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Abstract—Parameters of superplasticity of the Al–7.6% Mg–0.6% Mn–0.25% Cr alloy have been studied in
the range of 490–520°C, and the optimum temperature of deformation has been determined. The evolution
of the grain structure in the bulk and on the surface of samples during the superplastic deformation at a tem-
perature of 510°C has been analyzed. The contribution of grain-boundary sliding has been estimated in the
strain-rate regime of superplastic deformation according to the results of the analysis of changes in the struc-
ture of the surface with preliminarily applied marker scratches. The contribution of grain-boundary sliding to
the total deformation is 20–30%; the contribution of diffusion creep decreases from 40 to 20% with an
increase in the deformation rate by an order of magnitude, from 1 × 10–3 to 1 × 10–2 s–1. The intragranular
deformation is localized in the peripheral regions of grains and in the region of striated zones.
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INTRODUCTION
Superplasticity is the ability to undergo a signifi-

cant quasi-uniform deformation in a specific tempera-
ture–strain-rate range due to a high sensitivity of the
flow stress to the deformation rate. The state of super-
plasticity is inherent in alloys with an average grain size
less than 10 μm [1, 2]. The relative elongation of sam-
ples upon superplastic deformation under optimum
conditions can reach hundreds and even thousands of
percent [3, 4]. This effect is used in the fabrication of
articles of complex shapes by the method of superplas-
tic forming. The significant gain in strain makes it pos-
sible to produce details of a complex shape with a fine
relief. To guarantee the efficiency of the superplastic
forming of aluminum alloys, it is necessary to ensure
high elongations at the maximum possible deforma-
tion rate. For aluminum alloys utilized in industry,
strain rates in the interval of 10–4–10–3 s–1 are typically
used. Optimum conditions for forming alloy AA5083,
which contains about 5.0 wt % Mg, and is the most
widely used in industry, are as follows: a temperature
of 520–550°C; and a rate of deformation near (1–2) ×
10–3 s–1; in this case, the relative elongation reaches
300–350% [5–9]. An increase in the strain-rate range
of the superplasticity by an order of magnitude will
ensure a rise in the productivity of the method and,
therefore, the expansion of the fields of its application.
As has been shown in a number of works [10–13], an
increase in the magnesium content to a certain limit

leads to an improvement in the indices of superplas-
ticity, including an increase in the strain-rate range of
the appearance of the effect. Thus, the alloy with
6.8 wt % Mg [14] with a small contribution of grain
boundary sliding shows up elongations close to 350–
400% at a deformation temperature of 520°C and at a
considerably higher optimum rate of deformation of
5 × 10–3 s–1. In this case, the superplasticity in the
alloys that contain up to 7 wt % magnesium has been
investigated in detail; the alloys with greater contents
of Mg have been studied in less detail.

Note that for forming materials under superplas-
ticity conditions we must know not only about opti-
mum regime of deformation, i.e., the temperature,
strain rate, and the value of the f low stress, but also
about the structural changes—evolution of the grain
structure and porosity upon the deformation. These
parameters are responsible for a change in the stress
value upon the forming, and, also affect the final
properties of the details. The structural changes upon
the superplastic f low are determined by the chemical
and phase composition of the alloys and partly depend
on the acting mechanisms of deformation. Despite the
large number of experimental and theoretical studies
[3, 4, 15–17], there is no consensus about the main
and accommodation mechanisms that ensure the high
strain-rate sensitivity of the flow stress and the super-
plastic state. The grain-boundary sliding (GBS) is usu-
ally considered to be the dominant mechanism [2, 4].
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A large contribution of GBS (to 50–80%) has been
confirmed for some aluminum alloys, for example,
AA7075 and its analog AA7475 [18–20], alloys of
eutectic type [21, 22], and other two-phase alloys
[16, 23, 24]. Note that the alloys with a developed
GBS show significant residual porosity after deforma-
tion [25, 26]. On the contrary, some aluminum alloys
demonstrate a small contribution of grain-boundary
sliding (10–20%) [3, 27] and a low residual porosity
[28, 29], for example, Al–Mg alloys. As has been shown
in a number of works [3, 16], the basic mechanism of
the superplastic deformation of the AA5083 type alloys
is diffusion creep. Estimations based on the width of
zones free of precipitates formed upon deformation,
which are considered the structural sign of diffusion
creep [30], allow the authors to assume that the con-
tribution of diffusion creep to the total elongation can
reach 50%. The acting mechanisms of deformation in
the alloys with high contents of magnesium have been
investigated in little detail.

This work is aimed at a study of the deformation
behavior in the superplastic state, the evolution of the
structure, and the contributions of the acting mecha-
nisms of deformation in the alloy with an enhanced
content of magnesium, 7.6% Mg–0.6% Mn–0.25% Cr,
at different rates of superplastic deformation.

EXPERIMENTAL
The alloy under investigation has the following

composition: Al–7.6% Mg–0.6% Mn–0.25% Cr.
Sheets of the alloy were manufactored under labora-
tory conditions. To obtain ingots, we used the follow-
ing materials: aluminum of grade A99; magnesium of
grade Mg95; and master alloys Al–10% Mn, and Al–
10% Cr. The melts were poured into a copper water-
cooled mold with dimensions of 100 × 40 × 20 mm.
The homogenization annealing was carried out in a
Nabertherm N 30/65 A furnace in two steps, with
holding at 430°C for 4 h; and at 460°C for 4 h. Hot
rolling with a reduction to 70% was carried out at a
temperature of 420 ± 20°C. Then, rolling was per-
formed at room temperature to the final thickness of
the sheet equal to 1 mm.

Samples for the analysis of the microstructure were
prepared with the aid of mechanical grinding and pol-
ishing with a subsequent electropolishing in a chloric
acid–alcohol electrolyte at a voltage of 14 V for 5–7 s.
To reveal the grain structure, we performed additional
oxidizing in a 10% aqueous solution of hydrofluoric
acid under a voltage of 25 V for 20–30 s.

The microstructure was investigated with the aid of
a Neophot-30 optical microscope. The grain size was
characterized with the value of a mean chord along
and across the rolling direction, which we measured
using the random-intercept method.

The superplasticity indices were determined using
a Walter Bay LFM-100 tensile testing machine on
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samples with a length of the gage part of 14 mm, a
width of 6 mm, and a thickness of 1 mm [31]. The tests
were conducted with a stepped increase in the strain
rate in the 490–520°C temperature range with a step
of 10 K and in the interval of strain rates of 5 × 10–5 to
5 × 10–2 s–1 for the determination of the index of the
strain-rate sensitivity m and of the strain-rate range of
superplasticity.

The dislocation structure was studied with the aid
of a JEOL JEM-2100 transmission electron micro-
scope. The samples for the study were electrolytically
thinned using a TenuPol setup and the electrolyte A2
at a voltage of 20 V.

The analysis of structural changes on the surface of
the samples was carried out before and after the defor-
mation with the aid of a TESCAN Vega 3 LMH scan-
ning electron microscope. To determine the contribu-
tion of the GBS, we applied marker scratches on the
preliminarily polished sample of the alloy perpendic-
ular to the tensile axis using a three-micron diamond
paste. The displacements of the scratches were ana-
lyzed after sequential deformation to 13, 35, and 70%
[32]. The deformation of samples with marker
scratches was carried out in an argon atmosphere to
decrease the oxidation of the surface.

RESULTS AND DISCUSSION
In the heating process and 20-min holding in the

490–520°C temperature range, a recrystallized grain
structure is formed in the sheets (Fig. 1). The size of
the recrystallized grain does not change with in the
limits of a measurement error in the investigated tem-
perature range of annealing and is 6.7 to 7.3 μm, i.e.,
on average, is 7.0 ± 0.3 μm; thus, before the beginning
of deformation, a rather uniform grain structure is
formed.

To determine the superplasticity indices of the
alloy from the test results with a stepped increase in the
strain rate, we constructed graphs of the dependence
of the f low stress and strain-rate sensitivity m on the
strain rate (Figs. 2a, 2b). The dependence of the stress
on the deformation rate has a sigmoid shape typical of
the superplastic alloys. The value of stress decreases
regularly as the temperature of tests increases from 490
to 520°C (Fig. 2a). The deformation rate, which corre-
sponds to the maximum values of m, is 2 × 10–3 s–1 at
temperatures of 490–500° and increases to 5 × 10–3 s–1 at
temperatures of 510–520°C (Fig. 2b). At a tempera-
ture of 510°C, the alloy demonstrates a higher strain-
rate sensitivity, and the index m is ≥0.5 in the widest
interval of rates, from 8 × 10–4 to 2 × 10–2 s–1.

To study the structural changes and analysis of the
contributions of the acting mechanisms of deforma-
tion, we selected a temperature of 510°C, which corre-
sponds to 0.97 Tm on the homologous scale, and the
strain rates 1 × 10–3, 5 × 10–3, and 1 × 10–2 s–1 within
the limits of the linear segment of the σ–  depen-ε�
LS AND METALLOGRAPHY  Vol. 120  No. 1  2019
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Fig. 1. Grain structure after 20-min annealing at temperatures of (a) 490, (b) 500, (c) 510, and (d) 520°C.

50 μm(d)(c)

(b)(а)
dence. The relative elongations were 600 ± 10%, 450 ±
10%, and 290 ± 10% at the temperature of 510°C and
the strain rates of 1 × 10–3, 5 × 10–3, and 1 × 10–2 s–1,
respectively (Fig. 2c). The dependence of the stress on
the deformation at the investigated rates (1 × 10–3, 5 ×
10–3, and 1 × 10–2 s–1) is shown in Fig. 2c. The maxi-
mum values of the stress increase regularly from 8 to
16 MPa with an increase in the strain rate by an order
of magnitude.

In the deformation curves at the strain rates of 1 ×
10–3 and 5 × 10–3 s–1, we can separate two stages: the
stage of strain hardening; and the stage of a steady
flow, where the stress weakly depends on deformation.
At the rate of deformation equal to 1 × 10–2 s–1, the
stage of steady f low is absent; we observed an essential
softening and the absence of a pronounced neck in the
sample instead. The shape of the deformation curves is
determined to a significant extent by structural
changes under the deformation, including the evolu-
tion of the grain structure and the porosity. The steady
flow can be connected with both the stable grain size
upon the domination of grain-boundary sliding and
with the development of the processes of dynamic
recrystallization or with the development of the poros-
ity, which leads to a decrease in the “clear” section of
the sample.
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
The longitudinal average dimension of the grains is
increased by a factor of 1.5–1.6, from 6.8 to 10–11 μm,
upon the deformation to failure at all investigated
strain rates (Fig. 3). The grains are elongated at the
initial stage of the deformation; the shape factor (ratio
of the transverse to the longitudinal grain size)
decreases from 0.64 to 0.54 during the first 100% of
deformation and almost does not change further. At
the strain rates of 1 × 10–3 and 5 × 10–3 s–1, the grains
grow approximately up to the degree of deformation
equal to 300%; then, the grain size does not change up
to failure at 600 and 450%, respectively (Fig. 3). With
an increase in the strain rate to 1 × 10–2 s–1, the
dynamic grain growth occurs more intensively and can
be observed up to the failure. The rate of the dynamic
grain growth is 0.2, 0.7, and 2 μm/min at the strain
rates of 1 × 10–3, 5 × 10–3, and 1 × 10–2 s–1, respec-
tively; i.e., with an increase in the strain rate by an
order of magnitude, the rate of grain growth also
increases by an order of magnitude.

A porosity was seen at a deformation of 100% in the
structure of the sample stretched at a rate of 1 × 10–2 s–1,
while at the other rates, the deformation to 100% did
not lead to the formation of pores. At the strain rates of
1 and 5 × 10–3 s–1, the porosity is developed only after
the deformation to 350–400%.
20  No. 1  2019
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Fig. 2. Dependences of (a) the stress and (b) the strain-rate
sensitivity index m on the deformation rate in the range of
temperatures of 490–520°C, and (c) the stress–strain
curve at the temperature of 510°C and different constant
strain rates.
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The strain-induced hardening at the initial stage, at

the stain rates of 1 and 5 × 10–3 s–1, can be connected
with the dynamic grain growth, while at the stage of the
steady flow, where the stress is constant, the grain size
also does not change. The softening upon the deforma-

tion more than 100% at a strain rate of 1 × 10–2 s–1 is
likely connected with the intensive development of
porosity; as a result, the increase in the values of the
flow stress, which must occur due to grain growth, is
overlaid by the reduction in the f low stress because of
the decrease of the “clear” section of the sample due
to the pore formation.

Grain growth can have a dislocation or diffusion
nature and it can also be caused by the migration of
grain boundaries. In the structure of samples
deformed at different strain rates, particle-depleted
zones (PDZ) are seen, which are formed near the tri-
ple joints of grains and at the transverse boundaries
(dashed arrows in Fig. 4). Such zones are considered
the basic sign of diffusion creep. We carried out the
comparative quantitative analysis of the volume frac-
tion of PDZ at different deformation rates, i.e., in
essence, the analysis of the contribution of diffusion
creep to the total strain, after 100-% deformation.
With an increase in the deformation rate, the contri-
bution of the diffusion creep decreases from 40% at

the strain rate of 1 × 10–3 s–1 to 30% at 5 × 10–3 s–1 and

to 20% at 1 × 10–2 s–1.

We can assume that an increase in the grain size
occurs at the beginning of deformation mainly due to
the diffusion mass transfer.

We analyzed the dislocation structure before the
beginning of deformation and also after 50- and
100-% deformation at all strain rates. In the samples
studied before the beginning of deformation (after
20-min annealing at a temperature of 510°C, Fig. 5a),
the dislocations in the bulk of grains were virtually
absent.

After the superplastic deformation, we observed
signs of dislocation activity; the formation of disloca-
tion walls occurs (Figs. 5b, 5c, 5d), i.e., dynamic poly-
gonization takes place. No substantial differences were
seen in the dislocation structure of the alloy depending
on the rate of superplastic deformation up to 50% and
100% deformation. The enhanced dislocation activity
allows us to assume the action of intragranular dislo-
cation creep as one of the mechanisms of superplastic
deformation, may be, of accommodation nature, in
the interval of strain rates investigated.

The basic method, which allows us to analyze the
acting mechanisms of superplastic deformation, is the
analysis of the evolution of the structure of the surface.
We studied changes in the surface of samples with
marker scratches at a temperature of 510°C and strain

rates of 1 × 10–3, 5 × 10–3, and 1 × 10–2 s–1. Figure 6
demonstrates the evolution of the structure of the frag-
ments of the surface of samples with marker scratches
after sequential deformation to 13, 35, and 70%. Even
LS AND METALLOGRAPHY  Vol. 120  No. 1  2019
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Fig. 3. Dependence of the grain size on the degree of deformation at a temperature of 510°C (solid lines correspond to the longi-
tudinal size of the grains; dashed lines, to the transverse size of grains).

4

6

8

10

12

14

0 100 200

L
, 

μm

300 400 500 600

ε, %

1 × 10–3

5 × 10–3

1 × 10–2

ε, s–1

25 μm 25 μm 25 μm

Fig. 4. Microstructure of the sample after 100-% deformation at strain rates of (a) 1 × 10–3, (b) 5 × 10–3, and (c) 1 × 10–2 s–1;
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after 13-% deformation, at the surface of the samples a
relief appears (Figs. 6a, 6d, 6g) and displacements of
scratches along the boundaries of the grains occur
(shown by dashed lines), i.e., we observed characteris-
tic features of GBS. With an increase in the degree of
deformation, the magnitude and the number of dis-
placements of marker scratches grow, a rotation of
grains occurs (X), and the displacement of grains into
the bulk of the sample (E) is observed.

We calculated the contribution of the GBS to the
total deformation based on the displacement of marker
scratches for the compared deformation rates. With an
increase in the deformation rate by an order of magni-
tude, the contribution of the GBS decreases from 30 to
20% (Fig. 6) upon the total deformation of 13%. With
an increase in the deformation to 70%, the contribu-
tion of the GBS is 20% at both investigated rates.
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
Note that the “neighbor switching” in the alloy
investigated even at the low rate of deformation is pro-
nounced considerably weaker than, for example, in
the alloy AA7475 [20]. The grains A, B, C, and D in
Fig. 6 do not move significantly relative to initial posi-
tions in the case of the 70-% total deformation. This
refers also to the remaining neighboring grains. The
authors of [3] noted that no change in the neighbors of
grains was seen in the AA5083 alloy; the authors of
[17] believe that the change of neighbors occurs, but is
obscured by the deposits of oxides on the surface of the
sample. The deformation to 70% may be insufficient
for the appearance of this transposition of grains in the
alloy investigated.

The intragranular deformation caused by the
action of diffusion and dislocation creep can be esti-
mated based on the changes in the geometry of
20  No. 1  2019
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Fig. 5. Dislocation structure (a) after annealing for 20 min at a temperature of 510°C and after deformation to 100% at strain rates

of (b) 1 × 10–3, (c) 5 × 10–3, and (d) 1 × 10–3 s–1.

εε = 0 = 0 1 1 × 1010−3 s s−1

5 5 × 1010−3 s s−1 1 1 × 1010−2 s s−1 500 nm

(a) (b)

(c) (d)

ε = 0 1 × 10−3 s−1

5 × 10−3 s−1 1 × 10−2 s−1
scratches within the limits of one grain. As we can see
from Fig. 6, we did not observe any smearing of
scratches or change in the distance between the
scratches in the bulk of grains. The marker scratches
are eroded only in the regions of striated (folded)
zones (Figs. 6a–6c, arrows), where deformation is
localized. These zones are mainly oriented along the
tensile axis and are located near the transverse grain
boundaries. Such zones appear after the 13-% defor-
mation and become more clearly pronounced and
wide with an increase in the deformation to 70%. The
reasons for the appearance of striated zones in the
alloy of the same system of alloying as in AA5083 is
discussed by the authors of [17], who concluded that
the striated zones are the consequence of diffusion
mass transfer and of the growth of the oxide on the
freshly formed surface of the sample. The stepped
growth characteristic of the aluminum oxide, accord-
ing to the data of [17], can create the effect of folding
on the surface. The analysis of material under the
folded zone reveals the presence of particle-depleted
zones, which are considered a sign of diffusion creep.
The same conclusions about the nature of the appear-
ance of striated zones upon the superplastic deforma-
tion were made earlier based on the results of the anal-
ysis of replicas by the authors of [22] for the alloys of
other systems.

As no signs of the deformation of the grain bulk
were revealed on the surface of the samples, we can
assume that the dislocation creep, just as the diffusion
PHYSICS OF META
mass transfer, can be localized only in the periphery of
grains, in the striated zones, or in the grain “mantle”
according to Jifkins.

The intensive grain growth at the initial stage of

deformation at strain rates of (1–5) × 10–3 s–1 can
therefore be explained by the action of diffusion creep.
The dynamic grain growth observed at the strain rate

of 10–2 s–1 is considerably more essential and is likely
to be caused not only by the action of diffusion and
dislocation creep, but also by the migration of grain
boundaries that occurs in the longitudinal direction
under the action of tensile stresses.

CONCLUSIONS

We investigated the indices of superplasticity and
the evolution of the grain structure of the Al–
7.6% Mg–0.6% Mn–0.25% Cr alloy in the process of
superplastic deformation. The alloy demonstrates rel-
ative elongations of 600 ± 10%, 450 ± 10%, and 290 ±
10% at a temperature of 510°C and deformation rates

of 1 × 10–3, 5 × 10–3, and 1 × 10–2 s–1, respectively. We
observed the dynamic grain growth upon the deforma-
tion to 300%, but the grain size is not changed up to

failure at the strain rates of 1 × 10–3 and 5 × 10–3 s–1.

After the 100-% deformation, particle-depleted
zones were observed in the structure of the samples,
which are the result of diffusion creep. With an
increase in the deformation rate by an order of magni-
LS AND METALLOGRAPHY  Vol. 120  No. 1  2019



EFFECT OF THE STRAIN AND STRAIN RATE ON MICROSTRUCTURE EVOLUTION 93

Fig. 6. Evolution of the surface of samples with marker scratches after deformation at the temperature of 510°C and strain rates

of (a–c) 1 × 10–3, (d–f) 5 × 10–3, and (g–i) 1 × 10–2 s–1. The degree of deformation is indicated in the figure.
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tude, from 1 × 10–3 to 1 × 10–2 s–1, the contribution of
diffusion creep to the total deformation decreases from
40 to 20%.

Upon the deformation of samples from 13 to 70%,
the contribution of grain-boundary sliding estimated
based on the evolution of marker scratches on the sur-
face of samples, only weakly depends on the deforma-
tion rate and is equal to 20–30%. In the bulk of the
samples, after the deformation to 50–100%, we
observed signs of dislocation activity, the appearance
of dislocation walls; this indicates the important role
of dislocation accommodation, which is supposed to
be also localized on the periphery of grains in the
regions of striated zones.
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