD grain-boundary maps showing the microstructure in the gage section of failed specimens as a function of deformation temperature: (a) 320 °C 
(elongation to failure = 469%), (b) 355 °C (elongation to failure = 599%), (c) 370 °C (elongation to failure = 894%), and (d) 395 °C (elongation to failure = 988%). In all cases, LABs and 
HAGBs are depicted as red and black lines, respectively. Note: The tensile direction for all EBSD maps is shown in the bottom right corner of (a). 

Fig. 3. Microstructure evolution in the grip section of a specimen tested at 395 °C: (a) EBSD grain-boundary map, (b) grain-size distribution, (c) misorientation-angle distribution, 
(d) measured 111 and 110 pole figures, and (e) rotated pole figures. LD, TD, ND, SPN, and SD denote the longitudinal direction, transverse direction, normal direction, shear plane 
normal, and shear direction of the ECAP billet, respectively. In (a), LABs and HAGB are depicted as red and black lines, respectively. In (d), dotted lines indicate the presumed 
orientations of the shear plane normal and shear direction. In (e), the positions of the ideal A (1-10)[110] and C {001} < 110 > simple-shear orientations are shown. 
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3.3.3. Texture and misorientation distribution 
The evolution of texture and the misorientation distributions 

within the reduced section further illuminated microstructure 
changes during superplastic deformation. A typical inverse-pole 
figure (IPF) for the tension direction (Fig. 7a) showed that the texture 
was very weak with a peak intensity of only ~1.5 times random and a 
preference of {hkl} <  100  >  and {hkl} <  111  >  fiber orientations. Both 
these texture components normally develop during axial tension of 
aluminum alloys [e.g. 71]. 

Typical misorientation-angle and misorientation-axis distribu
tions (Fig. 7b and c, respectively) were both close to random, except 

for a substantial LAB fraction in Fig. 7b. Considering the sub- 
boundary structure suggested by the KAM maps (Fig. 6), it seems 
likely that the actual fractions of LABs were larger than those mea
sured. Despite such uncertainty, however, the formation of distinct 
crystallographic texture and the presence of a noticeable fraction of 
LABs both suggested significant activity of intragranular slip. 

3.4. Superplastic behavior of fine-grain microstructure 

The development of a bimodal grain size at low superplastic 
temperatures (Fig. 4a) provided an opportunity to investigate the 

Fig. 5. Effect of deformation temperature on (a) Fraction of fine grains, (b) mean grain size, (c) grain-size distribution, (d) grain-shape aspect-ratio distribution, (e) mean grain- 
shape aspect ratio, (f) mean kernel-average misorientation. In (b), error bars show the standard deviation. 

Fig. 6. Selected portions of EBSD kernel-average-misorientation (KAM) maps reflecting the dislocation structure in the gage section of specimens pulled in tension at (a) 320 °C, 
(b) 355 °C, (c) 370 °C, or (d) 395 °C. The KAM color code is shown in the top right corner of (a). In all cases, LABs and HAGBs are depicted as white and black lines, respectively. 
Note: The tensile direction for all EBSD maps is shown in the bottom right corner of (a). 
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superplastic behavior of the original fine grains. According to the 
well-accepted view, such microstructures are particularly suitable 
for the accommodation of imposed deformation via grain-boundary 
sliding. This mechanism implies a motion of grains relative each 
other which thus result in a change of neighbors. In this context, it 
was of particular interest that the fine, superplastically-strained 
grains tended to cluster together (Fig. 4a), rather than intermix with 
the coarser grains, as might be expected for classical grain-boundary 
sliding. 

To provide quantitative insight into the deformation mechanism 
of the fine-grained microstructure, EBSD data were partitioned into 
fine-grain and coarse-grain constituents using a threshold grain size 
of 3 µm (Fig. 8). In order to obtain the highest measurement statis
tics for the fine-grained microstructure, the partitioning approach 
was applied to the data taken from the specimen strained at the 
lowest superplastic temperature (320 °C). The relevant results are 
summarized in Figs. 9 and 10. 

Although the fine grains typically had a nearly-equiaxed shape, 
the grain-shape aspect ratio was measured in some cases to be as 
high as ~5.5 (Fig. 9a). Also, it was found that the fine-grain regions 
contained a relatively-large fraction of LABs (Fig. 9b) and were 
characterized by comparatively-high values of KAM (Fig. 9c). The 

latter observation was consistent with the KAM map in Fig. 6a, and 
thus supported the conclusion regarding the generation of a rela
tively-high dislocation density. Moreover, the partitioning of the 
global texture in Fig. 10a revealed a slightly-higher intensity of the 
{hkl} <  111  >  fiber in the fine-grain domains (compare Fig. 10b and  
10c). This suggested increased activity of cross slip. Taken together, 
the above results provided evidence of extensive intragranular slip 
in the fine-grain regions. 

4. Discussion 

True stress-true strain curves and m-value measurements (Fig. 1b 
and c, respectively) suggested that superplastic deformation was a 
relatively-complex process which involved several different stages. 
This complicates interpretation of the underlying microstructural 
mechanisms. Nevertheless, several important observations can be 
made and those are discussed in the following subsections. 

4.1. Microstructure coarsening and intragranular slip 

The microstructure data in Section 3 provided strong evidence of 
the operation of at least two mechanisms of microstructure 

Fig. 7. Typical results for (a) an inverse-pole figure showing the grain orientation relative to the tension direction, (b) the misorientation-angle distribution, and (c) the mis
orientation-axis distributions derived from EBSD maps taken from the gage section of failed specimens tested at 370 °C. 

Fig. 8. Microstructure partitioning in material tested at 320 °C: (a) Entire EBSD grain-boundary map, (b) fine-grain microstructure constituent (grain size ≤3 μm), and (c) coarse- 
grain microstructure constituent (grain size > 3 μm). In all cases, LABs and HAGBs are depicted as red and black lines, respectively. Note: The tensile direction for all EBSD maps is 
shown in the bottom right corner of (a). 
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evolution during superplastic deformation: grain growth and in
tragranular slip.5 This result agrees well with the conventional 
concept of superplastic deformation. 

The initial stage of grain growth appeared to be abnormal-like, 
i.e., involving a small subset of so-called “rogue” grains which pos
sessed a growth advantage due to non-uniformity in stored work, 
texture, etc. (Figs. 3a and 4a). After elimination of the original fine- 
grain structure, however, microstructure coarsening appeared to 
become normal in nature (Figs. 4b-d and 5c). The reason for this 
unusual behavior is not clear and warrants further study. However, 
the possible influence of impingement of abnormal grains, pinning 
by remnant fine grains, etc, seems to provide several plausible 
sources for the transition from abnormal-like to normal behavior. 

The various experimental observations, including noticeable 
strain hardening (Fig. 1b) and grain elongation (Fig. 5e), the forma
tion of the pronounced substructure in grain interiors (Fig. 6), and 
the development of crystallographic texture (Fig. 7a), provided 
strong evidence of extensive intragranular slip (concurrent with 
grain growth) over the entire range of temperatures used in the 
present work. Moreover, the transverse orientation of LABs relative 
to the tension direction (Fig. 4) and the observed LAB-to-HAGB 

transformations (arrows in Fig. 4) suggested the operation of con
tinuous dynamic recrystallization. The activation of this mechanism 
may eventually give rise to the apparently equiaxed final grains and 
thus may explain the observed microstructure morphology. 

It is also noteworthy that coarse-grain materials can exhibit re
latively high rates of strain hardening due to the prevalence of in
tragranular slip. In the present context, the extended strain 
hardening stage observed at 370 °C and 395 °C in the present work 
(Fig. 1b) was presumably attributable, at least partially, to con
siderable grain growth occurring at these temperatures (Figs. 4c-d, 
and 5b-c). 

It is also of note that the material used in the present work 
contained a relatively-high concentration of magnesium. It is 
sometimes believed that this solute may enhance self-diffusion in 
aluminum alloys [72] (and thus promote intragranular slip) but re
tard grain growth via segregation at grain boundaries [28]. Both 
these factors may contribute to the relatively-high ductility observed 
in the present study. 

4.2. Continuous dynamic recrystallization vs grain boundary sliding 

According to the classical core-mantle superplasticity model, 
grain-boundary sliding normally results in stress concentrations at 
triple joints which are relaxed by appropriate intragranular slip [73]. 
Hence, the substructure observed in grain interiors in the present 
study (Figs. 4 and 6) may originate from such accommodation slip. 
Therefore, to evaluate the significance of the intragranular slip ac
tivity for superplastic flow, a quantitative approach is necessary. 

Fig. 10. Inverse pole figures for the tension direction for material deformed at 320 °C: (a) Entire data set, (b) fine-grain microstructural constituent, and (c) coarse-grain mi
crostructural constituent. 

Fig. 9. Comparison of microstructure characteristics measured in the fine-grain and coarse-grain areas of material deformed in tension at 320 °C: (a) Grain-shape aspect-ratio 
distribution, (b) misorientation-angle distribution, and (c) kernel-average-misorientation distribution. 

5 From ThermoCalc calculations, it was predicted that the fraction of second-phase 
constituent particles changed noticeably during heating to the test temperatures 
(supplementary Fig. S2). Such changes may exert an influence on superplastic beha
vior. The clarification of this influence, however, requires additional quantitative 
study. 
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As suggested above, the nearly equiaxed microstructure observed 
in the present study could be associated with the progressive de
velopment of continuous dynamic recrystallization. In the present 
work, the process involved the transverse subdivision of elongated 
grains which finally transformed into chains of low-aspect-ratio 
grains. If this was indeed the case, some orientation relationship 
between the grains within such chains may have been retained [1]. 
On the other hand, if grain-boundary sliding was the dominant 
microstructural process, the concomitant grain intermixing/rota
tions would likely have destroyed any orientation relationship be
tween neighboring grains. The opposing trends associated with two 
mechanisms thus provide an opportunity to evaluate their con
tributions to superplastic flow. 

EBSD texture maps calculated for different test temperatures 
(Fig. 11) revealed the extent of a possible orientation relationship 
between the neighboring grains. In these maps, the spatial dis
tribution of two main texture components, i.e., {hkl} <  100  >  (in red) 
and {hkl} <  111  >  (in blue), were shown. A relatively large, 30° or
ientation tolerance was used for each texture component. Accord
ingly, these two orientations covered almost the entire orientation 
space as shown in the standard stereographic triangle in the top 
right corner of Fig. 11a. The results shown in Fig. 11a to d indicated 
that grains belonging to the same texture component (i.e., either 
{hkl} < 100  > or {hkl} < 111  >) often clustered together. In some cases, 
they formed chains aligned with tension axis. Presumably, this does 
indicate that an orientation relationship did exist, and the nearly- 
equiaxed microstructure had indeed originated from transverse 
subdivision of coarser pre-elongated grains. 

In this context, it is of interest to quantify the macro-scale de
formation associated with grain elongation (i.e., elongation via in
tragranular slip). Accordingly, the grain-shape aspect ratio of the 
pre-elongated grains was evaluated from Fig. 11. Manual measure
ments showed that this quantity never exceed 10. Assuming that the 
grains elongated in proportion of the tensile strain, it can readily be 
shown that the macro-scale engineering strain e and the grain-shape 
aspect ratio are related as ×e ( 1) 100%2/3 (Appendix). Hence, 
a grain-shape aspect ratio of 10 reflects a tensile elongation of only 

~364%. In some cases, this was considerably lower than the mea
sured values of total elongation to failure (Fig. 1a). In these instances, 
therefore, it can be surmised that grain-boundary sliding also con
tributed to the overall ductility. 

It is important to emphasize that the above simple relationship 
between the engineering strain and grain elongation accounts for 
neither dynamic grain growth nor continuous recrystallization 
which occurred during the tension tests. Both these processes would 
tend to reduce the grain-shape aspect ratio. Thus, the real con
tribution of intragranular slip was likely higher than the calcu
lated one. 

4.3. Temperature effect 

At the relatively-low test temperatures of 320 °C (0.64 Tm) and 
350 °C (0.67 Tm), the measured elongation to failure (Fig. 1a) was 
reasonably close to that predicted in the previous section. This im
plied that intragranular slip may have dominated superplastic flow, 
which could have led to relatively-high flow stresses at these tem
peratures (Fig. 1b). Moreover, it was also consistent with preferential 
clustering of the fine-grain remnants observed at these tempera
tures (Fig. 4a and b). At higher temperatures, by contrast, the mea
sured strains exceeded the predicted one, and the flow was 
characterized by very low flow stresses (Fig. 1b). In addition, the fine 
grains were found to be distributed in a nearly-random fashion 
throughout the microstructure (Fig. 4c and d). Hence, material flow 
at 370 °C and 395 °C was likely measurably influenced by grain- 
boundary sliding as well. 

It is worth noting that the extent of grain-boundary sliding is 
normally reduced by grain growth. In this context, the measured 
decrease of m-value with increasing strain (Fig. 1c) was likely asso
ciated with noticeable microstructural coarsening at high deforma
tion temperatures (Fig. 5b and c). Hence, it is quite possible that the 
specific contributions of different mechanisms to the global material 
flow varied noticeably during superplastic deformation. If so, the 
conclusions reached in the present section are somewhat 

Fig. 11. EBSD texture maps showing the orientation relationship between neighboring grains in material deformed in tension at (a) 320 °C, (b) 355 °C, (c) 370 °C, or (d) 395 °C. In 
the maps, the {hkl} <  100  >  fiber texture (red color) and {hkl} <  111  >  fiber texture (blue color) are shown for a 30-degree tolerance. For simplicity, the deviation from the ideal 
orientation is indicated in the standard stereographic triangle in the top right corner of (a). Note: The tensile direction for all EBSD maps is shown in the bottom right corner of (a). 
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oversimplified. Therefore, additional investigation of microstructure 
evolution during superplastic flow may be warranted. 

5. Conclusions 

In this work, EBSD was applied to investigate superplastic-flow 
behavior of an Al-Mg-Li alloy with an “ideal” fine-grain recrystallized 
microstructure. To this end, tension tests taken to failure were con
ducted at 320 °C (0.64 Tm), 355 °C (0.67 Tm), 370 °C (0.69 Tm), and 
395 °C (0.72 Tm), and a nominal strain rate of 3 × 10−2 s−1. The main 
conclusions derived from this work are as follows. 

1. The deformation response shows clear evidence of two micro
structural processes: (i) Dynamic grain growth, and (ii) con
tinuous dynamic recrystallization. The initial stages of grain 
growth exhibit an abnormal character and result in a bimodal 
grain structure. Continuous dynamic recrystallization involves a 
transverse subdivision of pre-elongated grains which eventually 
transform into chains of nearly-equiaxed grains.  

2. A number of pieces of experimental data, including a high rate of 
strain hardening, noticeable grain elongation, the formation of 
pronounced substructure within grain interiors, and the devel
opment of crystallographic texture, provide evidence of extensive 
intragranular slip over the entire range of temperature in
vestigated in this work. At 320 °C and 355 °C, this mechanism 
appears to play a dominant role in superplastic flow. At higher 
temperatures, on the other hand, the contribution of in
tragranular slip appears to be insufficient to accommodate the 
macro-scale strain, and therefore material flow is likely influ
enced measurably by grain-boundary sliding as well. 
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Appendix A. . Relationship between engineering strain and grain shape aspect ratio 

Assume that an original cube-shaped grain had experienced an axial tension along its characteristic dimension “a” thus transforming into a 
parallelepiped-shaped grain of characteristic sizes of L×b×b (Fig. A1). 

Per definition, the grain shape aspect ratio of the stretched grain is = L b/ , and the applied engineering strain is 
= × = ×( )e 100% 1 100%L a

a
L
a

. As the grain volume did not change, =a Lb3 2, i.e., =a Lb23 . Hence, the engineering strain can be ex
pressed as 

= × = × = × = ×e
L

Lb

L
Lb

L
b

1 100% 1 100% 1 100% 1 100%
2

3

2

2

2
2

3
3 3 3

Appendix B. Supporting information 

Supplementary data associated with this article can be found in the online version at doi:10.1016/j.jallcom.2021.162949. 

Fig. A1. Schematic showing a change of grain shape during uniaxial tension.  
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