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Abstract—The superplastic behavior of fine-grained 1420 Al-Mg-Li alloy was investigated using a modern
electron microscopy technique based on automatic analysis of electron backscattered diffraction patterns
(EBSD analysis). The generally accepted idea that grain boundary sliding is dominant during superplastic
flow suggests the preservation of an equiaxed fine-grained structure with predominantly high-angle grain bo-
undary misorientation in the material. The present study revealed that heating prior to the onset of deformati-
on leads to some grain growth due to static recrystallization, and superplastic deformation is accompanied by
dynamic grain growth and continuous dynamic recrystallization. Continuous recrystallization has a more sig-
nificant effect on microstructural changes. This mechanism involves the transverse division of pre-clongated
grains into subgrains that ultimately transform into chains of nearly equiaxed small grains, resulting in a bi-
modal grain structure. The data obtained, including significant strain hardening, noticeable grain elongation,
the formation of a well-defined dislocation structure and subboundaries within grains, as well as the develop-
ment of a pronounced crystallographic texture, provide convincing evidence of the occurrence of intragranu-
lar slip during superplastic flow throughout the entire volume of the material. A comprehensive analysis of a
wide range of experimental data showed that intragranular slip plays an essential role in superplastic flow,
and its contribution can be much larger than previously thought. The results obtained contribute to a better

fundamental understanding of the superplasticity phenomenon.
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1. INTRODUCTION

The phenomenon of superplasticity, identified by
C.E. Pearson in 1934, was first of purely scientific
interest as an unusual tensile behavior of Sn-based al-
loys. Later, when it became clear that many metal
materials could be brought to superplasticity, great
practical interest in the phenomenon aroused. In the
last 50 years or thereabouts, the effect of superplasti-
city has been scrutinized and its conditions and main
mechanisms responsible for high elongation without
failure have been established. According to the gene-
rally accepted concept of superplastic deformation,
its basic prerequisite is a rather fine equiaxed struc-
ture with a large fraction of high-angle boundaries. It
is thought that such a structure is best suited for grain
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boundary sliding as the key mechanism of superplas-
ticity.

However, recent studies convincingly demonst-
rate that materials with an “imperfect” microstruc-
ture, e.g., with a partially recrystallized microstructu-
re rich in low-angle boundaries, can also display su-
perplasticity. Among such materials can be alumi-
num alloys [1-6], titanium alloys [7], steels [8], very
coarse-grained (~100 pm) materials [9, 10], and even
materials with lamellar microstructures [11]. In all of
them, the initial stage of superplastic deformation is
associated with dynamic recrystallization, which
transforms their imperfect microstructure into a typi-
cal fine one and normally against pronounced strain
hardening; and further steady flow, with activated
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grain boundary sliding. In general, these recent data
agree with previous theories which put forward a
close link between superplasticity and dynamic re-
crystallization as far back as 1960s—-1990s [1-15].
Notwithstanding the significance of the above data,
they refer mostly to the macroscale traceable by con-
ventional metallography, transmission electron mic-
roscopy, and X-ray methods available at that time.
The now available digital method of electron back-
scatter diffraction (EBSD), which combines the
means of metallography and X-ray diffraction analy-
sis, provides large statistical data samples to inquire
into a qualitatively new scale—the mesoscale. Al-
though the number of EBSD studies is scanty, such
studies are undeniably needed for clarifying the es-
sence of superplasticity. In particular, EBSD data
show that materials after superplastic deformation
reveal clear evidence of developed intragranular
glide even with a perfectly fine recrystallized struc-
ture [16—18]. The aim of our study is to analyze the
microstructure and superplastic behavior of perfectly
fine-grained recrystallized aluminum alloy 1420 (Al-
Mg-Li). This material refers to the relatively new ge-
neration of aircraft-grade aluminum alloys with a
high specific strength, good weldability, and good
potential for use in aerospace industry.

2. RESEARCH TECHNIQUE

The test material was aluminum alloy 1420 (Al-
5.5Mg-2.2Li-0.12Zr, mass %), whose superplastic
behavior is well understood. Initially, it was a hot-
rolled bar having a fully recrystallized microstructure
with an average grain size of 20 um. To test the alloy
for superplasticity, its microstructure was brought to
a fine-grained state by annealing at 470°C for 1h
with water quenching and by further equal-channel
angular pressing in ten BC passes through a square
route of 90° at 370°C. Then, flat specimens with a
gage section of 5x3x0.8mm’ were cut along the
longitudinal axis of the material and were mecha-
nically polished to be uniform in thickness and free
of surface defects. The temperature of tensile tests
was 370°C (=0.8T,, where T, is the melting point).
As has been shown [19], this temperature is optimal
for the effect of superplasticity in fine-grained alloy
1420. All tensile tests were performed on an Instron
machine at a constant loading rate which correspond-
ed to a nominal strain rate of 3 x 10*s'. Before each
experiment, the test specimens were kept at 370°C
for 8 min to attain thermal equilibrium, and after the
deformation, they were quenched in water. The rate
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sensitivity m was determined by varying the tensile
strain rate between 3 x 10 % and 6 x 10 s . For engi-
neering-to-true curve conversion, the volume was as-
sumed to be constant and the strain to be uniform. To
compensate the continuous decrease in the true strain
rate in tension, the true stress—true strain curves were
corrected through multiplying each stress point by
(L/Lo)m, where L is the instantaneous length of the
gage section, Ly is its initial length, m is the rate sen-
sitivity.

The microstructure in the specimen gage section
was examined on a JEM 2100 Plus transmission elec-
tron microscope at an accelerating voltage of 200 kV
and on a TESCAN MIRA scanning electron micro-
scope (EBSD analysis) at an accelerating voltage of
20kV. The software for statistical data analysis,
including average grain size measurements, was a
CHANNEL 5.0 program package with a confidence
probability of 95%. The step size of EBSD maps was
0.2 um; the maximum orientation error was 2°. To
increase the reliability of EBSD data, all fine grains
of three pixels and less were automatically “cleared”
by standard color codes available in the EBSD soft-
ware. The maps of crystallographic orientations pre-
sented below show them in different color with low-
angle (2°<®<15°) and high-angle boundaries (® >
15°) distinguishable by white and black lines, respec-
tively.

3. RESEARCH RESULTS
3.1. Mechanical Behavior

As can be seen from typical tensile stress—strain
curves in Fig. 1, the total elongation for an optimum
superplasticity temperature of 370°C at an initial
strain rate of 3x107s"' measures more than 900%
up to fracture (Fig.la) and corresponds to a true
strain of 2.3 (Fig. 1b). Thus, in phenomenological
terms, the fine-grained alloy after equal-channel an-
gular pressing shows the main sign of superplastici-
ty—high elongation before fracture. The true stress—
true strain curve (Fig. 1b) is characterized by prono-
unced hardening, its peak, and further softening du-
ring superplastic deformation. Although no clear evi-
dence of steady superplastic flow is found, all true
stress—true strain curves of the material are evidently
humped and well consistent with its superplastic be-
havior reported elsewhere [19]. The hardening of the
material during its superplastic deformation can be
due to active intragranular glide and/or dynamic
grain growth, as evidenced by our research data and
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Fig. 1. Engineering (a) and true stress—strain curve (b) for aluminum alloy 1420 under superplastic conditions.

data available from other sources [1, 16-19]. Addi-
tionally, the superplastic behavior of the material is
confirmed by the strain rate sensitivity measuring m ~
0.45 for flow stresses under the temperature-rate con-
ditions used [18, 20, 21] and approximating m~0.5
for ideal superplasticity.

It should be noted that the alloy showed super-
plasticity at relatively high strain rates because of the
very fine grain size in its specimens after equal-chan-
nel angular pressing. Such fine-grained materials fea-

ture both high-rate and low-temperature superplas-

ticity [22], which is significant for practical use of
this effect.

3.2. EBSD Analysis of Microstructure

Figure 2 shows the EBSD maps of grain orientati-
ons, spectra of grain misorientation angles, and gran
size distributions in the alloy after equal-channel an-
gular pressing and further annealing at 370°C. As can
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Fig. 2. Grain orientation maps, grain misorientation spectra, and grain size distributions in aluminum alloy 1420 after equal-chan-
nel angular pressing (a) and further annealing at 370°C (b), with orientation maps colored according to crystallographic orientati-
on to normal and with low- and high-angle boundaries (HAB) colored respectively white and black (color online).
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Fig. 3. Grain orientations maps, grain misorientation spectra, and grain size distributions in aluminum alloy 1420 deformed by
tension to 35 (a), 150 (b), 350 (c), and 580% (d) in horizontal direction (color online).

be seen, the use of equal-channel angular pressing
provides a structure with an average equiaxed grain
size of about 1.6 um, fraction of high-angle bounda-
ries of 71% (Fig. 2b), and bimodal grain size distribu-
tion. Such a fine recrystallized structure is a neces-
sary condition for the effect of superplasticity.

PHYSICAL MESOMECHANICS Vol.25 No.4 2022

The fine structure formed by equal-channel angu-
lar pressing is not stable, and an increase in the grain
size is observed even at the initial stages of further
superplastic deformation. To distinguish between the
influence of heating to the strain temperature and the
influence of further deformation at the test tempera-
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ture on the growth of grains, we analyzed the structu-
re of a reference specimen after heating to 370°C and
aging for 8§ min under the same conditions without
deformation. After such heat treatment, the average
size of grains in the reference specimen increased to
1.9 um (by 20%) while their shape remained equi-
axed, the bimodal grain size distribution almost dis-
appeared, and the fraction of high-angle boundaries
increased to 90% (Fig. 2b). Obviously, such changes
on heating without deformation are due to collective
recrystallization in the reference specimen.

For analyzing the evolution of the microstructure
under superplastic deformation, the specimens were
tested for tension with different strain degrees under
identical temperature-rate conditions. Four points
marked as circles on the stress—strain curves in Fig. 1
were chosen for the analysis:

— strain ~35% (engineering curve peak, e ~0.35),

— strain ~150% (true curve peak, e~0.9),

— strain ~350% (bend of both curves, e~ 1.5),

— strain ~580% (bend of both curves, e~ 1.9).

Figure 3 presents the results of our microstructu-
ral analysis at the middle of the specimen gage secti-
ons after deformation to the above strain degrees.

The analysis suggests that the deformation is ac-
companied by dynamic grain growth, with the aver-
age grain size reaching 3 um at 580% and with the
fraction of high-angle boundaries remaining almost
constant and measuring 93-97%. The respective dis-
tributions of misorientation angles are close to ran-
dom. Another feature is that the form of grains be-
comes clearly elongated in the direction of tension.
Such elongated grains often reveal low-angle boun-
daries oriented across the direction of tension, which
can readily be seen in the lower left corner of the ori-
entation maps (insets). Bimodality is noticeable in
the grain size distribution, suggesting the presence of
finer grains. On the orientation maps, such fine
grains are normally grouped into chains (Fig. 3, ar-
rows) which are extended mainly in the direction of
tension and the orientation of which is most often
close to crystallographic (close colors on the maps);
however, in some cases, high-angle misorientations
are found in adjacent fine grains. These observations
suggest that such a near-equiaxed structure can result
from transverse separation of elongated grains, i.e.,
from continuous dynamic recrystallization through
which new grains appear [23, 24]. It should be noted
that continuous dynamic recrystallization during su-
perplastic deformation is also observed in other ma-
terials, e.g., in Fe-based hard magnetic alloys [25].

Our additional EBSD analysis shows that crys-
tallographic texture of the type {hkl}(100) and
{hkl} (111) is formed during superplastic deforma-
tion. The texture of deformation arises only against
the background of multiple dislocation glide along
certain crystallographic planes. Any rare events of
dislocation motion cannot lead to texture formation.
The above observations and conclusions indicate that
extensive intragranular glide occurs, as happens in
other materials during superplastic deformation [15—
23].

One of the factors evidencing the action of intra-
granular glide is the presence of dislocations in the
volume of grains and at their boundaries. Here it
should be noted that the idea of dislocation glide as
one of the main mechanisms of superplastic deforma-
tion is not always confirmed by thin-foil transmission
electron microscopy of classical superplastic materi-
als. The explanation of the absence of dislocations is
that they fail to form stable configurations due to
small grain sizes, i.e., to the proximity of high-angle
boundaries, and easily move to the boundaries of
grains and are absorbed by them.

In our case, alloy 1420 contains uniformly distri-
buted fine second phase particles (ALLiMg Al;Li).
The interaction of dispersoids of these phases with
dislocations and water quenching of the specimens
after deformation allowed us to identify their disloca-
tion structure despite the small grain size. Figure 4
presents the results of thin-foil transmission micro-
scopy: the microstructure of the reference specimen,
which evidences the absence of dislocations before
superplastic deformation, and the microstructure of
the specimens deformed by tension to 150 and 580%
(e=0.9 and 1.9). After elongation by 150 and 580%,
the dislocation density almost in all grains is high. As
a large number of dislocations move in the volume
of grains, the grains become markedly elongated
(Figs. 4b, 4c). Such intergranular glide also results in
dislocation pileups and in low-angle boundaries in
individual elongated grains (Fig. 4c, arrow).

As a whole, the results of thin-foil transmission
electron microscopy correlate with the results of our
quantitative EBSD analysis. The bimodal grain size
distribution identified by the EBSD method is likely
due to the fragmentation of grains elongated during
deformation through the formation of dislocation
walls and low-angle boundaries across the deforma-
tion direction, and this provides the formation of fine
equiaxed grains. The fragmentation of elongated
grains is a continuous process successively covering
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‘ (a)

Fig. 4. Microstructure of aluminum alloy 1420 before (a) and after deformation to e=0.9 (b) and 1.9 (c).

different specimen regions. Therefore, at all strain
degrees, the grain size distribution is bimodal, and
such bimodality is most pronounced at the initial
stages of deformation.

4. DISCUSSION

From our mechanical tests in the mode of super-
plastic flow and microstructural analysis it follows
that the material during its superplastic deformation
experiences pronounced hardening (Fig. 1), grain
growth and elongation (Fig.3), intragranular sub-
structure formation (Fig. 4), and crystallographic tex-
ture formation. According to the classical concepts,
the main mechanism of superplasticity is grain boun-
dary sliding, and the contribution of intragranular
dislocation glide depends on the grain size [26]. Un-
der the optimum temperature-rate conditions of su-
perplasticity, the contribution of intragranular dislo-
cation glide in rather coarse materials (average grain
size >10 pm) can reach 1/5-1/4 while its contribution
in fine materials (average grain size ~1.2 um) is close
to zero [26]. The explanation is that increasing the
grain size decreases the diffusion mass transfer and
increases the flow stress, and this provides the gene-
ration of a large number of lattice dislocations; that
is, grain boundary sliding in coarse materials normal-
ly leads to stress concentration at triple junctions, and
intragranular glide serves to accommodate these
stresses [2]. The internal grain substructure observed
in our study (Fig. 4) can be due to such accommoda-
tion glide. However, if the dominant process of su-
perplastic flow was gran boundary sliding, any orien-
tation relations between adjacent grains would be
broken by grain displacements and rotations and no
texture would be formed. On the contrary, the effect
of active intragranular dislocation glide causes not
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only grain elongation but also texture formation,
which is what we observed in our study.

Increasing the strain rate also impedes the diffusi-
on and facilitates the generation of lattice disloca-
tions, but the rate sensitivity thereby drops. In our
case, at a strain rate of about 10 s, the rate sensiti-
vity is close to maximal: m=~0.5. Therefore, this rate
corresponds to the optimum temperature-rate condi-
tions of superplasticity, which agrees with the well-
known fact that fine-grained materials, as a rule,
show high-rate and/or low-temperature superplastici-
ty. By estimates [20], the contribution of grain elon-
gation to the total elongation of fine-grained al-
loy 1420 deformed under the same temperature-rate
conditions can be rather high (~360% of ~1000%),
and this also confirms the fact that the total strain is
greatly contributed by intragranular glide.

Besides, the peak observed on the curve of super-
plastic flow is slightly diffused (Fig.1b), which is
associated with dynamic recrystallization. First, ne-
cessary critical strains are accumulated via multiple
dislocation glide, and after approaching a sufficient
dislocation density, continuous dynamic recrystalli-
zation with the formation of new grains begins. The
driving force of such structural transformation is new
dislocation pileups continuously generated via mul-
tiple dislocation glide. At the same time, the diffuse
peak can be also an artifact associated both with dif-
fuse necking and with variations in the rate sensiti-
vity during deformation (in particular, due to dyna-
mic grain growth).

5. CONCLUSION

Our analysis by transmission electron microscopy
and electron backscatter diffraction allows the fol-
lowing conclusions on the behavior of Al-Mg-Li
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with a uniform fine recrystallized microstructure at
T=370°C, ¢=3x10"7s", which corresponds to the
temperature-rate conditions of superplastic flow for
this alloy.

The structure of the alloy under deformation evol-
ves mainly via dynamic grain growth and continuous
dynamic recrystallization.

The effect of continuous dynamic recrystallization
consists in transverse separation of elongated grains
and further transformation into chains of almost equi-
axed grains.

The fact of noticeable grain elongation, pronounc-
ed substructure formation, and crystallographic textu-
re formation suggests that the deformation of the al-
loy under the given conditions of superplasticity is
greatly contributed by intragranular glide.
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