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Abstract: A comparative study of the structure and mechanical behavior of an Al−5Mg−0.18Mn−0.2Sc−0.08Zr− 
0.01Fe−0.01Si (wt.%) alloy ingot subjected to multidirectional isothermal forging (MIF) to a strain of 12 or 
equal-channel angular pressing (ECAP) to a strain of 10 at 325 °C, and subsequent warm and cold rolling (WR and CR) 
at 325 and 20 °C, was performed. The results showed that the MIF process of ultrafine-grained structure with a 
(sub)grain size dUFG=2 µm resulted in enhanced room-temperature ductility and superplastic elongation up to 2800%. 
Further grain refinement under WR as well as development of a heavily-deformed microstructure with high dislocation 
density by subsequent CR resulted in a yield/ultimate tensile strength increase from 235/360 MPa after MIF to 315/460 
and 400/515 MPa after WR and CR, respectively. Simultaneously, WR led to improved superplastic elongation up to 
4000%, while after CR the elongation remained sufficiently high (up to 1500%). Compared with MIF, ECAP resulted in 
more profound grain refinement (dUFG=1 µm), which promoted higher strength and superplastic properties. However, 
this effect smoothed down upon WR, ensuring equal properties of the processed sheets. CR of the ECAPed alloy, in 
contrast, led to higher strengthening and slightly better superplastic behavior than those after CR following MIF. 
Key words: aluminum alloy; severe plastic deformation; rolling; grain refinement; mechanical properties 
                                                                                                             
 
 

1 Introduction 
 

In the past decades, considerable efforts were 
paid to fabrication of ultrafine-grained (UFG) 
materials (grain size less than 1 µm) [1,2]. It is well 
documented that the techniques based on severe 
plastic deformation (SPD) are quite attractive for 
this purpose [3−6]. One of the most popular 
technique is equal channel angular pressing  
(ECAP), meanwhile the most effective and cost- 
affordable technique for commercial applications is 
multidirectional isothermal forging (MIF) [1,7]. The 
latter can advantageously be applied with use of 
conventional presses and tooling to produce the 
UFG bulk billets, for instance, from Mg-, Zr- and 
Ti-based alloys and intermetallics [7−10]. Owing to 
the multidirectional straining, the processed 

materials frequently possessed homogeneous and 
equiaxed UFG structures with weak textures and 
randomly distributed excess phases and precipitates. 
Such structure peculiarities led to enhanced and 
even unique service and technological properties, 
involving a unique balance of strength and ductility, 
as well as the low-temperature and/or high strain 
rate superplasticity, which were critical for many 
industrial applications. However, concerning 
wrought aluminum alloys that are much in demand 
for rolled products [11], UFG sheet processing is 
also very important. In such a way, thermo- 
mechanical processing combining MIF and 
subsequent conventional rolling could be a much 
promising technical approach with a significant 
commercial potential. The role and significance   
of such a processing scheme for fabricating UFG 
sheets with enhanced mechanical properties are, 
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however, quite poorly specified in literature. This 
clearly contrasts with ECAP, the combination of 
which with rolling quite often came under scrutiny 
in the laboratory studies or even pilot-scale 
productions [12,13]. 

The recent investigations of Al−Mg−Sc(−Zr) 
alloys, for instance [14,15], have displayed that 
they are advanced structural materials with an 
extremely attractive balance of mechanical 
properties. The main distinguishing peculiarity is 
their ability to form high densities of coherent 
nanoprecipitates of Al3(Sc,(Zr)) aluminides in the 
aluminum solid solution (matrix) with high 
resistance to coarsening. Specifically, the alloys 
possess high strength as well as enhanced corrosion 
resistance and excellent weldability, which make 
them effective materials for space, aviation and 
automotive industries. However, a serious drawback 
of alloys with a Mg content over 4 wt.% is their 
poor technological ductility, especially restricted 
formability at ambient temperatures [16,17], which 
is caused by strong localization of plastic flow and 
low crack resistance. Meanwhile, the studies of 
ECAP-processed UFG alloys have shown that the 
strain localization would be diminished with grain 
refinement, and, hence, the ductility of pressed 
semi-products could be increased before      
rolling [16,18]. Moreover, the Al−Mg−Sc(−Zr) 
alloys with a produced UFG structure were found 
not only to exhibit enhanced strength and ductility 
at ambient temperature [16], but also to 
demonstrate the excellent superplasticity after 
subsequent cold/warm rolling [19]. 

Thus, the aim of the present study is to 
evaluate the potential for enhancing the service 
properties and superplasticity of sheets from 
Al−5Mg−Mn−Sc−Zr alloy by means of UFG 
structure formation via complex treatment, 
involving different deformation techniques. Under 
such consideration, the behavior of the alloy with a 
UFG structure produced by MIF at T0.65Tm will 
be compared with that of the alloy ECAPed at 
roughly the same temperature−strain conditions and 
subsequently subjected to cold rolling (CR) and 
warm rolling (WR) with near equal strains. 
 
2 Experimental 
 

Commercial aluminum alloy 1570C, having 
the chemical composition of Al−5Mg−0.18Mn− 

0.2Sc−0.08Zr−0.01Fe−0.01Si (in wt.%) was chosen 
for experiments. The ingot produced by semi-direct 
chill casting was scalped and homogenized at 
360 °C for 6 h. The material in the homogenized 
condition had a microstructure of equiaxed grains 
about 25 μm in diameter (Fig. 1(a)) and was 
characterized by predominantly high-angle 
misorientations of intercrystallite boundaries 
(Fig. 1(b)). Nanosized Al3(Sc,Zr) precipitates were 
rather uniformly distributed inside these grains (as 
arrowed in Fig. 1(c)) and displayed a coffee-bean 
TEM contrast, testifying their coherency to the 
aluminum matrix [20,21]. The number density and 
size of such precipitates were as high as 1×104 μm−3 
and 5−10 nm, respectively [22]. 

MIF to an effective strain (e) of about 12 was 
carried out at 325 °C on samples with diameter of 
80 mm and length of 150 mm cut from the 
homogenized ingot using a hydraulic press 
equipped with an isothermal die set. Each MIF 
cycle included several successive settings and 
drawings with the axis changing in accordance to 
the strain path illustrated in [1,7]. 

The implemented ECAP was described in 
Ref. [23]. Briefly, the same homogenized ingot was 
machined into plates of 150 mm × 150 mm × 
30 mm and subjected to ECAP at a temperature of 
325 °C to the total effective strain of 10 by the route 
Bcz (rotation by 90° around the normal axis to the 
plate plane between passes). An isothermal die with 
a rectangular section and channel inner and outer 
angles 90° and 0°, respectively, was used. In 
Ref. [23] it was shown that such processed alloy 
had a homogeneous and thermally stable UFG 
structure and exhibited superior superplastic 
behavior with elongations from 3000% to 4100% in 
the temperature range of 400−475 °C at strain rates 
of 10−2−10−1 s−1. In the present study the 
investigated temperature−strain rate interval was 
somewhat extended. Simultaneously, the structural 
and mechanical behavior of the ECAPed alloy was 
evaluated upon subsequent cold and warm rolling to 
compare with that after MIF. In particular, it was 
important to check out whether the excellent 
superplastic properties could be preserved after 
rolling the UFG alloy. 

Plates for warm and cold rolling with 
dimensions of about 60 mm × 25 mm × 10 mm 
were machined from the MIF- and ECAP-processed 
billets. Warm rolling was carried out under the 
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Fig. 1 Microstructures of homogenized 1570C alloy 
ingot: (a) OM; (b) EBSD analysis; (c) TEM 
 
isothermal conditions at 325 °C with a reduction of 
about 85%, while CR was performed at room 
temperature to a strain of about 80%. In all cases, 
the rolling direction (RD) coincided with the last 
drawing axis under MIF [1] or with the last 
direction of ECAP. 

The evolved deformation structures were 
examined in the billet longitudinal plane (after 
MIF), plate normal plane (after ECAP) and sheet 
plane (after rolling) by conventional methods of 
optical metallography (OM), transmission and 

scanning electron microscopy (TEM and SEM, 
respectively). OM was performed with a Nikon 
L-150 optical microscope after polishing and 
etching of the samples in Keller’s reagent. The 
samples for SEM and TEM were electropolished at 
20 V in 30 vol.% HNO3 and 70 vol.% CH3OH 
solution at −28 °C with use of a polishing unit 
Tenupol-5. SEM, including electron backscatter 
diffraction (EBSD), was carried out with 
implementation of a microscope TESCAN MIRA 3 
LMH with a field emission gun, which was 
equipped with the Oxford Instruments HKL 
Channel 5 system. TEM was performed with an 
electron microscope JEOL−2000EX. The sizes of 
(sub)grains and the angular parameters of the 
structure, including the average misorientation 
angle of intercrystallite boundaries (θave) and 
fraction of high-angle boundaries (fHABs), were 
measured in the EBSD analysis after the standard 
noise-reduction procedure [24]. The scan areas 
were varied from 100 μm × 100 μm to 
200 μm × 200 μm and the scanning step sizes were 
0.1−0.2 μm, depending on the dispersion and 
homogeneity of the analyzed structure. In the 
EBSD maps, the low-angle (2°≤θ<15°) and 
high-angle (15°≤θ) boundaries were highlighted 
with light-gray and dark lines, respectively. The 
intergranular boundaries with θ<2° were not taken 
into consideration. The sizes of new (sub)grains 
were measured by the “equivalent diameter” 
technique [25] (upon conversion of the 
measurements of the area of crystallites into a 
“circle equivalent diameter”), which was realized in 
the EBSD software [24]. 

Tensile samples with gauge length and width 
of 6 and 3 mm, respectively, were cut from the 
billets or sheets along the last drawing/pressing axis 
or RD. The tensile tests were carried out at ambient 
and elevated (350−520 °C) temperatures, using a 
universal testing machine Instron 1185 operated   
at a constant crosshead speed. The Vickers hardness 
was evaluated at room temperature on a semi- 
automatic hardness measurement device Metrotest 
ITB-1-M. 
 
3 Results and discussion 
 
3.1 Structure of alloy processed by MIF 

MIF resulted in substantial grain refinement, 
upon which the initial alloy structure (Fig. 1) was 
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replaced by a relatively uniform bimodal structure 
with the average size and a volume fraction of 
(ultra)fine grains of 2.2 µm and 0.75−0.80, 
respectively (see Figs. 2(a−d) and 3). Consequently, 
nearly 20% of the material volume was presented 
by almost equiaxed remnant fragments of original 
grains, which contained subgrains with the mean 
crystallite size of 1.9 µm (Figs. 2 and 3). The 
average misorientation angle of intercrystallite 
boundaries and the fraction of high-angle 
boundaries in such structure were 31.4° and 0.78, 
respectively. It should be noted (see Fig. 3) that the 
size of (ultra)fine grains developed after high MIF 
strain was commensurate to that of subgrains. Thus, 
it can be imagined that the microstructural 
evolution, resulting in grain refinement during MIF 
of the present alloy, occurred due to an increase in 
the misorientation of strain-induced low-angle 
boundaries, which progressively transformed to 
high-angle boundaries without a notable growth  
of new grains. Their development could be, 
therefore, conditioned by continuous dynamic 
recrystallization [26,27]. 

The fine-grain structure produced by MIF 
resulted in increased rollability of the alloy. Namely, 

the samples were successfully rolled without 
cracking at both 325 °C and ambient temperature 
up to the total engineering strain of beyond 80%. 

 
3.2 Microstructures after MIF and subsequent 

rolling 
After WR the coarse fragments, retained in the 

alloy structure after MIF (see Fig. 2(a)), were 
aligned toward the RD and noticeably decreased in 
size (Fig. 4(a)). Therewith their volume fraction 
reduced to about 0.10, testifying to continuation of 
grain refinement. The latter could occur due to 
progressive (continuous) transformation of remnant 
grains by grain subdivision or occurrence of 
geometric dynamic recrystallization or both. As 
shown in Ref. [19] coarse remnant grains are 
pancaked upon post-SPD rolling of Al alloy in 
accordance to the macroscopic billet reduction. 
Hence, the opposite boundaries of these grains can 
often touch each other at large strains, leading, 
thereby, to finer and more equiaxed grains. This 
grain refinement mechanism may be considered as 
a kind of geometric dynamic recrystallization [26]. 
Besides, judging by the TEM and SEM-EBSD  
data, the ultrafine (sub)grains in this structure also  

 

 

Fig. 2 Microstructures and related misorientation distributions of 1570C alloy processed by MIF (a−d) and ECAP (e, f): 
(a) OM; (b) TEM; (c, d, e, f) EBSD analysis 
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Fig. 3 Effect of thermomechanical processing, including 

MIF/ECAP and subsequent rolling, on (sub)grain size 

developed in 1570C alloy 

 
acquired an elongated shape and enhanced 
dislocation densities in their interiors (see 
Figs. 2(b, c) and 4(b, c)). This suggested that the 
deformation energy introduced by rolling was not 
completely relaxed in the fine-grained matrix   
and could be accumulated during processing.   
This causes an additional driving force for further  

transformation of grain structure via dynamic 
recrystallization [26]. In this way, it is also 
important to note that after rolling both the average 
misorientation angle and fraction of high-angle 
boundaries decreased to 26.8° and 0.63, 
respectively (see Figs. 2(d) and 4(d)), while the 
average grain and subgrain size reduced to about 
1.8 and 1.6 µm (Fig. 3). This implies that new 
arrays of intercrystallite boundaries with low-to- 
high angle misorientations developed additionally 
in fine-grained regions under rolling. Thus, the 
obtained data indicated that WR provided both 
further transformation of non-recrystallized areas 
and some additional grain refinement in the 
fine-grained fraction formed during MIF. 

Сold rolling, in turn, also led to elongation of 
both remnant and ultrafine grains, followed by 
development of a work-hardened lamellar-type 
structure (Figs. 5(a−d)). The SEM-EBSD analysis 
indicated that the main structural changes occurring 
in such structure on the mesoscale level were 
caused by the formation of a large number of new 
low-angle dislocation boundaries, which noticeably 
shifted the misorientation spectrum toward smaller 
angles and led to a more than twofold decreased 

 

 

Fig. 4 Microstructure and related misorientation distributions developed in 1570C alloy after MIF (a−d) and ECAP   

(e, f) and subsequent WR: (a) OM; (b) TEM; (c, d, e, f) EBSD analysis 
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Fig. 5 Microstructure and related misorientation distributions developed in 1570C alloy after MIF (a−d) and     

ECAP (e, f) and subsequent CR: (a) OM; (b) TEM; (c, d, e, f) EBSD analysis 

 

fraction of high-angle boundaries (Figs. 5(c, d)). 
Therewith, the average grain size was not virtually 
changed (and even increased in the rolling plane), 
while the size of subgrains decreased to 1.2 µm 
(Fig. 3). The TEM analysis revealed that such 
deformation structure in the alloy was developed in 
an apparently heterogeneous manner and consisted 
of separate areas with (sub)grains up to 1.0−1.5 µm 
in size, containing cells of 0.3−0.4 µm in size. 

 
3.3 Room-temperature mechanical properties 

The room-temperature hardness and tensile 
strength characteristics of the alloy after SPD and 
subsequent rolling are represented in Table 1. 
Besides, the appropriate data for the original cast 
1570C alloy, as well as T6-treated sheets, plates and 
bulk billets from high-strength age-hardenable 7075 
aluminum alloy, which is commonly used in marine, 
automotive and aviation applications due to its high 
specific strength [28,29], are also shown in Table 1 
for comparison. 

It is interesting to find out that MIF did not 
cause the alloy strengthening, while its ductility 
increased to a great extent. Such behavior may be 
conditioned by several factors. First, the ductility  

Table 1 Mechanical properties of 1570C aluminum alloy 

after various processing routes (in comparison with 

AA7075 alloy [28,29]) 

Alloy State HV YS/ 
MPa 

UTS/ 
MPa 

Elongation/
% 

1570C
(this

work)

Initial 105 240 355 28 

MIF 105 235 360 38 

MIF+WR 118 315 400 32 

MIF+CR 162 460 515 17 

ECAP 
(Bcz, e=10) − 310 390 31 

ECAP+WR − 295 400 25 

ECAP+CR − 530 560 13 

AA7075

T6 sheet [28]
(1.0−3.2 mm
in thickness)

− 469 538 8 

T6 plate [28]
(25.4−50.8 mm

in thickness)
− 462 531 6 

T6 [29] − 505 570 11 

 
was predictably increased in the material with 
rather uniform structure and low grain size. 
Therewith, the equal alloy strength before and after 
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MIF was probably due to the fact that the 
Hall–Petch (structural) strengthening caused by 
grain refinement (Figs. 2(a−d)) was compensated 
by softening owing to the strain induced  
coarsening of Al3(Sc,Zr) precipitates at an elevated 
temperature, as it was discussed in Ref. [30]. 
Namely, as it was found during high-temperature 
MIF of the present alloy, although much finer 
coherent particles with a coffee-bean-like 
diffraction contrast (see Fig. 1(c)) still persisted 
mostly within the grains at all strains, somewhat 
much coarser precipitates were developed in the 
vicinities of grain boundaries at high strains (see  
the insert of Fig. 2(b)). The reasons for such 
Al3(Sc,Zr) phase coarsening may be the enhanced 
diffusivity of dissolved atoms of Zr and Sc along 
high-angle boundaries as well as the loss of their 
coherency with the alloy matrix, owing to the 
interaction with these boundaries [31]. Hence, part 
of precipitates grew up during MIF, contributing to 
the material softening due to loss in dispersion 
hardening [30]. 

The strength characteristics of the 
MIF-processed alloy increased remarkably after 
subsequent WR, meanwhile, the elongations to 
failure slightly decreased (Table 1). This may be 
associated with the additional grain refinement and 
increase in dislocation density (Figs. 4(a−d)). Much 
more significant strengthening was observed in the 
cold rolled sheets: the hardness, yield and ultimate 
tensile strength increased by 1.5, 2.0 and 1.4 times, 
respectively. The level of the obtained strength 
characteristics was extremely high for the non-age- 
hardenable aluminum alloys: YS=460 MPa and 
UTS=515 MPa. Note, such a strength level of the 
1570С alloy was commensurate even with the 
appropriate values reached in the cold-rolled plates 
and sheets of the high-strength age-hardenable 7075 
aluminum alloy in the peak-aged condition (see 
Table 1). A significant increase in strength under the 
CR was caused by structural hardening owing to the 
formation of ultra-fine (sub)grains (Fig. 3), as well 
as by work hardening due to high-densities of 
dislocations and dislocation configurations 
accumulated in the course of rolling (see 
Figs. 5(a−d)). Although the alloy ductility 
simultaneously decreased; it is necessary to note 
that its level still remained quite high exceeding 

15%. As a result, the cold-rolled alloy demonstrated 
an excellent combination of strength and ductility at 
room temperature, being unique for non-heat- 
hardenable aluminum alloys. 
 
3.4 Superplastic characteristics 

The high-temperature tensile tests showed that 
the alloy after MIF exhibited extraordinary 
superplastic properties in the temperature interval 
of 400−500 °C and at strain rates of 10−3−10−1 s−1 
with elongation-to-failure of more than 500% and a 
strain rate sensitivity coefficient (m) up to 0.6 
(Figs. 6(a, b)). In general, the maximum m values 
monotonically shifted toward higher strain rates 
with the deformation temperature increasing. 
Therewith, approximately equal maximum 
elongations of about 2800% were reached at 450 °C 
and a strain rate of 5.6×10−3 s−1 and at 500 °C and a 
strain rate of 1.4×10−2 s−1. 

Meanwhile, the alloy after warm rolling 
treatment showed even higher superplastic 
characteristics (Figs. 6(c, d)). Like in the MIF- 
processed samples, the deformation temperature 
increase led to the enhancement in the maximum 
values of m and elongations-to-failure. Therewith, 
the peak of elongations shifted towards high strain 
rates up to 450 °C, while at high temperatures it 
postponed towards low strain rates. As a result, 
uniquely high elongations up to 3500% were 
reached under 5.6×10–2 s–1 at 450 °С, and about 
4000% under 5.6×10–3 s–1 at 500 °С. In addition, it 
should be claimed that also low-temperature 
superplasticity with elongations up to 880% and 
m=0.35 was detected at 350 °C under a high strain 
rate of 1.4×10–2 s–1. 

However, the alloy superplastic behavior 
changed for worse, when CR was performed after 
MIF (Figs. 6(e, f)). In this case, at all the testing 
temperatures, the maximum values of the strain rate 
sensitivity coefficient reached only about 0.3−0.4 in 
a narrow region of strain rates from 1.4×10−3 to 
1.4×10−2 s−1. Therewith, the maximum elongation to 
failure achieved at 1.4×10−2 s−1 and 400 °C did not 
exceed 1500%. None the less, the superplastic 
characteristics remained sufficiently high at strain 
rates corresponding to high-strain rate super- 
plasticity and could be also successfully used in 
industry. 
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Fig. 6 Strain rate dependencies of elongation-to-failure (a, c, e) and strain rate sensitivity coefficient (b, d, f) of 1570C 

alloy, at various temperatures after MIF (a, b), MIF with subsequent WR (c, d) and MIF with subsequent CR (e, f) 

 
3.5 Comparison of ECAP with MIF 

It is necessary to note that the alloy subjected 
to ten ECAP passes possessed a highly uniform and 
equilibrium UFG structure with equiaxed grains of 
about 1 µm in size with a volume fraction of 
90%−95% (see Figs. 2(e) and 3). fHABs and θave in 
such structure were as high as 0.89 and 36.3o, 
respectively (Fig. 2(f)) [23]. Thus, the comparison 
of the data obtained after ECAP and MIF pointed 

out that even despite the slightly lower strains 
applied at the same processing temperature 
(325 °C), the ECAPed structure was characterized 
by higher fractions of new grains and high-angle 
boundaries. Besides, the grain size after ECAP was 
almost half of the grain size developed during MIF. 
Obviously, these data may be ascribed to the 
different deformation schemes and stress−strain 
conditions, and mostly to the different strain rates 
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realized during MIF and ECAP. Thus, according to 
Ref. [32], the strain rate during MIF was about 
10–2 s–1, being approximately two orders of 
magnitude lower than that during ECAP. It is well 
known [32−34] that the size of grains formed at 
high-temperature SPD of aluminum alloys is 
determined by the unique dependence on the 
temperature−compensated strain rate (Zener− 
Hollomon parameter). Therewith, the higher the 
strain rate is, the finer the obtained grain size. 
Hence, a more refined grain structure should be 
expectedly processed by ECAP. 

Regarding the effect of implemented 
deformation mode, it is believed that simple shear 
induced by ECAP can be more effective for grain 
refinement than pure shear, appeared, for instance, 
in uniaxial compression or rolling [4]. However, 
MIF is also known as a more intense grain 
refinement technique, compared to uniaxial 
straining, due to the sequential changes in the 
direction of applied compression [35,36].  
Therefore, in the present work, although the 
difference in the angular parameters of the structure 
produced by ECAP and MIF has emerged, 
nonetheless it appeared to be not so prominent at 
high strains (Fig. 2). 

Like the MIF-processed billets, the ECAPed 
samples were also successfully rolled at both 
temperatures up to the total strains exceeding 80%. 
The appropriate typical SEM-EBSD structures are 
displayed in Figs. 4(e, f) and 5(e, f) for comparison 
with those after MIF. It is seen that, in contrast to 
MIF, WR after pressing scarcely resulted in any 
continuation of the recrystallization process of the 
matrix (Fig. 4). Therewith, the main parameters of 
the processed structure, involving the shape and 
size of new (sub)grains, and its angular parameters 
remained virtually unchanged. This implies that 
plastic flow during WR took place mostly via grain 
boundary sliding in the initially recrystallized UFG 
structure, which may be attributed to the relatively 
high rolling temperature [16,26]. It is noteworthy 
that due to the finer grain size developed by ECAP, 
this process could occur more easily and result in 
the dissipation of larger deformation energy than 
that after MIF [26]. 

CR, in contrast, led to the pancaking of grains 
with their dimensions increasing in the rolling plane 
(Fig. 3) and with new dislocation substructures 
developed inside them (Fig. 5). Therewith, the grain 

boundary spectrum of the work-hardened alloy was 
also characterized by quite high misorientations of 
strain-induced boundaries and prevailing fraction of 
high-angle boundaries. Thus, as compared to the 
MIF, the larger fraction of high-angle boundaries 
obtained after ECAP (Figs. 2(e, f)) provided higher 
uniformity of the microstructure evolved in CR. 

According to the Hall−Petch relationships [26], 
the ambient temperature strength of an alloy with a 
smaller (sub)grain size should normally be higher, 
as it was observed upon the testing of as-ECAPed 
and as-MIFed alloy (Table 1). It should be noted 
that the room-temperature mechanical properties of 
the alloy after ECAP were roughly the same as 
those after MIF and subsequent WR, while WR 
after ECAP did not provide any further alloy 
strengthening and even resulted in a lower ductility. 
Probably the strength limit, provided by a 
combination of structural (owing to grain 
refinement) and dispersion (mainly by aluminides 
of Sc and Zr) strengthening, was reached in the 
present alloy after SPD at a temperature of 325 °C. 
In contrast, the CR led to more significant 
work-hardening of the ECAPed alloy, even 
compared to that achieved after MIF. In that case, 
the ultrahigh values of yield and ultimate tensile 
strength of 530 and 560 MPa, respectively, 
accompanied with elongation of 12%, demonstrated 
by the non-age-hardenable Al alloy, subjected to 
ECAP and subsequent CR may also correspond to 
some virtual limits, showing the potential of 
improvement of its service properties under 
commercial manufacture. 

The similar conclusions could also be made 
from comparison of the alloy superplastic behavior 
after SPD and subsequent WR (Figs. 6(c, d) and 
7(c, d)). One may reasonably suggest that 
producing a more homogeneous and equilibrium 
grain structure with a majority of high-angle 
boundaries is essential to promote higher 
superplastic elongations. This can be caused by the 
higher uniformity and stability of the grain structure 
under straining, owing to the less intense abnormal 
and/or normal grain growth [23,26]. In addition, the 
main mechanism of structural superplasticity−grain 
boundary sliding is known to run preferably along 
high-angle grain boundaries and hence, superplastic 
deformation can occur more readily in an alloy with 
a larger fraction of high-angle boundaries and a 
smaller grain size, as mentioned above. Therefore,  
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Fig. 7 Strain rate dependences of elongation-to-failure (a, c, e) and strain rate sensitivity coefficient (b, d, f) of 1570C 

alloy at various testing temperatures after ECAP (a, b), ECAP with subsequent WR (c, d) and ECAP with subsequent 

CR (e, f) 

 

ECAP resulting in a more prominent reduction of 
the grain size and development of a higher  
fraction of high-angle boundaries in the present 
alloy (Fig. 2) was more beneficial than MIF for 
superplastic properties (Figs. 6(a, b) and 7(a, b)) 
and even resulted in a world record of superplastic 
elongations for structural superplasticity of wrought 
aluminum alloys (4100%), as it was well 
documented in Ref. [23]. Meanwhile, the difference 
in superplastic elongations became insignificant 

after subsequent WR, while the superplastic 
properties in the MIFed alloy rose additionally to 
the level corresponding to that after ECAP. Hence, 
roughly the same ultrahigh elongations and high 
strain rate sensitivity coefficients were achieved  
in both sheets processed by MIF and ECAP 
(Figs. 6(c, d) and 7(c, d)). 

Nearly close superplastic elongations and m 
values were also manifested by the alloy in both 
cold rolled sheets (Figs. 6(e, f) and 7(e, f)), even 
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though the ECAPed alloy exhibited a high 
elongation of about 1500% at lower temperatures 
and higher strain rates (for instance at 350 °C and 
10−1 s−1). Such behavior was conditioned by the  
fact that at processing of both sheets high fractions 
of high-angle boundaries were developed at the 
stages of MIF and ECAP, which were said to 
participate actively during CR as barriers and/or 
sources for lattice dislocations, resulting in intense 
dislocation structures formation in the areas of 
ultrafine grains (see Fig. 5). Such dominant 
dislocation-profuse areas provided a high driving 
force for fast grain coarsening and, thus, 
deteriorated the thermal stability of the UFG 
structures. This resulted in normal or abnormal 
grain growth either during soaking the material at 
testing temperatures or at earlier stages of 
superplastic flow at temperatures beyond 450 °C, as 
shown in Fig. 8. Besides, the high fraction of 
high-angle boundaries developed under SPD 

promoted an increase in the quantity of precipitates 
that lost their coherency and rapidly increased their 
size. As shown in Fig. 2(b) and discussed in the 
previous sections, this concerned the phases that 
were mainly located in the vicinity of initial and/or 
newly formed high-angle boundaries. In this way, 
increasing the fraction of high-angle boundaries can 
gradually decrease the restraining force (the 
stabilizing effect of precipitates on the structure of 
the matrix) during subsequent processing, for 
example, under further CR and annealing [30]. This 
could also result in degradation of the alloy 
superplastic properties, especially after ECAP and 
subsequent CR [18]. On the other hand, the finer 
grains with a larger fraction of high-angle 
boundaries inherited from ECAP could support 
grain boundary sliding  at lower temperatures and 
higher strain rates, thereby ensuring a better than 
after MIF+CR low- temperature and high strain rate 
superplasticity. 

 

 
Fig. 8 Typical microstructures developed in 1570C alloy after ECAP and subsequent CR upon 1 h annealing at   

400 °C (a), 450 °C (b), 500 °C (c) and 520 °C (d) 
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Thus, the use of thermomechanical processing 
involving both ECAP and MIF in combination with 
subsequent WR can result in an advantageous 
balance of close service and technological 
properties based on the effect of structural 
superplasticity. CR of the pre-ECAPed alloy led to 
its higher strengthening and slightly better 
low-temperature and high-strain rate superplastic 
properties than those from pre-MIFed billet. 
Meanwhile, the use of the MIF scheme instead of 
ECAP seems to be more favorable at ceteris paribus, 
since ECAP is a much more money-, time-, and 
effort-consuming procedure. 
 
4 Conclusions 
 

(1) MIF ensured a high potential for intense 
grain refinement and resulted in almost a 
homogeneous fine-grain structure with a grain size 
of about 2.2 µm and a volume fraction of around 
75%−80%. Upon subsequent WR, the mean 
(sub)grain size reduced to about 1.6−1.8 µm. The 
CR in turn led to formation of a highly deformed 
ultrafine-grain structure with the average (sub)grain 
size of 1.2 µm, containing a developed dislocation 
structure with a cell size up to 300−400 nm. 

(2) Amid the absence of substantial hardening, 
the fine-grained 1570C alloy processed by MIF 
showed significantly increased room-temperature 
ductility. Besides, the structural superplasticity with 
elongation to failure up to 2850% was achieved at 
temperatures of 400−500 °C in a wide range of 
strain rates, including high-strain rate 
superplasticity. 

(3) The subsequent WR led to moderate 
increase in the alloy strength parameters (hardness 
by 12%, yield strength by 30%, and ultimate tensile 
strength by 11%) along with insignificant decrease 
in its ductility. To the contrary, a notable increase in 
the strength was observed in the cold-rolled sheets. 
The achieved strength characteristics were 
therewith rather high for the non-age-hardened 
aluminum alloy: yield strength of 460 MPa, tensile 
strength of 515 MPa. 

(4) The alloy superplastic characteristics 
obtained by MIF were further improved by 
subsequent WR. Therewith, the extraordinarily high 
elongation of 3500% was observed at temperature 
of 450 °C and strain rate of 5.6×10−2 s−1, and 
4000% at 500 °C and 5.6×10−3 s−1. After CR, in 

contrast, the alloy manifested moderate superplastic 
properties: the maximum elongation to failure of 
1500% was achieved at 1.4×10−2 s−1 and 400 °C. 

(5) Employing ECAP to strain of 10 instead of 
MIF before WR resulted in the essentially same 
room temperature and superplastic properties of the 
processed sheets. The CR of the ECAPed alloy, in 
contrast, led to somewhat higher strengthening and 
better superplastic elongations than those after CR 
following MIF. Meanwhile, the use of MIF in 
combination with rolling seems to be more 
preferable than ECAP, since the latter is a much 
more expensive and more time- and energy- 
consuming procedure. 
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不同热变形工艺大塑性变形加工 
超细晶 1570C 铝合金的组织、强度和超塑性 
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摘  要：将 Al−5Mg−0.18Mn−0.2Sc−0.08Zr−0.01Fe−0.01Si(质量分数，%)合金铸锭进行多向等温锻造(应变 12)或等

径角挤压(应变 10, 325 °C)，再进行热轧(325 °C)和冷轧(20 °C)，对比研究合金变形后的组织和力学行为。结果表

明，对(亚)晶粒尺寸 dUFG=2 μm 的超细晶组织合金进行多向等温锻造后，其室温延展性提高，超塑性伸长率可达

2800%。通过热轧进一步细化晶粒，后续再通过冷轧形成高位错密度的严重变形组织，合金的屈服/极限抗拉强度

从多向等温锻造后的 235/360 MPa 分别提高到热轧和冷轧后的 315/460 MPa 和 400/515 MPa。同时，热轧使超塑

性伸长率提高到 4000%，而冷轧后的伸长率仍然足够高(高达 1500%)。与多向等温锻造相比，经等径角挤压后合

金的晶粒细化程度更高(dUFG=1 μm)，强度和超塑性性能均得到提高。然而，热轧后此效果有所减弱，加工后的板

材具有同等的性能。与多向等温锻造后再冷轧的合金相比，经等径角挤压后再冷轧的合金强度更高，超塑性性能

略好。 

关键词：铝合金；大塑性变形；轧制；晶粒细化；力学性能 

 (Edited by Xiang-qun LI) 


