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The influence of the strain rate on the plasticization effect (PE) of ultrafine-grained (UFG)
Al−1.47Cu−0.34Zr (wt%) alloy structured by high pressure torsion. A significant increase in plasticity (more

than 2 times) while maintaining a high level of strength (ultimate tensile strength ∼ 465MPa) in the UFG alloy

was achieved as a result of additional deformation-heat treatment (DHT), consisting of low-temperature annealing

and a small additional deformation. It is shown that the PE after DHT is retained when the strain rate changes

from 10−4 to 10−3 s−1 and decreases by half with its further increase to 10−2 s−1. The values of the strain-rate

sensitivity coefficient for the UFG Al−1.47Cu−0.34Zr (wt%) alloy were determined in both states before and after

DHT. Possible reasons of the PE suppression at high strain rates (≥ 10−2 s−1) are discussed.
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1. Introduction

Aluminum-based ultrafine-grained alloys (UFG) are of

high interest due to their high applicability in aerospace,

energy, building and other industries [1]. One of the most

effective methods of forming microstructures of this kind is

the processing of materials by methods of the severe plastic

deformation (SPD) [2]. The materials with a UFG-structure

formed by the SPD methods usually exhibit a high level

of strength and, in some cases,
”
superstrength“ [1,3].

A key disadvantage of the UFG-materials is that in most

cases they have low plasticity [4], thereby reducing an

attractibility of their practical use. In connection therewith,

presently, a lot of attention is paid to develop scientifically-

based approaches aimed at improving the plasticity of high-

strength UFG-materials. The examples of these approaches

include formation of a bimodal structure [5–8], introduction
of nanosized precipitates of the secondary phase [9,10]
and etc. [3]. These approaches can be briefly characterized

as a microstructure design, i.e. creation of special structures,

which provide an increased plasticity in UFG-materials with

simultaneously maintaining a high level of the strength.

Fairly recently, we have proposed a new approach to

increase the plasticity in the UFG-materials exemplified

by the commercially pure aluminum (CP Al). This

approach consists in special deformation-heat treatment

(DHT), including low-temperature annealing and subse-

quent additional deformation [11]. The DHT in UFG CP

Al resulted in the increased plasticity in more than two

times while maintaining a high level of strength. It is not

typical for coarse-grained structures to have the increased

plasticity as a result of deformation. It has been shown

that the obtained effect of the increased plasticity in UFG

CP Al (the plasticization effect (PE)), is associated with

introduction of an additional dislocation density to the

annealing-relaxed structure of high-angle grain boundaries

(GBs). Subsequently, a theoretical model [12,13] had been

developed to implement the deformation in UFG Al by

emission of the lattice dislocations from the GB, their

sliding along the grain and incorporation into the opposite

GBs, and to explain the increased plasticity after DHT by

introducing the additional density of the grain boundary

dislocations (GBDs) into the annealing-relaxed GB structure

(by increasing the GB non-equilibrium degree), thereby

leading to easier dislocation emission from GBs. The

later studies have established PE manifestation in the

Al−1.5Cu (wt%) UFG alloy [14]. It aroused not only

scientific, but practical interest, as this alloy contains Cu,

which is a main alloying element in industrial alloys of the

2xxx series [15,16]. They are widely used as structural

materials in various industries [17]. Recently, we have

discovered for the first time a similar plasticization effect

in the three-component Al−1.47Cu−0.34Zr (wt%) alloy

with the UFG-structure [18]. After special DHT including

low-temperature annealing and subsequent deformation, the

plasticity in this material had increased in more than two
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times, which most likely points to versatility of this approach

for increasing the plasticity in various aluminum-based UFG

alloys.

Nevertheless, in order to implement the proposed ap-

proach to increase the plasticity of the Al-based UFG-alloys,

it is necessary to deeply study the physical nature of this

phenomenon, since at the present stage of the studies

the proposed theoretical model is not versatile and has

been developed, first of all, for pure Al. This model

has not included impact of alloying elements, which, as

is known [19–21], can significantly affect mechanisms of

the plastic deformation. In order to better understand the

physical nature of the plasticity increase effect due to the

deformation, it is important to study the impact of external

factors thereupon, such as a strain rate and temperature of

tensile test. Moreover, such studies are also important in

terms of practical use to reveal those temperature and rate

conditions, which are suitable for making parts or products

from high-strength UFG-alloys using various deformation

methods, and to determine possible operating conditions

thereof, as well.

It is known that the Al-based UFG-alloys exhibiting not

only high plasticity, but even superplasticity in some cases,

were highly sensitive to the strain rate [1,19,22–24]. In

accordance with the known Hart criterion [25], the uniform

deformation transforms to a deformation localization stage

provided that:
dσ
dε

≤ (1− m) · σ, (1)

where σ — the flow stress, ε — the plastic deformation,

m = d ln σ
d ln ε′

— the strain-rate sensitivity coefficient, ε′ — the

strain rate, dσ
dε — strain hardening rate (strain hardening

coefficient)
It is obvious that at quite big values of m the mate-

rial can effectively withstand heterogeneous deformation

even without significant deformation strengthening. The

increased value of the coefficient m is usually corelated

to activated grain boundary sliding, which results in more

uniform microplastic flow in the sample preventing macro-

localization processes with neck formation. It provides for

increased plasticity [26,27] or even leads to superplasticity

at the room temperature, as it was observed, for example,

for the Al−30Zn (wt%) UFG-alloy [19].
The present paper has investigated impact of the tensile

strain rate at the room temperature on the plasticization

effect in the Al−1.47Cu−0.34Zr (wt%) UFG-alloy, which is

structured by the high pressure torsion (HPT) and subjected

to special DHT as per a mode, which has been proposed

by the authors in the previous study [18].

2. Materials and experimental methods

The present paper investigates the Al−1.47Cu−0.34Zr

(wt%) alloy (hereinafter referred to as the Al−Cu−Zr

alloy), which is produced by casting and subsequent cold

rolling as a cylinder bar of the diameter of 14.5mm [28]. In

order to form the UFG-structure, the blank cylinders of the

height 3mm and the diameter 14.5mm, pre-aged by long

annealing at 375◦C during 140 h, were subjected to high

pressure torsion (HPT) using the Walter Klement GmbH

HPT-07 press. The samples were structured by the HPT at

the room temperature (RT) under the hydrostatic pressure

of 6GPa at a number of revolutions of n = 10. It resulted

in producing discs of the diameter of ∼ 20mm and the

thickness of ∼ 1mm. The true strain (e) at the distance of

5mm from the disc center was ∼ 6.6 [28,29]. Hereinafter,

this state of the samples is designated as AG+HPT.

Some samples in the AG+HPT state were subjected

to deformation-heat treatment (DHT) consisting in an-

nealing at the temperature of 125◦C during 240min

(hereinafter, this state is designated as AG+HPT+AN),
and subsequent additional deformation by the RT HPT at

the pressure of 6GPa and n = 0.25, which corresponds

to e ∼ 0.025 (hereinafter, this state is designated as

AG+HPT+AN+ 0.25HPT). We have previously demon-

strated that this DHT mode leads to significant increase

(in more than two times) in the plasticity of the material

under study with UFG-structure in uniaxial tensile tests at

the strain rate of 5 · 10−4 s−1 at the room temperature [18].
In the present paper, the uniaxial tensile tests were

performed at the room temperature at the strain rates of

10−4, 5 · 10−4, 10−3 and 10−2 s−1 using the Shimadzu

AG-50kNX machine. Blade-shaped samples with the

gauge sizes of 2.0× 1.0× 6.0mm were used as in the

study [30]. Preparation of the samples for the mechanical

tests, including a sample cut diagram is detailed in the

paper [28]. The sample deformation was measured using

the TRViewX 55S video-extensometer. At least three

samples were tested for each strain rate. The obtained

stress–strain curves allowed determining the ultimate tensile

strength (σUTS), the conventional yield stress (σ0.2), the

elongation to failure (δ), the uniform elongation (δ1) and

the strain-rate sensitivity coefficient (m).

3. Experimental results and discussion

The microstructure studies of samples of the

Al−Cu−Zr alloy in the AG+HPT, AG+HPT+AN,

AG+HPT+AN+ 0.25HPT states have been carried out

by us earlier using the transmission electron microscopy

and scanning electron microscopy, energy dispersive spec-

troscopy (EDS) and the X-ray diffraction (XRD) analy-

sis [18,28]. The main microstructure parameters are given

in Table 1.

The papers [18,28] have established that HPT-treatment of

the Al−Cu−Zr alloy led to formation of the UFG-structure

with an average grain size of dav ≈ 285 nm. There was an

insignificant quantity of precipitates of the Al3Zr secondary

phase with the average size of ∼ 17 nm, which were pre-

dominantly located in the grain interior. Precipitates of the

Al2Cu secondary phase with the sizes of 20−40 nm were

observed at the grain boundaries. After low-temperature

Physics of the Solid State, 2022, Vol. 64, No. 6



672 D.I. Sadykov, T.S. Orlova, M.Yu. Murashkin

Table 1. Microstructure parameters of samples of the Al−1.47Cu−0.34Zr (wt%) UFG-alloy in the different states [18]

State dav, nm DXRD, nm 〈ε2〉1/2, % Ldis, 10
13 m−2 a , Å

AG+HPT 285± 23 205± 1 0.044± 0.002 2.6 4.0504± 0.00006

AG+HPT+AN 360± 25 295± 4 0.042± 0.0003 1.7 4.0500± 0.00003

AG+HPT+AN+ 0.25HPT 315± 24 211± 4 0.052± 0.001 3.0 4.0502± 0.00006

annealing at 125◦C during 240min (the AG+HPT+AN

state), the average grain size was insignificantly increased

(∼ 360 nm), while the average size of the Al2Cu preci-

pitates was ∼ 60 nm. After additional deformation (the
AG+HPT+AN+ 0.25HPT state), the average grain size

was ∼ 315 nm, the size of the Al2Cu precipitates in the GB

was not changed. The sizes and the volume fraction of the

Al3Zr particles were neither changed.

The value of the dislocation density (Ldis) in the

AG+HPT state was ∼ 2.6 · 1013 m−2. After the low-

temperature annealing, the dislocation density was dropped

to ∼ 1.7 · 1013 m−2 due to dislocation annihilation during

the annealing. The post-annealing additional deformation

led to increase in the dislocation density to ∼ 3 · 1013 m−2.

The study of the sample microstructure in all the three states

carried out by the electron microscopy has not revealed

lattice dislocations within the grain interior. It can mean

that the dislocation density determined by the XRD analysis

is mainly related to the grain boundaries and near GB

areas [18]. The value of the lattice parameter a in a state

after HPT, after annealing and after subsequent deformation,

is still almost unchanged, thereby meaning that the Cu

concentration in the solid solution differs insignificantly in

all the three states.

Previously, when carrying out the uniaxial tensile tests at

the room temperature and the strain rate of 5 · 10−4 s−1,

we had found the significant increase in the plasti-

city (the plasticization effect (PE)) in the Al−Cu−Zr

UFG-alloy, which was structured by HPT and subjected

to special DHT [18]. The Fig. 1 designates this state

as AG+HPT+AN+ 0.25HPT, in this case the plasticity

was δ ∼ 11% while maintaining high strength values:

σ0.2 ∼ 330MPa, σUTS ∼ 465MPa. At the same time, after

annealing the plasticity sharply reduced to 1−2% (the
AG+HPT+AN state in the Fig. 1).
The Fig. 2 shows the stress–strain diagrams for the

samples of the Al−Cu−Zr alloy in the AG+HPT

and AG+HPT+AN+ 0.25HPT states, which were ob-

tained at the different strain rates. Since all the UFG-samples

of the Al−Cu−Zr alloy in the AG+HPT+AN state

have very low plasticity (δ < 2%) at all the strain rates

under study, the main focus was on the study of the

alloy samples after HPT (the AG+HPT state) and af-

ter annealing and subsequent additional deformation (the
AG+HPT+AN+ 0.25HPT state).
The Table 2 shows the values of the main mechanical

characteristics, such as the conventional yield stress σ0.2, the

ultimate tensile strength σUTS, the elongation to failure δ and
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Figure 1. The stress-strain curves obtained at the strain rate

of 5 · 10−4 s−1 for the Al−1.47Cu−0.34Zr (wt%) alloy in the

following states: 1 — AG+HPT; 2 — AG+HPT+AN; 3 —
AG+HPT+AN+ 0.25HPT.

the uniform elongation δ1, determined from the analysis of

the strain curves for the corresponding strain rates ε′ .

With increase of the strain rate ε′ in tension, an increase

in the strength characteristics of the UFG alloy is observed

in both states AG+HPT and AG+HPT+AN+ 0.25HPT

(Table 2 and Fig. 2). For the AG+HPT state, the

conventional yield stress σ0.2 increases from 320 to 430MPa

with increase in the strain rate in all the range under study

(Fig. 3, a). The ultimate tensile strength σUTS first increases

from 520 to 570MPa with increase in the strain rate from

10−4 to 5 · 10−4 s−1; however, further increase in the strain

rate to 10−2 s−1 does not lead to its increase (Fig. 3, b).

The trend of change of the strength characteristics of

the UFG-alloy in the AG+HPT+AN+ 0.25HPT state is

similar to that in the AG+HPT state. The magnitudes σ0.2
and σUTS of the AG+HPT+AN+ 0.25HPT samples are

somewhat lower than those of the AG+HPT samples

within the whole range of the values ε′ under study (Fig. 3),

but are still at a fairly high level.

With increase in the strain rate, the plasticity δ of

the alloy in the AG+HPT state is steadily decreasing

from ∼ 6 to ∼ 1% (Fig. 4). At the same time, the uniform

elongation δ1 with increase in the strain rate from 10−4

to 10−3 s−1 is decreasing from ∼ 3.2 to ∼ 2.0%, while with
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Figure 2. Stress–strain diagrams at the various strain rates ε′ for the Al−1.47Cu−0.34Zr (wt%) alloy in the states a — AG+HPT

and b — AG+HPT+AN+ 0.25HPT.
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Figure 3. Dependences of the conventional yield stress (a) and the ultimate tensile strength (b) on the strain rate for the

Al−1.47Cu−0.34Zr (wt%) alloy in the AG+HPT (1) and AG+HPT+AN+ 0.25HPT states (2).

its further increase to 10−2 s−1 the samples exhibit almost

brittle fracture.

After special DHT (the AG+HPT+AN+ 0.25HPT

state), the UFG alloy exhibits the high plasticity δ (> 10%)

within the wide range of the strain rates 10−4−10−3 s−1.

With further increase in the strain rate to 10−2 s−1 δ

decreases to < 5%. However, this plasticity value is

significantly higher than the value of δ at the similar strain

rate in the AG+HPT state, when the samples exhibit

almost brittle fracture. The obtained results mean that the

Al−1.47Cu−0.34Zr (wt%) alloy with the UFG-structure

after special DHT demonstrates the plasticization effect at

all the studied strain rates in comparison with the UFG-state

before DHT. It should be noted that DHT application leads

to a small increase of the uniform elongation δ1 within the

strain rate range 5 · 10−4−10−2 s−1 (Table 2).

In order to more deeply understand the nature of the

increased plasticity effect due to treatment of
”
annealing

and subsequent deformation“, based on the data of Table 2

and using the expression m =
(

d ln σ
d ln ε′

)

ε
[22,26,31], the

strain-rate sensitivity coefficient m was determined within

the rate range 10−4−10−2 s−1 for the AG+HPT and

AG+HPT+AN+ 0.25HPT states. The results are shown

in the Fig. 5, they relate to the deformation of ε = 1%.

As it is shown in the papers [26,32], the dependence

of the strain-rate sensitivity coefficient on the deformation

in UFG Cu [32], the UFG aluminum alloys [26,33] is

very weak. In all the range of the rates under study,

the strain-rate sensitivity coefficient for the alloy at the

6 Physics of the Solid State, 2022, Vol. 64, No. 6
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Table 2. Mechanical properties of the Al−Cu−Zr alloy in the different states as determined at the different strain rates

Material State ε′, s−1 σ0.2, MPa σUTS, MPa δ, % δ1, %

10−4 320± 11 520± 25 6.1± 4.9 3.2± 0.2

AG+HPT
5 · 10−4 400± 16 570± 6 4.8± 2.0 2.3± 0.2

10−3 420± 10 565± 10 2.7± 0.2 2.0± 0.1

Al−Cu−Zr
10−2 430± 40 570± 19 1.1± 0.7 −

10−4 300± 14 415± 6 10.6± 1.9 3.2± 0.3

AG+HPT+AN+ 0.25HPT
5 · 10−4 330± 15 465± 5 10.8± 1.4 2.5± 0.3

10−3 350± 5 455± 6 10.0± 1.5 2.3± 0.3

10−2 370± 18 470± 8 4.6± 1.9 1.8± 0.3

AG+HPT state is equal to m = 0.033 ± 0.016 (Fig. 5). The
obtained value well agrees with the literature data [34–36],
which show that the value of the strain-rate sensitivity

coefficient for the UFG-metals with the FCC lattice is

within the range ∼ 0.01−0.03. The values of m ∼ 0.03

and ∼ 0.04 were obtained at the room temperature for

the high-purity (4N)Al structured by the HPT [19] and

for the commercially pure UFG Al (99.5%) structured

by the equal channel angular pressing (ECAP), respec-

tively [27]. For the 6082 aluminum alloy in the UFG-state

formed by ECAP, the study [26] has obtained the value

m = 0.03. Such a low value m = 0.02 was obtained

for the pure Al (99.99%) structured by ECAP within

the strain rate range 8.6 · 10−4−3.1 · 10−5 s−1, while for

ε′ < 3.1 · 10−5 s−1, it was an evident increase of m to 0.08,

which is correlated to intensification of the grain boundary

sliding (GBS) at the low strain rates.

The DHT application has almost not changed the

strain-rate sensitivity coefficient: in the AG+HPT

+AN+ 0.25HPT state the strain-rate sensitivity coefficient

is at the same level m = 0.038± 0.011 (taking into account
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Figure 4. Plasticity dependences on the strain rate for the

Al−1.47Cu−0.34Zr (wt%) alloy in the different states: 1 —
AG+HPT, 2 — AG+HPT+AN+ 0.25HPT.

scattering of the experimental data) in all the rate range

under study (Fig. 5). According to the studies [1,19,37],
the high plasticity or even superplasticity in the Al-based

UFG-alloys is manifested significantly due to GBS, which

contribution to the total process of the plastic deformation

may reach ∼ 60% [1,24]. Usually, intensification of

the GBS processes leading to the significantly increased

plasticity or even superplasticity in the UFG-alloys is

characterized by higher values of the strain-rate sensi-

tivity coefficient m ∼ 0.1−0.3 [22,23,33,37,38]. In both

the AG+HPT and AG+HPT+AN+ 0.25HPT states, the

values of the strain-rate sensitivity coefficient m for the

Al−1.47Cu−0.34Zr (wt%) alloy (which are determined in

this study) are close and significantly lower. It indicates that

the plasticization effect found by us, which is caused by the

additional DHT, is not correlated to the intensification of the

GBS process.

At the same time, the significantly increased plasticity

while maintaining the high level of strength after DHT well

agrees with the theoretical model proposed for UFG Al,

which describes the PE [12,13]. According to this model,
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Figure 5. Flow stress dependences at ε = 1% on the strain rate in

the logarithm coordinates for the Al−1.47Cu−0.34Zr (wt%) alloy

in the states: 1 — AG+HPT, 2 — AG+HPT+AN+ 0.25HPT.
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the plastic deformation in UFG Al structured by HPT is

implemented by emission of the lattice dislocations from

triple junctions. After HPT processing of Al the grain

boundaries are in the non-equilibrium state — they contain

extrinsic, introduced grain boundary dislocations (GBD),
which are pressed by the external shear stress against the

GB triple junctions, thereby forming dislocation pile-ups.

Such grain boundary dislocation pile-ups (at the triple

junctions) lead to the reduced value of the external stress

required to emit the dislocations, i.e. it simplifies the process

of dislocation emission from the grain boundaries (the triple

junctions) and allows emitting a significantly bigger number

of dislocations, which slide along the grain and incorporate

into the opposite grain boundaries. According to this model,

the low plasticity in the state after the short-term low-

temperature annealing is attributed to reduced GBD density

(relaxation of the non-equilibrium grain boundaries) and

therefore, the increased external stress is required to emit

the dislocations from the grain boundaries and a reduced

number of the lattice dislocations is emitted. The increased

plasticity in the state after the annealing and subsequent

small deformation is associated with introducing the addi-

tional density of the dislocations into the grain boundaries,

thereby leading to the increased number of dislocations,

which can form pile-ups under the external stress.

The results of the microstructure studies of the

Al−Cu−Zr alloy in all the states under study — AG+HPT,

AG+HPT+AN and AG+HPT+AN+ 0.25HPT

(Table 1) — well agree with this model: the annealing

leads to reduction of the dislocation density in the grain

boundaries and near the GB areas, so does the subsequent

HPT deformation by the 0.25 revolution — to the significant

increase thereof [18]. Besides the increased dislocation

density, the dislocation structure of the grain boundaries in

the AG+HPT+AN+ 0.25HPT state may differ from that

in the AG+HPT state, thereby affecting, in turn, formation

of the pile-ups of the grain boundary dislocations at triple

junctions under external stress.

The impact of the strain rate on the PE can also be

explained within the above-discussed model [12,13] with

the assumption of thermally activated sliding of the extrinsic

grain boundary dislocations [39]. At the high strain rate,

10−2 s−1, the plasticity starts sharply reducing from ∼ 11

to ∼ 5%. The paper [39] has shown for UFG CP Al

structured by HPT that the upper time limit required to

form the GB dislocation pile-ups at the room temperature

is ∼ 6 s. Taking into account that during the sample

mechanical tests in the AG+HPT+AN+ 0.25HPT state

at the strain rate of 10−2 s−1 the reaching of the flow stress

takes the comparable time of (∼ 5−6 s), it can be assumed

that within this time the dislocations fail to form fairly strong

pile-ups in the grain boundaries, thereby leading to the lower

plasticity and possible suppression of the plasticization effect

at further increase in the strain rate. Moreover, in contrast to

UFG Al, the grain boundaries in the Al−Cu−Zr UFG-alloy

contain the nanosized precipitates of the Al2Cu secondary

phase, which can affect the time of formation of the pile-ups

of grain boundary dislocations when the sample is loaded.

At the lower strain rates of 10−4−10−3 s−1, there is enough

time to form the pile-ups until reaching the yield stress, so

the plasticity value δ remains the same within this range of

the strain rates.

Conclusion

For the first time the impact of the strain rate on

the plasticization effect (PE) of the ultrafine-grained alloy

(UFG) Al−1.47Cu−0.34Zr (wt%) structured by the high

pressure torsion has been studied. The plasticity in the UFG

alloy with δ ∼ 5% in the state after HPT was increased

to the values of δ ∼ 11% while maintaining the high

level of strength (σUTS ∼ 465MPa) due to the additional

deformation-heat treatment (DHT) consisting of the low-

temperature annealing at 125◦C and the additional HPT by

the 0.25 revolution. It is shown that the plasticity increased

due to DHT is maintained within a large range of the strain

rates (10−4−10−3 s−1). With further increase in the strain

rate to 10−2 s−1, the plasticity significantly decreases.

For the first time, the values of the strain-rate sensitivity

coefficient m have been determined for the samples of

the Al−1.47Cu−0.34Zr (wt%) alloy in the states before

and after DHT. In both the states, the coefficient m has

close values of m = 0.033−0.038. Since the value of the

coefficient m is still low and almost the same after DHT, it

may be concluded that the GBS process is not responsible

for the effect of increased plasticity due to the additional

deformation. Suppression of the plasticization effect at high

strain rates is discussed within the model [12,13] with the

assumption of thermally activated sliding of the introduced

grain boundary dislocations [39], and forming pile-ups at the

triple junctions of the grain boundaries and emitting lattice

dislocations in grain interior. We assume that with increase

of the strain rate above a certain critical value, there is not

enough time to form dislocation pile-ups and their role of

emitting dislocations from the grain boundaries decreases

and, therefore, the plasticization effect is supressed. The

presence of the (Al2Cu) secondary phase precipitates in

the grain boundaries in the UFG Al−Cu−Zr alloy seem to

lead to deceleration of the process of the dislocation pile-

ups formation at the grain boundaries, which may affect the

character of the δ(ε′) dependence in the alloy in comparison

with UFG CP Al, which requires an experimental check and

further studies to be carried out.
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