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Bulk nanostructured, or ultrafine-grained metals and alloys structured by severe plastic de-
formation (SPD) methods usually demonstrate high strength and reduced ductility. The
poor ductility is a critical issue which limits their practical applications. Significant efforts

were made to improve tensile ductility of the SPD-processed metallic materials while keep-
ing sufficiently high strength. In this paper we present a short overview of the developed
approaches for simultaneous improvement of the strength and ductility of Al-based alloys
with an emphasis on the recent finding and physical reasons of the plasticity enhancement.
The main attention is paid to achieving increased ductility of high strength aluminum alloy

at room temperature.
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1. INTRODUCTION

Aluminum and Al-based alloys are very attractive for wide
application in various industries such as aerospace, ship-
building, automotive and electrical engineering. A wide de-
mand for these materials is primarily due to the successful
combination of such physical characteristics as high electri-
cal conductivity, corrosion resistance and low specific
weight. The main disadvantage of Al and its alloys is their
relatively low strength, which, for example, does not allow
the use of Al in its pure form to create wires for overhead
power lines, so aluminum wires have to be reinforced with
a steel core [1]. The latter leads to an increase in power
losses during the electric current transmission, a complica-
tion of technology and an increase in the cost of the wire
production. In order to increase the strength of Al alloys, in
addition to suitable alloying, an approach associated with
the formation of ultrafine-grained (UFG) structure with a
grain size of 100 to 1000 nm or nanocrystalline (NC) struc-
ture with a grain size <100 nm by methods of severe plastic
deformation (SPD) is becoming increasingly attractive,
since, in accordance with the Hall-Petch relation [2], the re-
finement of the grain structure generally leads to a signifi-
cant increase in strength. There are many researches where
this approach was successfully demonstrated for a number

of commercial Al alloys, such as AAI1350[34],
AA1570 [5], alloys of the 6xxx [6,7,8], 2xxx series [9,10]
and others. However, in addition to achieving high strength,
in all these works, after the formation of UFG or NC struc-
tures, a significant drop in the ductility was observed, in
some cases almost to a brittle state, which greatly limits the
possibility of introducing these materials in industry.

It is known that in UFG and NC metals and alloys, plas-
tic deformation can occur due to motion of lattice disloca-
tions, if the grain size is larger than a certain critical value,
and due to action of mechanisms associated with grain
boundaries (GBs), such as grain boundary sliding (GBS),
twinning, emission of dislocations from GBs, if the grain
size is smaller than a certain critical value [11]. With a de-
crease in the grain size and, accordingly, with an increase in
the volume density of GBs, the processes of plastic defor-
mation associated with GBs will dominate. The activation
energy of these processes is comparable to the energy of
crack generation; therefore, the implementation of these
processes will be difficult [12].

In general, the trade-off between strength and ductility
is a traditional problem in materials science and engineer-
ing. These two properties are generally mutually exclu-
sive. Therefore, for practical applications, one usually has
to choose between high strength or high ductility, not both
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as desire. Hence it is necessary to search for effective
methods for increasing the ductility in UFG and NC Al-
based alloys while maintaining high strength. Several re-
search groups reported on metallic NC and UFG materials
with good ductility and high-strength at ambient tempera-
tures and superplasticity at high temperatures; see, for ex-
ample, reviews [13—17]. Meanwhile, however, signifi-
cant advances have been made in this field in the last few
years. This paper provides a brief overview of the main
currently known approaches to increase the ductility of
UFG and NC Al alloys while maintaining a high level of
strength with an emphasis on the recent findings and
physical reasons of the ductility enhancement. Particular
attention is paid to the recently proposed new approach
to increase ductility while maintaining a high level of
strength, based on recently discovered two fundamen-
tally new phenomena in UFG Al: hardening by anneal-
ing, or annealing-induced hardening (AIH) [3,18,19],
and an increase in ductility as a result of subsequent de-
formation after annealing, deformation-induced soften-
ing (DIS) [3,19], which are not typical for coarse-grained
(CG) polycrystalline metals.

2. MAIN APPROACH FOR IMPROVING
TENSILE DUCTILITY OF ULTRAFINE-
GRAINED AND NANOCRYSTALLINE
ALUMINUM-BASED ALLOYS

Traditionally, approaches for improving tensile ductility of
UFG and NC materials are divided into two groups. The
first group implies a variation of testing parameters, such as
rate, temperature, type of deformation, etc., in other words,
the determination of testing conditions in which increased
plasticity is realized. In this review, we will not consider this
approach in detail, since it is implemented mainly at ele-
vated temperatures and only in some aluminum alloys. We
will only briefly characterize this group of approaches and
present the currently available results of their application to
achieve improved tensile ductility (and even superplastic-
ity) in UFG and NC alloys based on aluminum. We will fo-
cus on the second group of approaches.

The second group of approaches is based on the con-
trol of microstructural parameters by forming the desired
microstructural elements that provide ductility enhance-
ment in UFG and NC materials. Usually, such approaches
are briefly called as microstructural design or microstruc-
tural engineering.

2.1. Variation of testing parameters
In accordance with the Hart’s criterion [20], uniform de-

formation turns to the stage of deformation localization
under the condition:
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ES(I—W!)'G, €))

do . . . . . .
where d_ is strain hardening, o is flow stress, € is strain,
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is strain rate sensitivity coefficient, €' is strain

With a high value of the strain rate sensitivity coeffi-
cient (m), the material can effectively resist inhomogene-
ous deformation even in the absence of significant strain
hardening. In metals with face-centered cubic crystal lat-
tice, when the grain structure is refined to a nanosize [21],
an increase in the sensitivity to the strain rate is observed,
especially at low strain rates [13,14].

It is known, that at high homologous temperatures
(T >0.5T,,, where 7,,, is the melt temperature), strain rate
sensitivity coefficient in UFG and NC alloy could become
high (m =0.2-0.4), which is typical for diffusion-con-
trolled GBS [12]. The latter could significantly improve
the stability of uniform deformation, leading to superplas-
ticity. A similar result was demonstrated in Refs. [22,23],
where it was shown that UFG alloys of the 7xxx series
manifested superplasticity.

In Ref. [22], during mechanical tests in the strain rate
range of 102-10*s™! at elevated temperatures (120—
200 °C) samples of UFG industrial AA7475 (Al-Zn—-Mg—
Cu) alloy demonstrated the ability to superplasticity at
high values of the strain rate sensitivity coefficient
(Fig. 1). The elongation to failure at a temperature of
200 °C and a strain rate of 5x10™* s7! reached a value of
~700%, a strain rate sensitivity coefficient was equal to
m = 0.73 in the stain rate range 5101073 s~! [22].

In Refs. [23,24], similar results were obtained for the
UFG Al-4.8Zn-1.2Mg—0.14Zr (wt. %) alloy. During me-
chanical tensile tests at elevated temperatures (120-
170 °C) in the strain rate range of 10107 s7!, the value
of elongation to failure reached 500%, the strain rate sen-
sitivity coefficient being equal to m = 0.4.

Separately, it is worth noting highly alloyed UFG Al
alloys of the Al-Zn system [25,26,27], which having a
high strain rate sensitivity coefficient m, demonstrated not
only high ductility, but even superplasticity at room tem-
perature (7 < 0.57,,). According to Refs. [25,26], such
high ductility is explained by the intensification of GBS
processes, which are characterized by high values of strain
rate sensitivity coefficient m.

For example, in Ref. [27], the Al-30Zn alloy (wt. %)
with UFG structure demonstrated ductility of ~ 105—
160% at room temperature (RT) in the strain rate range
of 103-107* s7!, the strain rate sensitivity coefficient var-
ied within 0.24-0.29. Such superplastic flow in high-
alloyed Al-Zn system at RT is associated with extremely
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Fig. 1. Stress-strain curves for samples of UFG alloy AA7475 obtained at different strain rates at elevated temperatures: (a) 120 °C,
(b) 170 °C, (c) 200 °C, (d) Flow stress-strain rate curve with determined strain-rate sensitivity coefficient for various temperature.
Reproduced from Bobruk et al. [22], with permission, © 2018 Wiley-VCH Verlag.
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Fig. 2. (a) Stress-strain curves at the strain rate 5.5x10° s”! and RT, (b) change in ultimate stress and the values of the strain rate
sensitivity coefficient m for the Al-30Zn (at. %) alloy processed by HPT. Reproduced from Edalati et al. [25], with permission (Open

Access), © 2018 Nature Publishing Group.

high level of Zn segregation (even wetting) at
GBs [26,27]. In Ref. [25], UFG Al-30Zn (at. %) alloys
processed by high pressure torsion (HPT) (SPD state in
Fig. 2) demonstrated superplasticity at RT in a wide
strain rate range of 5.5x107°-1072 s/, strain rate sensitiv-
ity coefficient varied within 0.18-0.41. Maximum elon-
gation of 480% was achieved, when tested at a strain rate
of 5.5x1075 571,

High ductility > 80% at RT has been also achieved in
HPT-processed Al-7Si (wt. %) alloy, which had a strain
rate sensitivity coefficient of ~ 0.14 (Fig. 3) [28].

Thus, the results shown above indicate that the super-
plasticity of aluminum-based UFG alloys can be obtained
not only at elevated temperatures, but at RT, with GBS
playing a key role in the plastic deformation process, as
evidenced by the high values of the strain rate sensitivity
coefficients.

However, it should be noted that such outstanding val-
ues of ductility (and even superplasticity) were manifested
either when tested at elevated temperatures at certain
strain rates and, as a rule, were accompanied by a signifi-
cant decrease in strength, or required high alloying, which



D.I. Sadykov, A.M. Mavlyutov, T.S. Orlova

(@)
300 . . . . :
P AL7%Si
NN, HPT: 6.0 GPa, 208 K
B0F 4 *o M T= 1 10 "
- ., T=298K 1.0x107s
b Number of tuns

§ 200 | \‘ s o —y ]
= \ 1 ‘- — 14
= 1 ;¢
2 150} i Ny -
8 i ! y —5
@ | 1 i

100 T i .

0 i
1 !
50 A
u i i i i i
0 02 04 06 08 1 12
Strain

(b)
Equivalent strain
0 20 40 60 80 100
0.15
- G -
=
2 0.1 ’ %
2 ?
3 ’
2 b
2 /
5 ’
3 005 /
o i
M’ Al-T%Si
HPT: 6.0 GPa, 208 K
0
1] 2 4 & 8 10 12

Number of HPT tumns

Fig. 3. (a) Stress-strain curves for the samples of Al-7Si (wt. %) alloy at RT, (b) strain-rate sensitivity and strain changing depending
on the number of HPT turns. Adapted from Mungole et al. [28].
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Fig. 4. Concept of a bimodal grain distribution, leading to an increase in plasticity, in the exemplary case of the Al-7.5Mg (wt. %) alloy
(CG — coarse grain, UFG — ultrafine grain). Reproduced from Lee et al. [30], with permission (Open Access), © 2010 Springer.

provided wetting of GBs and promoted implementation of
GBS mechanisms under RT conditions [25]. Thus, it can
be concluded that this group of approaches is quite effec-
tive for finding the optimal operating modes for some in-
dividual aluminum alloys, but is not universal for solving
the problem of combining high strength and ductility in a
wide range of UFG Al alloys.

2.2. Microstructural engineering

As noted above, to increase plasticity, of greatest interest
are approaches based on the design of the microstructure
— the creation of specific regulated structures that in-
crease the ability of UFG or NC materials in a high-
strength and even superstrong state to plastic deformation
at ambient temperatures.

2.2.1. Formation of bimodal structure
First of all, such approaches include the formation of a bi-

modal structure by various methods [12,29]. This ap-
proach involves the introduction of coarse grains (up to

several microns in size) into the UFG (or NC) matrix ma-
terial. The concept of this method is that the UFG/NC ma-
trix provides high strength, while coarse grains suppress
the growth of cracks by blunting their tips due to the emis-
sion of lattice dislocations. In this case, the accumulation
of lattice dislocations inside the volume of coarse grains
provides strain hardening, which leads to an increase in
the magnitude of plastic deformation before failure. This
approach is shown schematically in Fig. 4.

In order to obtain such types of structures in Al alloys,
powder metallurgy methods are generally used, in partic-
ular, mixing of nanosized powders obtained by cryomill-
ing with conventional (micron-sized) powders, followed
by consolidation of the resulting mixture by various meth-
ods [29-35]. As a result of the formation of a bimodal
structure, an increase in ductility was observed while
maintaining a high level of strength in a number of UFG
Al alloys. For example, in Ref. [29], a bimodal grain struc-
ture was formed in the AAS5083 alloy by cryomilling and
subsequent consolidation at elevated temperatures, which
demonstrated acceptable plasticity (8.4% elongation to
failure) and, at the same time, a high level of ultimate
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tensile strength (462 MPa). A similar approach was also
applied for the Al-7.5Mg alloy [30]. By increasing the
proportion of coarse-grained powder to 30%, it was possi-
ble to increase plasticity by more than 2 times, while the
yield strength decreased only by 15% compared to that in
a sample with a completely homogeneous UFG struc-
ture [30]. As a result, an outstanding combination of rea-
sonable ductility (8 ~7%) and ultrahigh

Ggl;gwcv' ~ 760 MPa was achieved.

strength

In addition to powder metallurgy methods, a combina-
tion of SPD and annealing can be used to form a bimodal
structure. In Ref. [36], Al-2.5Cu (wt. %) and Al-2.5Cu-—
0.3Sc (wt. %) alloys processed by equal channel angular
pressing (ECAP) at room and cryogenic temperatures
were studied. During ECAP at cryogenic temperature, a
bimodal grain structure was formed in the alloys. The for-
mation of such a structure is due to the effect of low tem-
perature on the process of activation of dislocation slip
and, as a consequence, the difficulty of forming a subgrain
structure at cryogenic temperature. After the deformation
processing, the samples were subjected to aging at 125 °C
for up to 40 hours. It is shown that samples after ECAP at
cryogenic temperature demonstrate increased strength and
plasticity compared to samples after ECAP at RT, and sub-
sequent aging leads to an additional increase in strength
and plasticity while maintaining a bimodal grain size dis-
tribution.

It was shown in Ref. [37], that after 7 cycles of accu-
mulative roll bonding (ARB) at RT and annealing at a tem-
perature of 300 °C for 30 min, a bimodal structure is
formed in samples of the AA5052 alloy. As a result, the
ductility after annealing significantly increased (& ~ 16%),
however the strength, although it exceeded the values in
the state before ARB processing, decreased by more than
two times (o ~ 260 MPa).

In a number of special multicomponent alloys, a bi-
modal structure can be formed directly during SPD at el-
evated temperatures. As shown in Ref. [38], after ECAP
at elevated temperatures (7 = 325 °C) in samples of the
1570C alloy (Al-5Mg—0.18Mn—0.2S¢c—0.08Zr—0.002Be
(wt. %)), a bimodal grain size distribution was formed.

In recent years, significant progress in obtaining bi-
modal structures from initial powders has been achieved
through the use of additive technologies (AT) [39]. It was
shown in Ref. [39] that the samples of the Scalmalloy (Al-
Mg—Sc—Zr) alloy obtained by additive manufacturing
methods (in particular, by the method of selective laser
melting (SLM)) has a bimodal structure (Fig.5) and
demonstrates very impressive strength (o4 ~ 415 MPa)
and ductility (6 ~14-17%). The Sc-/Zr-modified Al-al-
loys (Scalmalloy) is well processable with SLM, reaching
densities > 99%. The reasons for the bimodal grain size
distribution are not yet fully understood. As assumed in

Fig. 5. EBSD map of a sample (the Scalmalloy Al-Mg—Sc—Zr
alloy) manufactured with SLM, showing a bimodal grain size
distribution. EBSD — electron back scattering diffraction.

Refs. [40,41], a high number of Al-Sc seed crystals are
formed during consolidation, favoring the formation of
fine-grained material, whereas the CG-regions are formed
in areas, where the density of such seed crystals is reduced.
In such areas, grains grow along the cooling gradient,
leading to the formation of coarser elongated grains, as
typical for additive manufacturing (AM) processed mate-
rials. As a result, areas with a fine-grained microstructure
alternate with areas of coarser elongated grains. Due to the
relatively high cost of scandium and manufacturing tech-
nology, such alloys are not considered promising for com-
mercial applications, although their properties are quite
excellent. In addition, the number of conventional alumi-
num alloys that do not have inherent and substantial pro-
cessing difficulties by AT is limited.

Thus, there is no doubt that the formation of a bimodal
structure can provide an increase in plasticity in UFG ma-
terials, while maintaining an increased level of strength
compared to the CG state, as shown above. However, it
should be noted that the strength of materials with this type
of structure will be lower compared to UFG materials with
totally uniform UFG structure [42]. In addition, the for-
mation of a bimodal structure in Al-based alloys is usually
carried out using cryogenic temperatures or expensive ad-
ditive technologies, the latter being applicable only to a
narrow range of systems.

2.2.2. Introduction of nanosized precipitates
Another approach to create a microstructural design that

provides a simultaneous increase in the yield strength
and ductility is the introduction of nanosized precipitates
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of secondary phases into the structure [43]. The concept
of this approach is that when nanosized precipitates are
introduced into the volume of UFG (NC) grains, un-
sheared nanosized precipitates contribute to the accumu-
lation of dislocations inside the grains, which in turn
leads to increased strain hardening and an increase in
plasticity. In addition, nanosized precipitates lead to the
suppression of dislocation glide, increasing the stress re-
quired to move dislocations through such particles,
which should lead to an increase in the yield
strength [42].

The most common method for introducing nanoscale
precipitates into the grain structure is the aging (artificial
or natural) of UFG (NC) alloys in the state of a supersat-
urated solid solution [44-52]. There are also known
cases of the formation of nanoprecipitates during SPD at
elevated temperatures [53,54].

This approach has been successfully realized on vari-
ous systems of precipitation-hardened aluminum alloys,
such as Al-Zn-Mg [46], AI-Mg-Si [47,48,55], Al-Cu-—
Mg [56], Al-Zn—Mg—Cu [57] alloys and Al-10.8Ag
(wt. %) alloy [49]. For example, the authors of Ref. [46]
studied the AA7075 alloy with nanostructure formed dur-
ing rolling at a cryogenic temperature. In order to form
particles of the secondary phase, annealing was carried out
at low temperatures of 50 °C and 80 °C for 5 and 9 hours,
respectively. As a result of the formation of a large number
of particles of n and 1' phases after annealing, the yield
strength 615 MPa and plasticity > 10% were achieved.
Thus, the yield strength increased by ~ 12%, and the plas-
ticity increased by about 2 times compared with the NC
state without precipitates. The AA7075 alloy was also
studied in Ref. [54]. However, in this case, nanoscale pre-
cipitates (CrMn, metastable phases n,, and 1) were re-
vealed after ECAP performed at a temperature of 250 °C.
As a result, the yield strength of this alloy was ~ 350 MPa
and ductility ~ 19-20%. Similar results were also obtained
for AA6060 [58], AA6061 [55,59], AA6063 [47], and
Al-10.8Ag [49] alloys.

In Ref. [44], a rather interesting method was shown
to modernize the described approach via the precipitation
optimization and texture design. In this work, the A12024
(Al-4.3Cu-1.5Mg—0.6Mn—0.5Fe—0.5Si-0.3Zn (wt. %))
alloy was studied. In order to optimize the distribution of
precipitations, formation of its embryo (nanoclusters) of
precipitates was used. Initially, in order to obtain precip-
itates, a series of annealing was carried out at a tempera-
ture of 433 K for 10, 23, and 43 hours. Then the samples
were subjected to the cold rolling (CR) method, followed
by repeated annealing at temperatures of 373 and 433 K
for 100 and 150 hours. As a result, the alloy samples an-
nealed for 10 hours at 7=433 K, after CR [44] and re-
peated annealing at 7=373 K for 150 hours, demon-
strated high ductility (~ 10%) and very high strength
(~ 675 MPa). The authors explain the achievement of
such high values of strength and plasticity simultane-
ously by the following processes (Fig. 6). An appropriate
fraction of deformable precipitations was introduced into
the CG matrix by preliminary aging, which facilitated
fast reduction of (sub)grain size during subsequent CR
and formation of nanolaminated structure with strong
texture. At high SPD by CR, the strain-induced dissolu-
tion of primary (initial) precipitates in the matrix occurs,
accompanied by the formation of high-density clusters of
alloying atoms at dislocations inside nanosized grains. It
is assumed that during subsequent annealing, these clus-
ters serve as nuclei for the formation of nanoscale pre-
cipitates, which prevent the movement of dislocations,
and also promote accommodation of plastic deformation
under loading, leading to an increase in both strength and
plasticity. The layered structure, in view of the high tex-
tural hardening (~ 110 MPa), is also involved in provid-
ing high strength (its relative contribution to the total
strength was 20-25%).

It should be noted that this approach to achieve a
combination of high strength and high ductility by intro-
duction of nanoscale precipitates can only be applied to
age-hardenable alloys [60].
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Fig. 6. A schematic showing the precipitation optimization in NS A12024 alloy. Adapted from Xu and Luo [44].
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2.2.3. Introduction of nanotwins

The concept of this approach is to introduce nanosized
twins into grain interior. Since twin boundaries have sig-
nificantly lower energy compared to high-angle grain
boundaries (HAGBs), which are typical for UFG and NC
materials, they are much more resistant to the process of
migration and serve as barriers for moving dislocations,
resulting in dislocation accumulation in grain interior. The
latter provides an increase in strain hardening and, as a
consequence, an increase in plasticity. Twins also well
contribute to strengthening.

This approach is mentioned in this review solely to
create the integrity of the review. Despite the fact that this
approach has been successfully used to increase plasticity
in NC Cu [61] and steel [62], it cannot be applied to UFG
and NC aluminum and its alloys due to the high stacking
fault energy in aluminum lattice [63]. However, it should
be noted that there are a few studies where the authors
claim to have observed twin structures in some UFG and
NC Al-alloys of the Al-Mg system [64,65,66]. Just re-
cently, a study [67] was published, which showed that
twinning deformation can be used to overcome the limita-
tion of work hardening, which leads to a decrease in duc-
tility in UFG Al alloys. However, in Ref. [67], a special,
high-entropy UFG Aly3;CoCrFeNi alloy has been studied.
Despite the fact that the impressive mechanical character-
istics (the yield strength 900 MPa, the ultimate tensile
strength 1074 MPa, plasticity ~ 25%) were achieved as a
result of the formation of a large number of deformation
nanotwins, which contribute to the accumulation of dislo-
cations in grains [67], similar high-entropy alloys are be-
yond the scope of this review and mentioned only to com-
plement the modern state of research in this direction.

2.2.4. Creating a defect-free structure

This approach was demonstrated in Ref. [68], where a
bulk NC Al-5Mg (at. %) alloy was produced using in
situ consolidation through mechanical alloying during
milling at liquid nitrogen [68]. As a result, the micro-
structure with the average grain size of 26 nm with a rel-
atively narrow grain size distribution was obtained, a su-
persaturated solid solution of Mg in aluminum matrix
was formed. This alloy demonstrated the ultimate tensile
strength of 742 MPa and yield stress of 620 MPa, elon-
gation to failure reached 8.5%. The authors believe that
the observed strain hardening is associated with the ac-
cumulation of dislocations during plastic deformation.
The authors also explain such good plasticity by the fact
that the proposed novel technique of in situ consolidation
during milling permitted them to consolidate the material
without porosity and microcracks.

2.2.5. Other approaches

In Ref. [69], the Al-1Mg (wt. %) alloy was studied after
HPT treatment. It is known that at such low concentra-
tions, Mg in the Al matrix exists as a solid solution [70].
After HPT, the samples showed brittle fracture. Subse-
quent annealing for 10 minutes at 150 °C led to a signifi-
cant increase in ductility up to 20%, while the ultimate
strength decreased by only 25%. However, the authors do
not explain the physical reasons for this effect.

2.2.6. Grain boundary engineering

Alternative approach to enhance ductility of the UFG Al-
alloys can be grain boundary engineering. There are a
number of works that show that one of the ways to in-
crease the ductility of UFG aluminum is to change the
structure and state of GBs. Thus, in Ref. [71], an UFG
structure was formed in commercially pure aluminum by
the method of accumulative roll bonding (ARB), which
provided a simultaneous increase in both strength and duc-
tility with an increase in the number of ARB passes. This
effect was explained by formation of a large number of
HAGBSs during ARB processing. The authors believe that
GBs in the UFG structure are effective sources and sinks
for dislocations, and the probability of interaction between
dislocations and GBs in such a structure increases with the
number of ARB passes, therefore, the thermally activated
process of dislocation annihilation in GBs plays a decisive
role in increasing plasticity [71].

Recently, a new approach (also based on grain bound-
ary engineering) has been proposed to achieve high
strength and high plasticity in UFG Al and some UFG Al-
based alloys structured by SPD, which consists in a special
deformation-heat treatment (DHT) of the material after
SPD processing. Such deformation-heat treatment in-
cludes low-temperature short-term annealing and subse-
quent small additional HPT deformation of UFG or NC
alloys structured by HPT method [3,18,19,72-74]. It has
been demonstrated that the ductility of commercially pure
(CP) aluminum processed by HPT can be significantly in-
creased by short-term annealing at 150 °C and subsequent
additional deformation by HPT to 0.25 turns at RT [3]. In
UFG CP Al, very high ductility (41%), exceeding the duc-
tility of the CG material, was achieved, while maintaining
a high level of strength (Fig. 7) [3].

Such an increase in plasticity due to additional defor-
mation is not typical for CG structures. It was shown that
the effect of an increase in plasticity after additional HPT
deformation (plastification effect) was caused by the in-
troduction of an additional dislocation density into the
structure of HAGBs relaxed after annealing.
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Fig. 7. Stress—strain diagram of CP Al specimens: (1) initial CG
state, (2) after 10-revolution HPT at room temperature, (3) after
HPT and annealing at 150 °C; (4) after the treatment similar to
the treatment for (3) plus 0.25-revolution HPT at room tempera-
ture; (5) the same treatment as that for (4) plus annealing at
150°C for 1 h; (6) the same treatment as that for (5) plus 0.25-
revolution HPT at room temperature. Reproduced from Orlova
et al. [19], with permission, © 2018 Walter de Gruyter GmbH.

To explain the plastification effect, a theoretical
model was proposed [19,72]. According to the model,
the plastic deformation in UFG Al occurs through emis-
sion of lattice dislocations (LDs) from triple junctions of
GBs containing pile-ups of GBDs, glide of the LDs
across neighboring grains, their accumulation at and
climb along the opposite GBs (Fig. 8). The increase in
plasticity after DHT is due to the introduction of an ad-
ditional density of GBDs during additional deformation
into the HAGB structure relaxed after annealing. The
GBD pile-ups become relatively stronger and can emit a
large number of LDs under a relatively lower external
stress, which results in a relatively lower strength and
higher ductility of the UFG material. Thus, according to
Refs. [19,72], the nature of the increase in plasticity due
to deformation is associated with a change in the dislo-
cation structure of the GBs (the degree of nonequilibrium
of the GBs), which facilitates the emission of disloca-
tions from triple junctions.

It is noteworthy that the very short-term low-temper-
ature annealing of HPT-processed Al leads to an increase
in strength, accompanied by a drastic drop in ductility
almost to the brittle state, an effect that is absolutely not
typical for the CG state [3,19].

The effect of annealing-induced hardening (AIH) was
first discovered by Huang et al. [18] for Al structured by
the ARB method. An increase of the yield stress by about
8% was found after annealing of ARB-processed Al at
150 °C for 30 min. Later, a great increase in ultimate ten-
sile strength (50%) and yield strength (30%) was

achieved (Fig. 9) for HPT-processed Al due to similar
annealing at 150 °C for 1 hour [3,19].

In Ref. [18], the authors explain the effect of AIH in
ARB Al by a decrease in the dislocation density in grain
interior during annealing, which leads to a decrease in
the sources of dislocations in the grains and, conse-
quently, to an increase in the yield strength. Within the
framework of the model [19,72], the AIH effect and a
dramatic decrease in plasticity after annealing in HPT-
processed Al are due to relaxation of non-equilibrium
HAGBSs during annealing, which is accompanied by an-
nihilation of extrinsic dislocations at GBs, which leads
to depletion of the dislocation pile-ups, which are
formed at triple junctions under external stresses
(Fig. 8). Hence, an increase of external stress is re-
quired for dislocation emission and fewer dislocations
may be emitted. This explanation is in full agreement
with the experimental findings [3,19] for CP Al includ-
ing the effect of deformation temperature on the AIH
effect [75]. The colossal effect of AIH was also ob-
served for the Al-0.4Zr (wt. %) alloy [76,77]. The au-
thors convincingly showed that this effect significantly
exceeds the maximum possible dispersion strengthen-
ing in this system [76, 77] and therefore cannot be
caused by it. The authors believe that, similarly to the
case of CP Al, the AIH effect in UFG Al-0.4Zr (wt. %)
alloy is also associated with the relaxation of nonequi-
librium HAGBs [76,77,78]. An additional reason for
the increase in the strength of the UFG Al-Zr alloy
upon annealing is the formation of nanosized Al;Zr pre-
cipitates at grain boundaries, and most likely these two
processes are interrelated [76,77]. Relaxation of GBs
during annealing was directly observed in situ anneal-
ing experiment in a scanning transmission electron mi-
croscope [78].

In subsequent studies, a similar plastification effect
due to DHT ‘low temperature annealing (AN) + small
deformation (0.25 HPT)’ was found in the pre-aged (AG)
HPT-processed Al-1.5Cu (wt. %) [73] and Al-1.47Cu—
0.34Zr (wt. %) alloys [74]. An example of a significant
increase in ductility while maintaining high strength of
HPT-processed Al-1.47Cu—0.34Zr (wt. %) alloy is
shown in Fig. 10 [74].

It is known that some UFG Al-based alloys demon-
strate high ductility and even superplasticity due to the
high intensity of GBS processes and, as a result, a high
strain rate sensitivity coefficient (Section 2.1). It was
shown in Ref. [79] that the strain rate sensitivity coeffi-
cient in HPT-processed Al-1.47Cu-0.34Zr (wt. %) alloy
before and after DHT remains almost unchanged, which
indicates that the GBS does not play a key role in the
observed plastification effect (Fig. 11).
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Fig. 8. Model of a micromechanism of the process of a defect structure transformation in HPT-processed UFG material after annealing
and subsequent small HPT deformation (schematically): (a) UFG material with two pile-ups of GBDs that are modeled by +B-super-
dislocations (general view), (b) Magnified inset illustrating the initial defect structure, (c—g) Successive emission of pairs of LDs from
triple junctions A and B, their capture by the GBs AE and BF, and their climb along these GBs, (h) Defect configuration after the
(n — 1) event of the LD emission, (i) Emission of the n™ pair of the LDs. Reproduced from Skiba et al. [72], with permission, © 2020

Springer.

On the other hand, an increase in ductility while main-
taining a high level of strength is well explained by the
above model, developed for the HPT-processed
Al[19,74]. According to this model, the increase of plas-
ticity after annealing of the HPT-processed Al-1.47Cu—
0.34Zr (wt. %) alloy and additional 0.25 HPT deformation
is associated with introducing new dislocations into the re-
laxed structure of HAGBs. On the other hand, it can be
related to more homogeneous distribution of internal

stresses thanks to the different ‘dislocation—segrega-
tion/precipitation’ configurations at/near GBs after the ad-
ditional 0.25 HPT [74]. It should be noted that in both Al—
1.5Cu and Al-1.47Cu-0.34Zr (wt. %) alloys structured by
the HPT method, although a drastic drop in plasticity oc-
curred after low-temperature annealing, but the ATH effect
was not observed [73,74]. The authors of Ref. [74] explain
this by counter microstructural changes, such as a slight
increase in the average grain size, a decrease in the
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Fig. 9. Stress—strain diagrams of CP Al samples after HPT treat-
ment for 10 revolutions at: (1) RT, after subsequent annealing at
temperatures of (2) 363, (3) 403, (4) 423, (5) 473, and (6) 673 K,
and also in the initial CG state (7). Reproduced from Mavlyutov
et al. [3], with permission, © 2017 Springer.
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Fig. 10. Stress—strain curves of Al-Cu—Zr alloy in the (1) AG,
(2) AG +HPT, (3) AG + HPT + AN, (4) AG + HPT + AN +
0.25HPT states. Reproduced from Orlova et al. [74], with per-
mission, © 2021 Elsevier.

dislocation density, and a change in the parameters (size
and amount) of precipitates at GBs, which result in a
strength decrease.

3. CONCLUDING REMARKS

The UFG Al-based alloys typically exhibit high mechani-
cal strength and low tensile ductility, which severely limits
their practical application. Many efforts of researches
were directed on searching the way to improve the ductil-
ity of UFG and NC metals and alloys. The approaches to
improve tensile ductility are based either on manipulation
with testing parameters (temperature, strain rate and oth-
ers), or on idea of intelligent microstructural design in the
UFG materials. This paper overviewed the main ap-
proaches to increase ductility while retaining high level of
strength in UFG and NC Al-based alloys, with an empha-
sis on the recent finding and physical reasons of the plas-
ticity improvement.

700+
600 m=0.033+0.016 1
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400+ 4

S m=0.038+0.011

= 300-

5
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Fig. 11. Dependences of the flow stress at € = 1% on the strain
rate in logarithmic coordinates for the Al-1.47Cu—0.34Zr
(wt. %) alloy in the states: (1) AG + HPT, (2) AG + HPT + AN
+ 0.25HPT. Reproduced from Sadykov et al. [79], with permis-
sion, © 2022 Ioffe Institute.

We paid much attention to the recently suggested ap-
proach of plastification of UFG Al-based alloys, while
keeping high strength, through additional deformation-
heat treatment ‘low-temperature annealing + small addi-
tional deformation’ after SPD processing. Substantial in-
crease of ductility with keeping high strength was
achieved for UFG CP Al and Al-0.4Zr (wt. %), as well as
for UFG high-strength Al-1.5Cu and Al-1.47Cu-0.34Zr
(wt. %) alloys, structured by HPT processing. This most
probably points to the versatility of this approach for many
other alloys. However, such suggestion requires further
experimental research. According to Refs. [19,72], this
approach is based on modification of the GB network
structure. However, a number of questions remain unan-
swered:

— influence of the parameters of UFG structure, such
as the shape and size of grains, distribution of GBs on mis-
orientation angle, specific structure of GBs (presence of
segregation and/or precipitation etc.) on the effect of de-
formation-induced plastification and the associated AIH
effect;

— influence of type and magnitude of additional de-
formation on the plastification effect;

— temperature range and strain-rate range of manifes-
tation of the plastification effect and key microstructural
parameters affecting these ranges.

Despite the developed theoretical model [19,72] ex-
plaining quite well the plastification effect in HPT-
processed Al [3,19], the physical nature of the ductility en-
hancement in aluminum alloys after the DHT ‘annealing
+ deformation’ requires a deeper understanding, and the-
oretical description, including of such points as influence
of specific structural features of grain boundaries (segre-
gations and/or nanoprecipitates) on the effect of
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plastification in UFG or NC structures. Such knowledge
would contribute to the physical basis of developing alloys
with outstanding combination of high strength and high
ductility through grain-boundary engineering.
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IloBblIeHHASI JIACTUYHOCTH BHICOKONPOYHBIX YJIbTPAMeEJIKO3ePHHU-
CTBHIX AJIIOMHMHHEBBIX CILIABOB PH KOMHATHOM TeMImepartype (0030p)

I.HA. Caabikos'?, A.M. Masiwros?, T.C. Op.iosa'?

! Vuusepeurer U'TMO, Kpousepkekuii nip., 49, nutep A, Canxr-IlerepOypr, 197101, Poccus
2 ®uzuko-rexundeckuii unctutyT uM. A.®. Hodde Poccuiickoii akanemuu Hayk, [lonurexuuueckas yii., 26,
Canxkr-IlerepOypr, 194021, Poccust

AHHOTaIHSA. HaH KpaTKI/Iﬁ O630p TCOPECTUICCKUX Mogeneﬁ, OIMACBIBAIOIUX PA3JIMIHBIC 3CPHOTPAHUYHBIC HpeO6pa3OBaHI/I${, TIIpOUCXO0-
JAIUE B IITTaCTHYCCKU Heq)OpMI/IpoBaHHI)IX HaHOKPUCTAJUIMYECKUX MaTepHuaiax. ITokazana BakHast POJIb I'paHul] 3€PEH U UX Hpeo6pa-
30BaHUH B nponecce TUTACTUYECKON ue(i)opMauI/m HaHOKPHUCTAJUIMICCKUX MAaTEPUAJIOB. TeOpeTI/I‘{eCKI/Ie PE3YyIbTAThL 06Cy)KIIa}OTC$[ u
CpaBHUBAKOTCA ¢ UMCIOIUMUCS JaHHBIMU SKCIICPUMCHTAJIbHBIX HCCIICIOBAHUIN 1 KOMIIBIOTEPHOTO MOJACIMPOBAHUS.

Kniouesvie cno6a: anrOMUHUEBBIE CILUIABBI; yIbTPAMENKO3EPHUCTAs CTPYKTYPA; MNIACTHYHOCTh; MPOYHOCTD



