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Abstract—The effect of scandium on the superplasticity characteristics of Al–0.5Mg–Sc conductor alumi-
num alloys with a submicrocrystalline (SMC) structure is investigated. Large elongation to failure (~1060%)
is achieved in the SMC alloys with 0.4 and 0.5% Sc at a deformation temperature of 500°C and a strain rate
of 1 × 10–1 s–1. Intense pore formation is shown to occur during the superplasticity of the Al–0.5Mg–Sc
SMC alloys. The kinetics of deformation-stimulated grain growth in the Al–0.5Mg–Sc SMC alloys is found
to be determined by the mobility of junction disclinations and orientation-misfit dislocations.
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INTRODUCTION

Al–Mg–Sc aluminum alloys have a unique combi-
nation of a high strength, corrosion resistance, weld-
ability, and high thermal stability [1–3]. This unique
set of properties opens up great prospects for the use of
Al–Mg–Sc aluminum alloys in aircraft, automotive
engineering, electrical engineering, and so on.

One of the promising ways to further improve the
physicomechanical properties of aluminum alloys is
the formation of a submicrocrystalline (SMC) struc-
ture in them by the method of severe plastic deforma-
tion (SPD) [4, 5]. According to [6, 7], high-rate super-
plasticity effect takes place in Al–Mg–Sc SMC alloys
and allows hot deformation to be perforemd at low
temperatures and high processing speeds.

Currently, most studies are devoted to the problem
of superplasticity of SMC aluminum alloys with a high
magnesium content (2–6%), which additionally stabi-
lizes the SMC structure of aluminum and leads to a
decrease in the grain-boundary diffusion coefficient
[8].1 The works on the superplasticity of SMC alumi-
num alloy conductors without magnesium or with an
extremely low magnesium content, which negatively
affects the electrical conductivity of aluminum, are
very scarce, although the problem of optimal hot

deformation conditions (drawing or rolling) for wires
made of SMC aluminum alloys is very important.

We also note that the problem of the influence of
Al3Sc particles on the superplasticity characteristics of
SMC aluminum alloys is still unresolved. At the same
time, the positive effect of scandium on the superplas-
ticity characteristics of SMC alloys is well known [6,
7]. Precipitating Al3Sc nanoparticles prevent intense
migration of grain boundaries and, hence, increase the
rate of grain-boundary sliding (GBS) [9]. However,
the effect of the particles having precipitated in the
crystal lattice volume and at grain boundaries on the
superplasticity characteristics of SMC alloys can be
different, since they differently affect the character of
grain growth and, most importantly, the character of
fracture.

The purpose of this work is to study the superplastic
deformation of Al–0.5Mg–Sc conductor alloys with
various scandium contents.

EXPERIMENTAL
Al–0.5Mg–Sc alloys containing 0, 0.2, 0.3, 0.4,

and 0.5% Sc were studied. To prepare them, A99 alu-
minum, Mg90 magnesium, and Al–10% Zr and Al–
2% Sc master alloys were used. Alloy samples (22 ×
22 × 150 mm in size) were fabricated by induction
casting in an INDUTHERM VTC-200 casting1 From here on, the element contents are given in wt %.
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Fig. 1. Tensile test specimen: (a) drawing of the specimen
and (b) photo of an aluminum alloy specimen.
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machine (graphite mold, zirconium oxide crucible,
argon atmosphere in melting chamber) according to
the following conditions: the initial melt temperature
was 710°C, the melt holding time before the introduc-
tion of magnesium was 4 min, the magnesium intro-
duction temperature was 750°C, the holding time
before casting was 3 min, and the cooling time was
40 s. After casting, the alloys were not quenched and
homogenized.

An SMC structure was formed in a billet by equal-
channel angular pressing (ECAP) using a Ficep
HF400L hydraulic press according to the following
conditions: the ECAP temperature was tECAP = 225°C,
the strain rate was 0.4 mm/s, the number of cycles was
N = 4, and the deformation route was Bc (billet was
rotated around its axis through an angle of 90° after
each ECAP cycle).

A microstructure was studied with a Leica IM
DRM metallographic microscope, a Jeol JSM-6490
scanning electron microscope (SEM), and a Jeol
JEM-2100 transmission electron microscope (TEM).
Polarized illumination was used to identify small
details (small pores, “thin” grain boundaries, etc.) on
the surface of a polished section during metallo-
graphic examination. For microstructure studies, the
sample surface was subjected to mechanical polishing
with diamond pastes to a roughness level of <1 μm,
followed by polishing in a solution 8% HClO4 + 9%
H2O + 10% C6H14O2 + 73% C2H5OH for 15–20 s
(voltage was U ≈ 40 V, current density was j ≈ 3 A/cm2).
To reveal a microstructure, etching was performed in a
glycerin-based solution (1% HF + 1.5% HCl + 2.5%
HNO3 + 95% glycerin); to reveal a macrostructure,
etching was performed in a solution 40% HNO3 +
40% HCl + 20% HF. The average grain size was deter-
mined by the chord method using the GoodGrains
software package.

Microhardness of HV0.5 was measured on an
HVS1000 hardness tester. Tensile tests of f lat dumb-
bell test pieces with a gage length of 3 mm and a cross
section of 2 × 2 mm were carried out on a Tinius Olsen
H25K-S tensile-testing machine (Fig. 1). The holding
time in a furnace before a superplasticity experiment
was 5 min.

Samples were annealed in an SNOL air furnace
and cooling was performed in air.

RESULTS
The as-cast alloys have a homogeneous coarse-

grained structure. When the scandium content
increases from 0.2 to 0.5%, the average grain size
decreases from 1000–1200 to 30–40 μm. The struc-
ture of the alloys with a scandium content of >0.3%
contains single large light Al3Sc particles, the average
size of which is ~0.35–1.3 μm. The volume fraction of
these particles increases the scandium content. After
ECAP, a homogeneous SMC structure is formed with
RUSSIAN METALLURGY (METALLY)  Vol. 2021  No.
an average grain size from 0.8–1 to 0.4–0.5 μm, which
does not depend on the scandium content (Fig. 2).2 

Recrystallization in the Al–0.5% Mg SMC alloy
begins after annealing at a temperature t1 = 225°C for
30 min. Scandium alloying leads to an increase in the
thermal stability of the Al–0.5% Mg SMC alloy. The
temperature of the beginning of recrystallization t1 in
the scandium-alloyed SMC alloys is 375°C; as can be
seen from Fig. 3, the average recrystallized grain size
decreases with increasing scandium content.

A high level of thermal stability of the SMC struc-
ture is provided by the precipitation of Al3Sc nanopar-
ticles. As was shown in [10], the decomposition of the
solid solution in Al–0.5% Mg–Sc SMC alloys is mul-
tistage and determined by the intensity of diffusion
processes along grain boundaries at “low” annealing
temperatures and the intensity of diffusion along lat-
tice dislocation cores at “high” temperatures or long
annealing times. In addition, the solid solution in the
alloys with a high scandium content (>0.3%) under-

2 The microstructure of the as-cast and SMC Al–0.5% Mg–Sc
alloys was described in detail in [10].
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Fig. 2. Microstructure of the SMC alloys (a) Al–0.5Mg, (b) Al–0.5Mg–0.2Sc, (c) Al–0.5Mg–0.3Sc, and (d) Al–0.5Mg–0.5Sc
in the state after ECAP. TEM.
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goes homogeneous decomposition with the precipita-
tion of Al3Sc particles in the grain volume at
“medium” annealing temperatures.

Electron-microscopic studies showed that several
types of Al3Sc particles precipitate along grain bound-
aries and in the grain volume in the structure of the
Al–0.5% Mg–Sc SMC alloys upon long-term hold-
ing. The structure of the alloy also contains elongated
particles up to 100–200 nm long, which are perpen-
dicular to grain boundaries, and particles on disloca-
tions and low-angle boundaries, which have a charac-
teristic stitch arrangement.

Figure 4 shows the σ–  curves for Al–0.5Mg–Sc
SMC alloy samples with various scandium contents.
The results of superplasticity tests are summarized in
Table 1.

ε�
RU
The σ( ) diagrams presented in Fig. 4 for the SMC
alloys at elevated temperatures have the shape charac-
teristic of the superplastic f low of fine-grained alumi-
num alloys (see [6, 7]): a short stage of strain harden-
ing and a long stage of localized plastic f low. An anal-
ysis of the data in Table 1 shows that an increase in the
test temperature leads to a monotonic decrease in the
flow stress and to a significant increase in the plas-
ticity: at a deformation temperature of 500°C and a
strain rate of 1 × 10–2 s–1, the f low stress in the alloy
with 0.4% Sc does not exceed σb = 6–8 MPa and the
relative elongation reaches δ = 840%. It is also inter-
esting that scandium alloying increases the degree of
uniform deformation. As can be seen from the
σ( ) curves in Fig. 4a, the degree of uniform deforma-
tion in the Al–0.5%Mg SMC alloy is extremely low
and the stage of strain hardening almost immediately

ε�

ε�
SSIAN METALLURGY (METALLY)  Vol. 2021  No. 9
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Fig. 3. (1–5) Average grain size and (1 '–5') microhardness vs. the temperature of 30-min annealing of the Al–0.5Mg–Sc SMC
alloys at a scandium content of (1, 1') 0, (2, 2') 0.2, (3, 3') 0.3, (4, 4') 0.4, and (5, 5') 0.5%.

100

10

1

0.1
100 200 300 400 500

d, �m HV0.5, MPa

T, �C

1
2
3
4
5

1'
2'
3'
4'
5'

1000

800

600

400

200

0

changes into the stage of localized plastic f low. In the
SMC alloys with scandium, the degree of uniform
deformation at elevated (400–500°C) superplasticity
temperatures is quite high (100–150%).

Due to different characters of the σ( ) curves for
the Al–0.5% Mg and Al–0.5% Mg–Sc SMC alloys, it
is interesting to note the formation of several “necks”

ε�
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Table 1. Results of superplasticity tests of the Al–0.5Mg–Sc

t, °C , s–1

Scan

0.0 0.2

σb, MPa δ, % σb, MPa δ, %

20 1 × 10–2 170 45 216 42

300 1 × 10–2 47 165 65 160

350 1 × 10–2 27 210 33 290

400 1 × 10–3 9 290 9 275

3 × 10–3 12 290 10 560

1 × 10–2 18 240 20 350

3 × 10–2 19 265 24 290

450 1 × 10–2 12 275 13 350

500 1 × 10–3 4 340 4 400

3 × 10–3 6 330 8 265

1 × 10–2 8 280 9 350

3 × 10–2 10 270 14 220

1 × 10–1 – – – –

ε�
during the superplastic f low of the Al–0.5Mg SMC
alloy samples: several localized deformation areas are
clearly visible in the fracture zone, which are indicated
by the arrows in Fig. 5a. The scandium-containing
SMC alloy samples have a well-pronounced localized
deformation zone regardless of the temperature–rate
superplastic deformation conditions (Figs. 5b–5e).
 9

 SMC alloys

dium content in alloy, %

0.3 0.4 0.5

σb, MPa δ, % σb, MPa δ, % σb, MPa δ, %

221 40 220 38 245 44

59 205 56 225 57 345

32 295 28 280 33 320

7 510 10 250 11 290

12 490 12 350 13 260

18 425 17 460 21 480

20 360 23 320 23 680

10 490 10 500 14 400

4 540 4 330 4 520

5 820 4 530 5 670

6 625 8 840 7 750

13 400 7 1060 9 1055

– – 15 500 – –
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Fig. 4. Stress (σ)–strain ( ) curves for the Al–0.5Mg–Sc alloys (with (a) 0, (b) 0.2, (c) 0.3, (d) 0.4, (e) 0.5% Sc) at a test tem-
perature t = (1) 300, (2) 350, (3) 400, (4) 450, and (5) 500°C) and a strain rate of 1 × 10–2 s–1.

80

60

40

20

0
200 400 600 800

(e)

�, %

1

2

3

4
5

80

60

40

20

0

(c)

1

2

3

4
5

�, MPa

60

40

20

0

(a)

1

2

3 4
5

(b)

1

2
3

4

5

0 200 400 600 800

(d)

�, %

1

2

3

45

ε�
Strain-rate sensitivity m, which is determined from
the slope of the f low stress curve as a function of the
strain rate in the logσu–log  logarithmic coordinates,
depends nonmonotonically on the scandium content:
it increases from 0.22 (Al–0.5Mg alloy) to 0.32 (alloy

ε�
RU
with 0.3% Sc) at a deformation temperature of 400°C
and decreases again to ~0.21–0.22 when the scandium
content increases to 0.5%. A similar character of the
m(Sc) dependence is also observed at a deformation
temperature of 500°C: when the scandium content
SSIAN METALLURGY (METALLY)  Vol. 2021  No. 9
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Fig. 5. Macrostructure of Al–0.5Mg–Sc SMC alloy samples after superplasticity tests at a scandium content of (a) 0% (t = 500°C,
 = 1 × 10–3 s–1), (b, c) 0.3% (t = 400°C,  = 3.3 × 10–3 s–1), and (d, e) 0.3% (t = 500°C,  = 3.3 × 10–3 s–1). (c, e) Enlarged

images of the fracture surfaces of the samples, the photographs of which are shown in (b) and (d), respectively.
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increases from 0 to 0.3%, coefficient m increases from
0.24–0.25 to 0.35–0.36; when the scandium content
increases to 0.5%, it monotonically decreases to 0.19–
RUSSIAN METALLURGY (METALLY)  Vol. 2021  No.
0.20. Note that the maximum values of coefficient m
are quite low and do not reach the optimum value
(m = 0.5), although a very large elongation to failure is
 9
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Fig. 6. (a–d) Fractographs of the fracture surfaces of the Al–0.5Mg SMC alloy samples tested at a temperature of 400°C and a
strain rate  = 1 × 10–2 s–1; (b–d) enlarged images of the fracture zone. SEM.
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achieved in the SMC alloys containing 0.4 and 0.5%
Sc at a temperature of 500°C and a strain rate of 1 ×
10–1 s–1, (~1060%; see Table 1). Coefficient m non-
monotonically, with a maximum, depends on the
strain rate, and the strain rates at which m and elonga-
tion to failure are maximal are close to each other.

Metallographic analysis of the macrostructure of
the failed Al–0.5Mg–Sc samples reveals a high vol-
ume fraction of large pores near the fracture zone, and
the pore size ranges from 2–3 to 5–20 μm (Figs. 5b–5e).
The volume fraction of pores correlates with the strain
to failure: the higher the strain to failure, the larger the
size and volume fraction of pores near the fracture
zone. Note that large pores are almost absent in the
Al–0.5% Mg SMC alloy samples (see Fig. 5a). This
fact suggests that the source of pore formation during
superplasticity tests is primarily the large Al3Sc parti-
cles having formed during the solidification of ingots
or during the decomposition of a solid solution.

Fractographic analysis of the fracture surfaces of
the Al–0.5Mg SMC alloy samples subjected to super-
plasticity tests shows that the rupture zone occupies
almost the entire fracture area (Fig. 6). The fracture of
the Al–0.5Mg–0.3Sc SMC alloy samples has a vis-
cous character, and numerous dimples formed as a
result of micropore coalescence are observed in the
fracture surfaces of the samples (Fig. 7). A high vol-
RU
ume fraction of micropores in the fracture surfaces
indicates accelerated cavitation fracture during the
superplasticity of the SMC of alloys with scandium. As
can be seen from Fig. 7, an increase in the deformation
temperature weakly affects the dimple size: the frac-
ture surfaces of the samples tested at 300 and 500°C
are similar to each other.

Metallographic studies of the structure of the Al–
0.5Mg samples in the undeformed area (grip region)
demonstrate that an increase in deformation tempera-
ture from 300 to 500°C leads to rapid grain growth in
this part of the samples from 11 to ~190 μm (Fig. 8,
Table 2). In testing the SMC alloy samples with scan-
dium, no significant grain growth is observed in the
deformed part and the material has a homogeneous
fine-grained structure (Fig. 9, Table 2).

Note also that, according to Table 2, the evolution
of the structure during the superplasticity of the SMC
aluminum alloys with scandium differs from the struc-
ture evolution in the Al–0.5Mg SMC alloy. The aver-
age grain size in the deformed part of the Al–0.5Mg
SMC alloy samples is 1.5–2 times smaller than that in
the undeformed part of the samples; that is, the grain
structure refinement during superplasticity is likely to
be associated with dynamic recrystallization (see [11]).

Deformation-stimulated grain growth is observed
during the superplasticity of the SMC alloys with
SSIAN METALLURGY (METALLY)  Vol. 2021  No. 9
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Fig. 7. Fractographs of the fracture surfaces of the Al–0.5Mg–0.3Sc SMC alloy samples tested at a temperature of (a, b) 300 and
(c, d) 500°C. The strain rate is  = 1 × 10–2 s–1. SEM.
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Fig. 8. Microstructures of (a, c) undeformed and (b, d) deformed regions in the Al–0.5Mg SMC samples after superplasticity
tests at a strain rate of (a, b) 3.3 × 10–3 and (c, d) 1 × 10–3 s–1 and a deformation temperature t = 400°C.
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Table 2. Results of studying the deformation-stimulated grain growth in the Al–0.5Mg–Sc SMC alloys

d1 and d2 are the average grain sizes in the undeformed and deformed regions of the samples, respectively, after superplasticity tests.

t, °C , s–1

Scandium content in alloy

0.0 0.2 0.3 0.4 0.5

d1 d2 d1 d2 d1 d2 d1 d2 d1 d2

μm μm μm μm μm

20 1 × 10–2 0.8 0.8 0.4–0.5 0.4–0.5 0.4–0.5 0.4–0.5 0.4–0.5 0.4–0.5 0.4–0.5 0.4–0.5
300 1 × 10–2 10.9 6.7 0.4–0.5 0.4–0.5 0.4–0.5 0.4–0.5 0.4–0.5 1.5 0.4–0.5 0.4–0.5
350 1 × 10–2 22.3 13.6 0.4–0.5 2.5 0.4–0.5 2.1 0.4–0.5 2.0 0.4–0.5 1.9
400 1 × 10–3 76.3 61.5 1.5 4.8 1.3 3.3 1.2 3.1 1.2 3.1

3 × 10–3 69.7 57.2 1.3 4.1 1.2 2.9 1–1.2 2.9 1–1.2 2.6
1 × 10–2 49.6 29.1 0.8–1.2 3.4 0.8–1 2.7 0.5 2.2 0.5 2.2
3 × 10–2 45.6 20.3 0.7 2.8 0.5 2.6 0.5 2.1 0.5 2.1

450 1 × 10–2 111.5 59.9 1.7 4.2 1.2 3.6 1.2 2.8 1–1.2 2.4
500 1 × 10–3 402.7 287.9 2.5 10.3 2.1 8.0 1.5 6.0 1.2 4.5

3 × 10–3 293.9 267.0 2.2 8.8 1.7 5.6 1.2 5.3 1.2–1.3 3.6
1 × 10–2 223.6 102.7 2.0 7.8 1.5 4.5 1.0 4.6 1.0 3.5
3 × 10–2 188.7 — 0.5 5.6 0.5 3.3 0.5 3.9 0.5 3.2

ε�
scandium: the average grain size in the fracture region
is larger than that in the undeformed region (see
Fig. 9). As follows from Table 2, an increase in the test
temperature from 300 to 500°C leads to rapid grain
growth in the Al–0.5Mg–Sc SMC alloy samples, and
the average grain size in the deformed region (d2) in
the SMC scandium-containing alloys is more than an
order of magnitude larger than that in the undeformed
region (d1; see Fig. 9, Table 2). The first recrystallized
micrograins in the deformed part of the Al–0.5Mg–
Sc SMC alloy samples are observed after tests at
350°C. At a test temperature of 300°C, the alloys after
superplasticity tests retain a stable SMC structure. An
increase in strain rate from 1 × 10–3 to 3 × 10–2 s–1

leads to a slight decrease in the average grain size in the
Al–0.5% Mg–Sc SMC alloys at all scandium contents
under study (see Table 2).

Note also that, when the scandium content
increases, the average grain size in the deformed part
of the sample decreases at all superplastic deformation
temperatures (see Table 2).

Figure 10 shows the microhardness versus the
deformation temperature for the SMC alloys with var-
ious scandium contents. The generalized HV0.5(t)
dependences demonstrate that the microhardness of
the metal in the deformed zone is slightly lower than
that in the undeformed zone. The HV0.5(t) depen-
dences for the undeformed region of the SMC alloys
with scandium are nonmonotonic two-stage character
with a maximum at t = 350°C. An increase in the
hardness at 350°C is obviously due to the precipitation
of Al3Sc particles, which confirms the closeness of the
RU
temperatures of the maxima in the HV0.5(t) depen-
dences for the samples after annealing for 30 min (see
Fig. 3) and for the undeformed part of the SMC alloy
samples. An analysis of the HV0.5(t) dependences
demonstrates that an increase in the deformation tem-
perature leads to a decrease in the microhardness of
the deformed part of the Al–0.5% Mg–Sc SMC alloy
samples.3 

The dependence of the microhardness on the grain
size (Fig. 11) with a fairly good accuracy is described
by the Hall–Petch relation HV0.5 = HV0 + Kd–1/2,
where HV0 is the microhardness of the crystal lattice of
the SMC metal and K is the grain-boundary harden-
ing coefficient (Hall–Petch coefficient). It is interest-
ing to note that coefficient K depends on the scandium
content in an SMC alloy. When the scandium content
increases from 0.2 to 0.5%, coefficient K increases
from 0.36 to 1.1 MPa m1/2. Since K characterizes the
contribution of grain boundaries to the hardening of
polycrystal [12–14], the revealed dependence K(Sc) is
thought to indicate that Al3Sc particles precipitate
mainly at grain boundaries of an SMC alloy during
superplastic deformation.

DISCUSSION
To describe the deformation-stimulated grain

growth in the SMC aluminum alloys, we use the

3 The fact that HV0.5 does not depend on the annealing tempera-
ture and the grain size for the Al–0.5% Mg SMC alloy is mainly
caused by the small indentation size, which is comparable with
the grain size during intense grain growth.
SSIAN METALLURGY (METALLY)  Vol. 2021  No. 9
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Fig. 9. Microstructure of undeformed (a, c) and deformed (b, d) regions in Al–0.5Mg–0.2Sc SMC samples after superplasticity
tests at (a, b) t = 400°C and  = 1 × 10–3 s–1 and (c, d) t = 500°C and  = 1 × 10–3 s–1. The arrows in (b) and (d) indicate the
pores formed on the Al3Sc particles.
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approach developed in terms of the theories of structural
superplasticity [15, 16] and nonequilibrium grain bound-
aries in metals [17]. In this approach, systems of disclina-
tion dipoles, which create long-range stress fields σi,
exert a decisive effect on the grain growth in fine-grained
materials. The interaction of the dipoles with each other
causes an additional driving force of migration Pω. In
addition, defects also affect the diffusion mobility of
grain boundaries M; at a high strength of the disclination
dipoles, it can be limited by their mobility Mω.

When the dislocation and disclination defects dis-
tributed in a grain boundary interact with external (σ)
and internal (σi) stress fields, the following additional
driving forces of grain-boundary migration arise [17]:

(1)

where σi is the internal stress field created by the
defects distributed at grain boundaries and triple junc-
tions of grain boundaries,

(2)

( ) ( )
( ) ρ ω

= σ + σ ρ Δ + ω
= σ ρ Δ + ω = + ,

i b

b

P b
b P P

σ = α ρ Δ + α ω1 2 .st
i bG b G
RUSSIAN METALLURGY (METALLY)  Vol. 2021  No.
In Eqs. (1) and (2),  is the mean internal stress
field, Pρ is the driving force related to the orientation-
misfit dislocations (OMDs), G is the shear modulus,

 is the stationary OMD density in nonequilibrium
grain boundaries of an SMC metal, Δb is the Burgers
vector of OMDs, and α1 and α2 are numerical coeffi-
cients.

In this case, the effective grain-boundary mobility
coefficient is determined from the expression [17]

(3)

where Mb is the mobility coefficient of a defect-free
grain boundary, Mρ is the mobility coefficient of the
OMDs distributed in the grain boundary, and Mω is
the mobility coefficient of a junction disclination.
We have

(4)

σ

ρst
b

− − − −
ρ ω= + +1 1 1 1,bM M M M

( )
( )

ρ ρ ω ω= =
ωρ Δ

=

2

2

1 , ,

,

b bst
b

b b b

b b b bM A C M A C
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Fig. 10. Microhardnesses of (a) deformed and (b) unde-
formed regions in the SMC alloys (1) Al–0.5Mg, (2) Al–
0.5Mg–0.2Sc, (3) Al–0.5Mg–0.3Sc, (4) Al–0.5Mg–
0.4Sc, and (5) Al–0.5Mg–0.5Sc vs. the temperature of
superplastic deformation at a rate of 1 × 10–2 s–1.
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Fig. 11. Microhardness vs. the grain size in the HV0.5–d–1/2

coordinates (analysis of the results presented in Fig. 10 and in
Table 2).
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where Cb = GδDb/kBT, Aρ = 2π/ln(d/b), Aω ≈ 1, Ab =
(5Vm/Δb)(d0/b)4(Gb/γb), Vm is the experimental grain
growth rate during annealing, δ = 2b is the grain
boundary width, b is the Burgers vector, Db is the
grain-boundary diffusion coefficient, kB is the Boltz-
mann constant, and γb is the grain boundary energy.

The grain-boundary migration rate Vg under super-
plastic deformation with allowance for Eqs. (3) and (4)
can be written as follows:

(5)

As follows from Eq. (5), the kinetics of deforma-
tion-stimulated grain growth in fine-grained alloys is
complex and depends primarily on the grain-bound-

( )ρ ω

ρ ω ρ ω
= σ ρ Δ + ω

+ +
.stb

g b
b b

M M M
V b

M M M M M M
RU
ary migration mobility, the mobility of the defects dis-
tributed in a grain boundary, the strength of a dipole of
junction disclinations, and the OMD density. At a low
strength ω of the junction disclinations, the grain
boundary mobility is determined by the OMD mobil-
ity, and the driving force is associated with the interac-
tion of OMDs with an external stress field [18],

(6)

In the case of high values of ω, the grain-boundary
mobility during superplasticity is controlled by the dis-
clination dipole mobility, and the driving force is
related to their interaction [18],

(7)

In the case of average values of ω, the rate of defor-
mation-stimulated grain growth can be expressed in a
more general form

where A ≅ Cbb(σ/G)2 – x, and exponent x takes values
from 1 to 2 depending on junction disclination
strength ω. For low values of ω, we have x = 1 and A =
AρCbb(σ/G); for high values of ω, we have x = 2 and
A = AωCb.

The analysis carried out in [18] showed that the ini-
tial grain size exerts a significant effect on the defor-
mation-stimulated growth under given superplasticity
test conditions. For small grain sizes (in the case of
SMC materials), the driving force of grain-boundary
migration is caused by the interaction of external
stresses with the OMDs distributed in a grain bound-
ary, and the expression for the grain growth rate has
the form of Eq. (7). According to [18], the critical
grain size d* at which the mechanism of deformation-

( ) ( )ρ= = σ� / / .g bV d A C G b d b

( )ω= =� 2/ .g bV d A C b d b

( )−=� / ,xd A d b
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Fig. 12. Rate of the deformation-stimulated grain growth
vs. the superplastic deformation rate in the log –log  log-
arithmic coordinates. The deformation temperature is
400°C.
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stimulated grain growth changes can be calculated by
the formula

where ξ is the numerical parameter that characterizes
the degree of deformation uniformity.

The experimental dependence of the grain growth
rate on the strain rate is usually expressed in the form

, where parameter k, which depends on strain
rate , is determined from the slope of the curve
log –log  at a fixed strain. As can be seen from
Fig. 12, the experimental value of the coefficient (kexp)
for the Al–0.5Mg–Sc SMC alloys at 400°C increases
slightly from ~0.8 to ~1.3 when the scandium content
increases from 0.2 to 0.5%. At a deformation tempera-
ture of 500°C, kexp weakly depends on the scandium
content, kexp ≈ 0.6–1.

According to [18], the theoretical expression for the
parameter kth, kth = ∂ log /∂log , has a cumbersome
form in the general case. For the case of fine-grained
alloys, the expression for kth with allowance for the
expression  ~ Aσ1/md–p has the form

(8)

where τ is the deformation time, p is the exponent of
the grain size, and d0 is the initial grain size.

For coarse-grained materials, the formula for cal-
culating kth has the form [18]

(9)

A comparison of the experimental (kexp) and theo-
retical (kth) parameters demonstrates that the kinetics
of deformation-stimulated grain growth in coarse-
grained alloys with a low scandium content is mainly
controlled by the junction disclination mobility and
this kinetics in fine-grained alloys with a high scan-
dium content is controlled by the OMD mobility
(Table 3).

The differences between the experimental (kexp)
and theoretical (kth) parameters are thought to be pri-
marily due to the fact that the model [18] did not take
into account the influence of second-phase particles
on the grain growth kinetics. As is known [19, 20], the
grain growth in fine-grained alloys with particles can
be described by a power law with an exponent other
than p = 2.

In conclusion, we briefly touch on the causes of the
cavitation fracture of the SMC alloys with scandium.
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A model for the formation of pores on second-phase
particles located in the triple junctions of grains under
superplasticity was proposed in [21]. According to this
model, the formation of pores in the triple junctions of
grain boundaries is caused by the accumulation of the
normal components of delocalized dislocations,
which lead to the appearance of a defective layer at the
particle/matrix interface, the energy and internal
stresses of which increase during superplastic defor-
mation.

As was shown above, large Al3Sc particles can pre-
cipitate during heating or solidification, and some of
them are located along grain boundaries. The fact of
pore formation along grain boundaries is quite clearly
illustrated by Fig. 7, which shows that the vast majority
of pores are located at grain boundaries or in the triple
junctions of grain boundaries. The cutting of such par-
ticles by lattice dislocations is difficult, and defects of
the disclination type will form around them during
superplastic deformation. The authors of [22]
described these defects in detail and showed that the
defect that forms on a particle of radius R located in a
grain boundary during deformation can be described in
a first approximation as a disclination loop of radius R
and strength ω(τ). The disclination loop strength ω(τ)
increases in proportion to the number of defects
reaching the grain boundary. In the case when defects
reach grain boundaries due to intragrain deformation
carried out at rate , the strength of disclination loop
at the initial stage of its formation can be calculated by
the formula ω(t) = ψ1 τ [18], where ψ1 is the geomet-
ric coefficient and  is the rate of intragrain deforma-
tion. As defects accumulate at grain boundaries, dis-
clination loop strength ω(t) increases, and the elastic
energy related to this defect also increases. As shown
in [21], at a certain critical strength ω*, the excess

ε
v
�

ε
v
�

ε
v
�

 9



1114 CHUVIL’DEEV et al.

Table 3. Experimental and theoretical values of coefficient k for the Al–0.5Mg–(0.2, 0.5)Sc SMC alloys

t, °C , s–1 m d1, μm σ, MPa d2, μm
kth

kexp
Eq. (8) Eq. (9)

Al–0.5Mg–0.2Sc alloy
400 1 × 10–3 0.18 1.5 9 4.8 0.34 0.69 0.8

3 × 10–3 0.21 1.3 10 4.1

1 × 10–2 0.32 0.8–1.2 20 3.4

3 × 10–2 0.10 0.7 24 2.8
500 1 × 10–3 0.19 2.5 4 10.3 0.32 0.65 1.0

3 × 10–3 0.24 2.2 8 8.8

1 × 10–2 0.25 2.0 9 7.8

3 × 10–2 0.24 0.5 14 5.6
Al–0.5Mg–0.5Sc alloy

400 1 × 10–3 0.10 1.2 11 3.1 0.70 0.32 1.3

3 × 10–3 0.11 1–1.2 13 2.6

1 × 10–2 0.41 0.5 21 2.2

3 × 10–2 0.16 0.5 23 2.1
500 1 × 10–3 0.11 1.2 4 4.5 0.74 0.34 0.8

3 × 10–3 0.12 1.2–1.3 5 3.6

1 × 10–2 0.19 1.0 7 3.5

3 × 10–2 0.28 0.5 9 3.2

ε�
energy of the loop becomes so high that it is energeti-
cally favorable for a grain boundary to “become free”
of the source of this energy. At elevated temperatures,
the deformation of the “relaxation” of the stored
energy can occur via micropore formation at Al3Sc
particle/aluminum interphase boundaries. During
superplastic deformation, pore growth is proportional
to the degree and rate of intragrain deformation [21],
and such pores become a source of fracture of an SMC
alloy when their critical size is reached.

Thus, under superplastic deformation, large Al3Sc
particles located along grain boundaries in an SMC
alloy can be a source of micropore formation and,
hence, the cause of cavitation fracture of the Al–
0.5Mg–Sc SMC alloys. This finding makes it possible
to recommend choosing the annealing or hot defor-
mation conditions that would cause the predominant
precipitation of Al3Sc nanoparticles in the crystal lat-
tice volume for stabilizing a fine-grained structure in
Al–0.5Mg–Sc alloys.

CONCLUSIONS

(1) SMC Al–0.5Mg–Sc conductor alloys have
high superplastic characteristics: large elongation to
failure (~1060%) is achieved in the SMC alloys with
RU
0.4 and 0.5% Sc at a deformation temperature of
500°C and a strain rate of 1 × 10–1 s–1.

(2) The Al–0.5Mg SMC alloy has low thermal sta-
bility, and intense grain growth occurs in it to grain
sizes of several hundred microns during preliminary
heating to the superplastic deformation temperature.
This fact does not allow us to provide high superplastic
characteristics of the alloy at elevated deformation
temperatures. During superplastic deformation, the
SMC alloy undergoes ductile fracture without intense
pore formation. The average grain size in the fracture
region turns out to be smaller than that in the unde-
formed region, which can be considered as an indirect
proof of dynamic recrystallization.

(3) During superplastic deformation of the of Al–
0.5Mg–Sc SMC alloys, deformation-stimulated grain
growth at parameter k = ∂ log /∂log , which varies
from 0.8 to 1.3 depending on the scandium content, is
observed. In the alloys with a low scandium content,
the kinetics of deformation-stimulated grain growth
was found to be controlled by the junction disclination
mobility; in the alloys with a high scandium content,
by the OMD mobility.

(4) During superplastic deformation of the Al–
0.5Mg–Sc SMC alloys, intense pore formation was
observed on Al3Sc particles, which precipitated during

�d ε�
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heating and/or solidification. Coarse Al3Sc particles
located along grain boundaries are thought to be the
most preferable sites for micropore formation and
accelerated fracture. As a result, the cavitation fracture
mechanism takes place. Fractographic analysis of the
fracture surfaces indicates the presence of a high vol-
ume fraction of pores, which caused the fracture of the
Al–0.5Mg–Sc SMC alloys.
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