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Abstract—The effect of severe plastic torsion deformation (SPTD) at elevated temperatures of 230 and 280°C
on the microstructure, mechanical properties, and electrical conductivity of ultrafine-grained (UFG) Al–
0.4Zr alloy samples is studied. The initial UFG structure in the material under study is preliminarily appeared
in the SPTD process at ambient temperatures. It is shown that simultaneous significant increases in the
strength from 140 to 230–280 MPa and in the electrical conductivity from about 47.5% to 52–54% IACS take
place as a result of additional deformation of the UFG Al–0.4Zr alloy at elevated temperatures. The results
are compared with the effect that annealing at the same temperatures exerts on the microstructure and prop-
erties of the UFG Al–0.4Zr alloy. It is established that severe plastic deformation at comparable temperatures
leads to a more efficient, compared to annealing, formation of nanoscale precipitates of the Al3Zr secondary
phase and, consequently, to a larger decrease in the concentration of Zr in the solid solution, which ensures
a significant increase in the electrical conductivity. Based on the obtained parameters of the microstructure,
the contributions of various strengthening mechanisms to the general strengthening and electron scattering
mechanisms to the electrical resistance are estimated. An comparative analysis of theoretical estimates with
experimental results indicates that the strengthening in the UFG structure of the Al–0.4Zr alloy that is
caused by additional SPD at elevated temperatures cannot be described by the action of only strengthening
mechanisms traditional for UFG materials. Possible reasons for the obtained colossal strengthening are dis-
cussed.
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1. INTRODUCTION
The creation of a microstructural design that pro-

vides a significant increase in the functional properties
of metals and alloys is among the most effective
approaches to modern physical science of materials. It
is known that the use of the methods of severe plastic
deformation (SPD), leading to significant grain
refinement, can significantly increase the strength of a
number of metals and alloys [1–6]. However, SPD
leads to an increase in the density of defects in the
crystal structure (dislocation density, grain boundar-
ies, etc.), which negatively affects the value of electri-
cal conductivity. Therefore, the production of con-
ductive aluminum alloys that show simultaneously a
high strength and electrical conductivity, as well as
increased thermal stability of mechanical properties at
temperatures up to 200°C is a topical problem. For

increasing the thermal stability of mechanical proper-
ties, Zr added in a concentration of 0.2–0.5 wt % is an
important dopant [7, 8].

Moreover, as has recently been shown for the Al–
0.4Zr alloy (wt %) with the ultrafine-grained (UFG)
structure obtained by the method of severe plastic tor-
sion deformation (SPTD), significant additional
strengthening is observed as a result of low-tempera-
ture annealing at temperatures TAN = 90–280°C with
the maximum of strengthening (up to about 65%) at
TAN = 230°C [9]. It should be noted that Zr was mainly
in a solid solution both in the initial state obtained by
the method of combined casting and rolling, and in
the state after SPTD [10, 11]. In the range of annealing
temperatures of TAN = 90–150°C, the strengthening
effect for the UFG Al–0.4Zr alloy was qualitatively
and quantitatively similar to that observed previously
2509
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in technically pure Al [12]. With an increase in the
annealing temperature to TAN = 230°C, further
strengthening of the UFG alloy was observed, which is
accompanied by a decrease in the electrical resistivity
and a corresponding increase in the electrical conduc-
tivity from 47.4 to 48.7% IACS (the electrical conduc-
tivity is given in International Annealed Copper Stan-
dard units). An increase in the electrical conductivity
is caused by a decrease in the concentration of Zr in
the solid solution as a result of the formation of nano-
sized particles of the secondary Al3Zr phase. However,
the colossal effect of strengthening with annealing
cannot be explained by dispersion strengthening, as
was shown in [9].

It is well known that deformation of aluminum
alloys at elevated temperatures can lead to processes of
deformation aging (DA) in them, which contributes to
the formation of nanosized particles of intermetallic
phases, as a rule, more efficiently than annealing at
identical temperatures. For example, it was shown for
the UFG Al–2Fe alloy [13] structured by severe plas-
tic deformation at room temperature (RT) that the use
of additional SPD at elevated temperatures leads to a
significantly higher electrical conductivity at the same
level of strength when compared to the use of anneal-
ing at the same temperature. The efficiency of using
additional SPD at elevated temperatures for a deeper
decomposition of the solid solution and the formation
of nanosized particles of the secondary phases as a
result of DA, which ensured a significant increase in
the electrical conductivity while maintaining a rela-
tively high level of strength, was also shown for an alloy
of the Al–Mg–Si system in the UFG state [1].

In this work, the effect of DA implemented by
SPTD at elevated temperatures on the microstructure,
mechanical properties, and electrical conductivity of
the Al–0.4Zr alloy in the UFG state formed by pre-
liminary SPTD processing at RT is studied. The
obtained results are compared with the data obtained
earlier [9] when studying the effect of annealing on the
microstructure and properties of the UFG Al–0.4Zr
alloy, which we partially supplemented in this work.

2. MATERIALS AND TECHNIQUES

Samples of the initial Al–0.4Zr alloy (wt %) with a
chemical composition of 99.25 Al, 0.393 Zr, 0.023 Si,
0.242 Fe, 0.018 Zn, 0.026 V, and 0.05 wt % the rest ele-
ments were obtained by the method of combined cast-
ing and rolling in the RUSAL company (Moscow,
Russia) [14, 15]. In the initial state, Zr atoms are pre-
dominantly in a solid solution in the aluminum matrix
[10, 11]. Billets in the form of cylinders with a diameter
of 9.5 mm and a height of 8 mm were cut from the ini-
tial bar and processed by the SPTD method at a
hydrostatic pressure of 6 GPa in 10 revolutions at RT
[16, 17]. As a result of this treatment, disk-shaped
samples with a diameter of 20 mm and a thickness of
PHY
1.2 mm were obtained. The true strain at a distance of
5 mm from the center of the disk was γ ≈ 6.6 [17].
Hereinafter, samples processed by SPTD at RT are
designated as HPT_RT (high-pressure torsion_room
temperature). Some of the samples after SPTD at RT
were processed by SPTD under a pressure of 6 GPa at
elevated temperatures of THPT = 230 and 280°C in n =
1, 5, 10, and 20 revolutions. Hereinafter, samples after
two stages of SPTD at different temperatures are des-
ignated as HPT_RT–HPT_THPT_n. The choice of
temperatures of THPT = 230 and 280°C was deter-
mined by the fact that the maximum annealing
strengthening upon annealing of the HPT_RT sam-
ples for 1 h was observed at an annealing temperature
of TAN = 230°C, while TAN = 280°C corresponded to
the end of the temperature range in which the
strengthening with annealing was observed [9]. To
carry out a series of additional investigations of the
effect of annealing, several samples after SPTD at RT
were annealed at a temperature of 230°C for 1 and 5 h
in the same way as was done in [9]. Hereinafter, these
samples are designated as HPT_RT–AN_TAN.

The microstructure of the samples was studied by
the X-ray diffraction (XRD), electron backscatter dif-
fraction (EBSD), and transmission electron micros-
copy (TEM) methods. An X-ray structure analysis was
performed on a Bruker D8 DISCOVER diffractome-
ter in the standard mode of symmetric ϕ–2ϕ scan-
ning. Based on the obtained X-ray diffraction pat-
terns, lattice parameter a, the mean size of coherent
scattering domains (DXRD), and the level of micro-
distortions (ε21/2) were determine by the Pauli
method using the TOPAS5.0 software package.
The density of dislocations (Ldis) was calculated as fol-
lows [18]:

(1)

where b = 2.86 AA is the Burgers vector.
The EBSD studies were performed on a Zeiss Mer-

lin scanning electron microscope in the region of
about 1200 μm2 with a scanning step of 0.2 μm; more
than 1000 grains were analyzed for each state. Using
the EBSD maps, the size distributions of grains and
the angular distribution of grain boundaries (GBs)
were determined from the misalignment angle (θ).
The averaged grain size (dav) was determined by the
method of grain reconstruction [19]. From the
obtained data, the averaged misalignment angle (θav)
of GBs and the fraction of high-angle grain boundar-
ies (HAGBs) with a misalignment angle of θ ≥ 15 ( f≥15)
were also determined from the obtained data.

Electron microscopic studies were performed on a
JEOLJEM2100 electron microscope. Thin foils for
TEM studies were prepared by mechanical polishing
followed by two-jet electrochemical polishing in the
mode described in [12].
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Fig. 1. Dependences of the (a) microhardness and (b) elec-
trical resistivity at 77 K for the UFG Al–0.4Zr alloy
(HPT_RT) on the number of revolutions during the addi-
tional SPTD at elevated temperatures of 230 (curves 1) and
280°C (curves 2). The HV and ρ77 values are also given for
the initial state. 
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Mechanical properties were studied by measuring
the microhardness and uniaxial tension. The Vickers
microhardness was measured using a Shimadzu
HMV-G microhardness tester with an applied load of
1 N for 15 s. Each sample was measured at least
15 times.

Uniaxial tensile tests were carried out on a Shi-
madzu AG-XD Plus testing machine with a constant
deformation rate of 5 × 10–4 s–1. For this, samples in
the form of a blade with a working part width of 2 mm
and a working part length of 6 mm were cut. The cut-
ting scheme and configuration of the samples are
described in [9]. The sample deformation was
recorded using a TRViewX55S video extensometer.
For each state, at least three samples were tested.

Electrical conductivity ωRT of the alloy at RT was
measured using a VE-27NTs/4-5 eddy current tester
with a relative error of ±2% according to Russian State
standard GOST 27333-87. In addition, resistivity ρ77
at 77 K was measured using the standard four-point
method. The error in the measurement of electrical
resistivity was <2%. The temperature of the sample
was controlled by a silicon diode with an accuracy of
±0.03 K. In more detail, the measurement of electrical
resistivity by the four-point method is described
in [12].

3. EXPERIMENTAL RESULTS

3.1. Choice of Additional SPTD Parameters 
at Elevated Temperatures

Figure 1a shows the dependences of the micro-
hardness (HV) of the Al–0.4Zr alloy in the HPT_RT
state on the number of revolutions during the addi-
tional SPTD at THPT = 230°C (curve 1) and 280°C
(curve 2). The microhardness values in the initial state
before SPTD at RT are also given in Fig. 1. As can be
seen, SPTD at RT significantly increases the micro-
hardness, as has been noted earlier in [9]. The subse-
quent SPTD at THPT = 230°C leads to a further signif-
icant increase in HV to a value of 820 MPa just after the
first torsion revolution, but the spread of the micro-
hardness values over the working region of the sample
in this case is quite significant (Fig. 1a), which is most
likely due to that a sufficiently homogeneous structure
has not yet been formed after one revolution. With an
increase in the number of revolutions to n = 10, the
average microhardness remains at the level of HV =
766 MPa, and the spread of the values across the sam-
ple becomes insignificant. As n increases to 20 revolu-
tions, the average HV value is maintained. In the case
of additional SPTD at THPT = 280°C, the HV value
first increases and passes through a maximum at n = 1
and then decreases almost linearly with an increase in
the number of revolutions to n = 10. The resistivity
decreases with an increase in the number of revolu-
tions during the additional SPTD for both tempera-
PHYSICS OF THE SOLID STATE  Vol. 61  No. 12  201
tures of THPT = 230 and 280°C (Fig. 1b). To determine
the effect of the number of revolutions on the resistiv-
ity, we chose resistivity measurements at 77 K, since
the influence of thermal vibrations of the lattice and
thermal f luctuations on the electrical resistance is
reduced at low temperatures, and therefore, the rela-
tive effect of microstructural components is more pro-
nounced. For further studies, we selected the follow-
ing states with an optimal combination of strength
properties (microhardness) and electrical conductivity
(electrical resistivity): HPT_RT–HPT_230_10 and
HPT_RT–HPT_280_5, further designated as
HPT_RT–HPT_230 and HPT_RT–HPT_280, res-
pectively (states that are denoted by circles in Fig. 1).
9
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Table 1. EBSD and XRD data for the studied states of the Al–Zr alloy

Treatment

EBSD XRD

Ref.
dav, nm f≥15, 

%
θ≥15, 
deg ε21/2, % DXRD, nm a, Å Ldis, m–2

Initial
Length 1790 ± 20

25 11.5 0.003 ± 0.0001 250 ± 5 4.0514 ± 0.0001 1.4 × 1013 [9]
Width 1040 ± 10

HPT_RT 835 ± 13 82 33.8 0.063 ± 0.0006 210 ± 10 4.0515 ± 0.0001 3.6 × 1013

This studyHPT_RT–HPT_230 920 ± 15 88 36.2 0.036 ± 0.0007 480 ± 5 4.0512 ± 0.0001 9.0 × 1012

HPT_RT–HPT_280 925 ± 15 89 36.5 0.022 ± 0.0002 560 ± 25 4.0514 ± 0.0001 4.8 × 1012

HPT_RT–AN_230 880 ± 15 86 39.8 0.0300 ± 0.0001 505 ± 10 4.0516 ± 0.0001 7.2 × 1012 [9]
3.2. Evolution of the Microstructure

Figure 2 shows the EBSD maps and the diagrams
constructed on the basis of their analysis for the grain
size distribution and the distribution of GBs according
to misalignments for the Al–0.4Zr alloy in the
HPT_RT, HPT_RT–HPT_230, and HPT_RT–
HPT_280 states. The results of microstructural stud-
ies are given in Table 1; moreover, Table 1 contains the
data for the Al–0.4Zr alloy in the initial state (before
the SPTD treatment), as well as in the states after
SPTD and annealing at 230 and 280°C for compari-
son (the HPT_RT–AN_230 and HPT_RT–AN_280
states, the data of [9]). As was noted earlier [9, 20], the
initial state of the Al–0.4Zr alloy is characterized by
elongated subgrains with an average length of about
1800 nm and a width of about 1000 nm (the proportion
of HAGBs is 25%) (Table 1). The SPTD treatment
leads to the formation of a homogeneous UFG struc-
ture formed by equiaxed grains, the average size of
which is about 835 nm, and the proportion of HAGBs
reaches 82% (see Figs. 2a, 2d, and 2g, and Table 1).
After additional SPTD at THPT = 230°C, the average
grain size was about 918 nm, and the proportion of
HAGBs was about 88% (see Figs. 2b, 2e, and 2h, and
Table 1). Approximately the same parameters of the
microstructure (dav ~ 925 nm and f≥15 ~ 89%) were
obtained after additional SPTD at THPT = 280°C (see
Figs. 2c, 2f, and 2i, and Table 1). Additional SPTD at
a temperature of 230°C leads only to an insignificant
increase in the average grain size and the fraction of
HAGBs in comparison with annealing for 1 h at the
same temperature (Table 1). It should be noted that
the obtained grain size distributions and the distribu-
tion of grain boundaries with misalignment angles are
qualitatively similar for the HPT_RT–HPT_230 (this
study) and HPT_RT–AN_230 [9] samples.

Microstructure parameters, such as the lattice
parameter a, the mean size DXRD of coherent scatter-
ing domains (CSDs), the level of microdistortions
ε21/2, and the dislocation density Ldis, which are given
in Table 1, were determined for the Al–0.4Zr alloy by
an X-ray diffraction analysis. Owing to the prelimi-
PHY
nary SPTD treatment at RT, the formation of the
UFG structure is accompanied by a noticeable
decrease in the mean size of CSDs and an increase in
the ε21/2 level, from which an approximately two-fold
increase in the Ldis value followed, according to for-
mula (1). In addition to an increase in the average size
of grains, the additional SPTD treatment at tempera-
tures of 230 and 280°C leads to a significant increase
in the CSD size and a decrease in the ε21/2 values to
the values typical of the initial state. Moreover, the Ldis
values decrease by factors of about 4 and 7.5 times,
respectively (Table 1). The annealing of the UFG alloy
at a temperature of 230°C causes an approximately
five-fold decrease in the Ldis value [5] (Table 1). Thus,
comparison of the experimental data (Table 1) shows
that additional SPTD at 230°C less efficiently reduces
the density of dislocations in an UFG material in
comparison with annealing. The noted difference is
explained by the fact that the process of deformation at
elevated temperatures leads not only to the annihila-
tion of dislocations, which usually occurs during
annealing, but also to the formation of new ones.

Figure 3 shows typical images of the microstruc-
ture and diffraction patterns taken from a single grain
by the TEM method for samples of the Al–0.4Zr alloy
in the initial (Fig. 3a), HPT_RT (Fig. 3b), HPT_RT–
HPT_230 (Figs. 3c and 3d), HPT_RT–HPT_280
(Figs. 3e and 3f) states. Similarly to [9], the TEM
study did not reveal the presence of nanoscale precip-
itates of the secondary phase containing Zr in the ini-
tial and HPT_RT states. As was shown earlier, all Zr in
the Al–0.4Zr alloy in the initial state is in the solid
solution [10, 11]. Similarly to annealing at a tempera-
ture of 230°C, SPTD at 230°C leads to the formation
of a small amount of unevenly distributed nanosized
particles (Figs. 6d and 6f), which indicates a decrease
in the concentration of dissolved Zr atoms in the Al
solid solution. The number of precipitated particles
increases with an increase in the THPT temperature to
280°C (Figs. 3e and 3f). This is also evidenced by the
appearance of additional reflections from the metasta-
ble Al3Zr phase (Ll2) in the X-ray diffraction pattern
(Fig. 3e). A quantitative assessment of the average size
SICS OF THE SOLID STATE  Vol. 61  No. 12  2019
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Fig. 2. (a–c) EBSD maps, (d–f) the grain size distribution, and (g–i) the distribution of grain boundaries in accordance with
misalignment angles for the Al–0.4Zr alloy in the (a, d, g) HPT_RT, (b, e, h) HPT_RT–HPT_230, and (c, f, i) HPT_RT–
HPT_280 states. 
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of the precipitated particles gave 18–19 nm for both
the HPT_RT–HPT_230 and HPT_RT–HPT_280
states of the UFG alloy.

4. MECHANICAL PROPERTIES
AND ELECTRICAL CONDUCTIVITY

Figure 4 shows the variation of the microhardness
of the HPT_RT samples with temperature THPT
during additional SPTD (results of this study) and
with annealing temperature TAN during annealing for
1 h (data from [9]).
PHYSICS OF THE SOLID STATE  Vol. 61  No. 12  201
Figure 5 shows the stress–elongation diagrams for
samples of the Al–0.4Zr alloy in various states,
namely, the initial, HPT_RT, HPT_RT–HPT_230,
and HPT_RT–HPT_280 states, and also for
HPT_RT samples after annealing for 1 h at 230°C
(data from [9]) and 280°C (data from this study), i.e.,
for the HPT_RT–AN_230 and HPT_RT–AN_280
states, respectively. The values of yield strength σ0.2,
ultimate tensile strength σUTS, and failure strain δ
determined from the experimental diagrams are given
in Table 2. As can be seen, SPTD at elevated tempera-
tures, as well as additional annealing, leads to a signif-
9
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Fig. 3. TEM images with the corresponding diffraction patterns taken from a single grain for the Al–0.4Zr alloy in the (a) initial,
(b) HPT_RT, (c, d) HPT_RT–HPT_230, and (e, f) HPT_RT–HPT_280 states; the (a, b, c, e) bright-field and (d, f) dark-field
images; (e) reflections from the secondary Al3Zr phase in the diffraction pattern are marked by circles. 
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icant increase in the strength, and the HV, σ0.2, and
σUTS values obtained after additional deformation are
even slightly higher than after annealing at the same
temperatures. In addition, a small yield drop is
observed on the tensile curves for the HPT_RT–
HPT_230 and HPT_RT–HPT_280 states (Fig. 5).

The values of conductivity σRT for all studied states,
i.e., the initial, HPT_RT, HPT_RT–HPT_230 and
HPT_RT–HPT_280 states, as well as the HPT_RT–
AN_230 and HPT_RT–AN_280 states obtained in
this study by the eddy-current method for compari-
PHY
son, are given in Table 2. A comparison of the varia-
tion of electrical resistivity ρ77 at 77 K with tempera-
ture THPT or TAN for the UFG Al–0.4Zr alloy is shown
in Fig. 6. As can be seen, the additional HPT treat-
ment at elevated temperatures of 230 and 280°C leads
to a significant increase in the electrical conductivity
at RT and a decrease in ρ77 by 3.5 and 5.6 nΩ m,
respectively. At the same time, the annealing at 230
and 280°C gives rise only to a small increase in ωRT
and a decrease in ρ77 by 0.2 and 1.5 nΩ m, respectively.
It should be noted that both the electrical conductivity
SICS OF THE SOLID STATE  Vol. 61  No. 12  2019
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Fig. 4. Microhardness of the UFG Al–0.4Zr alloy
(HPT_RT) as a function of the temperature of the addi-
tional SPTD treatment at elevated temperatures
(HPT_RT–HPT_230 and HPT_RT–HPT_280) (data
obtained in this study) and the temperature of additional
annealing (data published in [9]). The HV value is also
given for the initial state of the alloy.
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and strength (microhardness) values practically
remain the same with an increase in the duration of
annealing at 230°C to 5 h (Table 2). Thus, both defor-
mation and annealing of the UFG alloy at a tempera-
ture of 230°C lead to a significant increase in the
PHYSICS OF THE SOLID STATE  Vol. 61  No. 12  201

Fig. 5. Tensile diagrams for the Al–0.4Zr alloy in the initial
state (curve 1), after SPTD at RT (curve 2), and after
SPTD at RT and subsequent SPTD at elevated tempera-
tures of 230 (curve 3) and 280°C (curve 4, data obtained in
this study), as well as after the treatment of SPTD at RT
and subsequent annealing for 1 h at 230°C (curve 5, data
published in [9]) and 280°C (curve 6, data obtained in this
study).
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strength (σ0.2 and σUTS) with a simultaneous increase
in the electrical conductivity. However, additional
SPTD at 230°C provides a much higher level of elec-
trical conductivity (52% IACS) compared to anneal-
ing (≤49% IACS) at the same temperature, even with
an increase in its duration to 5 h, and also compared to
annealing for 1 h at a higher temperature of 280°C
(about 50% IACS) (Table 2).

5. DISCUSSION OF EXPERIMENTAL RESULTS
The maximum strengthening for the UFG Al–

0.4Zr alloy after SPTD at elevated temperature, as well
as after annealing, was achieved at THPT/TAN = 230°C.
It is worth noting that the strengthening in both cases
was accompanied by noticeable improvement in the
electrical conductivity. Therefore, we analyze the
change in the strength and electrical conductivity ver-
sus microstructural changes for the HPT_RT–
HPT_230 state in comparison with those for the
HPT_RT–AN_230 state.

Additional SPTD at 230°C led to a significant
decrease in  by about 3.5 nΩ m. According to Mat-
thiessen’s rule [21], the contributions of various elec-
tron scattering mechanisms to the electrical resistance
in metals and alloys in the temperature range of 77–
300 K are summed:

(2)

where ρpure = 2.7 nΩ m [22] is the resistivity of single-
crystal aluminum; Δρdis = 2.7 × 10–25 Ω m3 [23] and
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Fig. 6. Dependences of the resistivity at 77 K for the UFG
Al–0.4Zr alloy (HPT_RT) on the annealing temperature
(curve 1, data published in [9]) or the temperature of the
additional SPTD treatment (conditional curve 2, data
obtained in this study).
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Table 2. Mechanical and electrical properties of the Al–0.4Zr alloy in various states

*Data obtained in this study; **data published in [9].

Treatment , MPa σ0.2, MPa σUTS, MPa δ, %
ωKT, 

%IACS
ρ77, nΩ m Ref.

Initial 470 ± 10 120 ± 2 130 ± 1 25.9 ± 0.2 49.1 ± 0.2 9.5 ± 0.2 [9]
HPT_RT 635 ± 18 140 ± 2 192 ± 2 23.2 ± 1 47.4 ± 0.1 13.5 ± 0.1

This studyHPT_RT–HPT_230 830 ± 14 265 ± 5 276 ± 7 7.7 ± 0.9 52.0 ± 0.4 10.0 ± 0.4
HPT_RT–HPT_280 685 ± 14 230 ± 2 232 ± 2 15.7 ± 1 54.2 ± 0.7 7.9 ± 0.5
HPT_RT–AN_230 765 ± 11 230 ± 2 250 ± 4 11.8 ± 0.4 48.7 ± 0.2* 13.3 ± 0.3 [9]
HPT_RT–AN_280 676 ± 5** 185 ± 3 203 ± 5 12.9 ± 0.5 50.3 ± 0.4 12.0 ± 0.6**

This study
HPT_RT–AN_230_5h 750 ± 10 − − − 48.1 ± 0.5 –

v
H

ΔρGB = 2.6 × 10–16 Ω m2 [23] are the contributions
from the specific density of dislocations and grain
boundaries in Al, respectively;  = 15.8 nΩ m/wt %
[24] is the specific concentration of Zr in the solid
solution; Ldis (m–2) is the density of dislocations; SGB

(m–1) is the bulk density of GBs;  (wt %) is the
concentration of Zr dissolved in the solid solution;
and Δρpt is the contribution from the particles of the
secondary phase.

In a weakly doped Al–0.4Zr alloy, the maximum
possible Δρpt contribution to the electrical resistivity is
negligible [9]. Estimates showed that changes in the
dislocation density and grain size after SPTD at 230°C
also give negligible changes in the contributions from
dislocations (about 7.3 × 10–3 nΩ m) and from grain
boundaries (about 0.08 nΩ m), which is much smaller
than an experimentally observed change of Δρ77 ~
3.5 nΩ m. As in the case of annealing [9], the change
in ρ77 after SPTD at a temperature of 230°C is mainly
associated with a change in the concentration of Zr in
the solid solution as a result of the formation of sec-
ondary phases. A change in the resistivity by 3.5 nΩ m
indicates a decrease in the concentration of Zr in the
solid solution by 0.22 wt %, which corresponds to the
formation of Al3Zr precipitates with a total volume of
0.27 vol %. It should be noted that SPTD at elevated
temperature, when the DA process is activated in the
UFG material, leads to a more effective (compared to
annealing at the same temperature) decrease in the
concentration of Zr in the solid solution due to the for-
mation of nanosize precipitates of a secondary phase.
Apparently, this is due to the fact that vacancies are
more actively formed and annihilated during the
SPTD process at higher temperatures, owing to addi-
tional deformation combined with thermal influence,
which can accelerate diffusion processes that contrib-
ute to the nucleation and formation of secondary
phases. In addition, dislocations in the SPTD process
at elevated temperature, in contrast to the process of
annealing, do not only annihilate but also are gener-
ated as main carriers of plastic deformation, which can

Δρsol
Zr

sol
ZrC
PHY
also contribute to the acceleration of diffusion. Defor-
mation aging has led to a greater increase in the elec-
trical conductivity compared to annealing at the same
temperature of 230°C, owing to a more significant
decrease in the concentration of Zr dissolved in the Al
matrix, i.e., by 0.22 wt % for DA and by 0.008 wt % for
annealing [9].

Usually, the general strengthening of metals and
alloys is the sum of the contributions of various mech-
anisms to the general strengthening [25]:

(3)

where σ0 = 10 MPa is the Peierls–Nabarro stress of the
crystal lattice of Al [26], σGB is the strengthening from
grain boundaries, σdis is the strengthening from dislo-
cations, σpt is the dopant strengthening from the par-
ticles of a secondary phase, and σsol is the solid solu-
tion strengthening.

The grain-boundary strengthening is determined
by the Hall–Petch relation [27]:

(4)

where K = 0.07 МPа m1/2 is the Hall–Petch coeffi-
cient [28], and dav is the average grain size.

The contribution from the dislocation strengthen-
ing was estimated by the Taylor formula [29]:

(5)
where M = 3.06 is the Taylor factor [29], α = 0.33 is a
parameter that takes into account the dislocation
interaction [30], G = 26 GPa is the shear modulus, b =
2.86 Å is the Burgers vector, and Ldis is the density of
dislocations.

According to [31], the solid solution strengthening
equals

(6)

where Ci is the concentration of the ith dopant ele-
ment, and kZr = 9 MPa/wt %2/3 is calculated according

σ = σ + σ + σ + σ + σth
0.2 0 GB dis pt sol,

−σ = 1/2
GB av ,Kd

σ = α 1/2
dis dis ,M GbL

σ = 
2/3

sol ,i i
i

k C
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Table 3. Results of estimation of the contributions of possible mechanisms to the overall strengthening of the Al–Zr alloy

*The maximum possible strengthening from the solid solution under conditions when all Zr is in the solid solution; **the maximum
possible Orowan strengthening.

State σ0, MPa σGB, MPa , MPa σdis, MPa , MPa , MPa , MPa Ref.

Initial 10 59 5 28 0 102 120 This study
HPT_RT 10 77 5 45 0 137 140 ''
HPT_RT–HPT_230 10 73 5 23 60 171 265 ''
HPT_RT–AN_230 10 75 5 20 13 123 230  [9]

σsol* σOr
** σth

0.2 σexp
0.2

Fig. 7. Estimates of the contributions of possible mecha-
nisms to the strengthening in comparison with experimen-
tally obtained values of the conditional yield strength for
the Al–0.4Zr alloy in the initial state and in the UFG states
after SPTD at RT (HPT_RT), after SPTD at RT and sub-
sequent SPTD at 230°C (HPT_RT–HPT_230) (data
obtained in this study) and after SPTD at RT and subse-
quent annealing at 230°C (HPT_RT–AN_230) [9].
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to [32]. The obtained estimates of all contributions are
given in Table 3.

In coarse-grained alloys, strengthening by particles
of the secondary phase can be implemented in various
ways: by cutting the particles, by enveloping them with
dislocation loops (Orowan mechanism), or by a com-
bination of these two mechanisms [33]. As was shown
in [34], the Orowan mechanism operates in Al–Zr
alloys with particles that are larger than 4.0 nm in
diameter [33], which is expressed as

(7)

where ν = 0.345 is Poisson’s ratio for Al [35], λ is the
distance between dopant particles calculated by the
following equation [33]:

(8)

where fV is the volume fraction of precipitates of Al3Zr.
It has been shown earlier that the Orowan strength-

ening is not realized in the UFG structure of the
preaged Al–0.4Zr alloy, despite the formation of uni-
formly distributed nanosized (diameter about 13 nm)
particles of the Al3Zr phase [20, 36]. It should be noted
that the amount of nanosized inclusions of the sec-
ondary phase in HPT_RT–HPT_230 is small and
their distribution over the sample is inhomogeneous
(Figs. 3c–3f); therefore, the Orowan strengthening,
even if it is realized, cannot be significant. Estimates
showed that the maximum contribution of the Orowan
mechanism to the overall strengthening would not
exceed 60 MPa in case it was realized under ideal con-
ditions for a given UFG material (all particles of the
secondary phase with a size of 18 nm were homoge-
neously distributed in the sample volume), whereas
the resulting difference between  and  (exclud-
ing strengthening from particles of the secondary
phases) is 154 MPa for the HPT_RT–HPT_230 state
(Table 3). In the case of annealing at 230°C, a signifi-
cantly smaller number of particles with an approxi-
mately identical average size was observed, and the
contribution to strengthening from them by the
Orowan mechanism was estimated to be less than
20 MPa [9].

π Δσ =  
 π − v

avAl
Or

0.4 ln ,
4

dMG b
bL I

 π πλ = − 
 

av 2 ,
2 3 2V

d
f

σth
0.2 σexp

0.2
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The experimental and theoretical σ0.2 values are in
good agreement for the states before and after SPTD
at RT (Table 3). However, for the UFG states after
SPTD at 230°C, experimental values  significantly
(almost by 100 MPa) exceed the obtained estimates of

 (Table 3, Fig. 7) even with consideration of the
maximum possible contribution from strengthening
by the Orowan mechanism. A similar excess of  in
comparison with theoretical estimates of  is also
characteristic of the case of annealing at the same tem-
perature (Table 3, Fig. 7) [9].

Thus, the results of the performed analysis indicate
the operation of an additional strengthening mecha-
nism caused by microstructural changes in the UFG
Al–0.4Zr alloy as a result of SPTD at elevated tem-
peratures or annealing at the same temperature. It is
noteworthy that in spite of a substantially larger

σexp
0.2

σexp
0.2

σexp
0.2

σexp
0.2
9
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amount of produced precipitates and, consequently, a
more significant decrease in the concentration of zir-
conium in the solid solution in the case of implemen-
tation of SPTD at elevated temperature compared to
annealing, the levels of strengthening (σ0.2 and σUTS)
of the UFG alloy hardly differ. The absence of a signif-
icant difference also indirectly indicates that strength-
ening after annealing or SPTD at elevated temperature
is not due to the implementation of the Orowan mech-
anism. The observed small increase in  as a result
of SPTD at 230°C compared to annealing at TAN =
230°C is mainly due to the appearance of a yield drop
in the first case (Fig. 5).

Similarly to the case of annealing [9], it can be
assumed that the additional strengthening of the UFG
Al–Zr alloy as a result of deformation at elevated tem-
perature is most likely caused by the relaxation of
HAGBs [37–41], which may be accompanied by the
formation of grain-boundary dopant segrega-
tions/nanoclusters/nanoprecipitates [41, 42]. Since it
is known that SPTD at higher temperatures acceler-
ates diffusion processes in UFG materials, the accel-
erated diffusion of dopant atoms can lead to the fixa-
tion of dislocations by them and to the appearance of
a yield drop on stress–strain diagrams of the
HPT_RT–HPT_230 and HPT_RT–HPT_280 sam-
ples (Fig. 5), as this was observed for a number of alu-
minum alloys (for example, in [13, 43]).

It is noteworthy that both annealing at 200°C and
additional deformation at 200°C led to a significant
decreases in σ0.2 and an almost two-fold decrease in
σUTS for the UFG Al–2Fe (wt %) alloy, i.e., no effect
of strengthening by annealing was observed in this sys-
tem, although the UFG structure was also formed
after SPTD under similar conditions [13]. The effect
of strengthening was observed neither after additional
SPTD at elevated temperatures [1] nor after annealing
[6] also in alloys of the Al–Mg–Si system, in which
the UFG structure was preliminarily formed by the
SPTD method at RT. It should be noted that addi-
tional deformation at elevated temperatures in both of
these systems led to the formation of nanosized parti-
cles of secondary phases. The electrical conductivity
in these alloys, as in our material under study,
increased owing to a marked decrease in the content of
alloying elements in the solid solution; however, the
strength of UFG alloys of the Al–Fe and Al–Mg–Si
systems decreased significantly. The strength of these
materials decreased during additional deformation at
elevated temperature or during annealing mainly
because of that the size of ultrafine grains increased
significantly. In the Al–0.4Zr system, the grain size
remains almost unchanged both after additional
SPTD at elevated temperatures and after annealing
[9], which indirectly indicates the effectiveness of fix-
ing GBs and triple junctions by dopant segregations
and/or nanoclusters/nanoprecipitates.

σexp
0.2
PHY
6. CONCLUSIONS
The effect of severe plastic torsion deformation at

temperatures of 230 and 280°C on the microstructure,
mechanical properties, and electrical conductivity of
the UFG Al–0.4Zr alloy, the UFG structure of which
was formed by the SPTD pretreatment at RT, is stud-
ied. It is shown that it is possible to simultaneously
increase the strength characteristics (σ0.2 from 140 to
264 MPa and σUTS from 192 to 276 MPa) and electri-
cal conductivity (from 49 to 52% IACS) by a factor of
more than 1.5 after the additional SPTD of the UFG
alloy at a temperature of 230°C.

The revealed tendency in the change of properties
(strength and electrical conductivity) has also been
observed earlier in this UFG alloy after additional
annealing at the same temperature [9]. However,
deformation at elevated temperatures leads to a more
noticeable improvement in the properties of the UFG
alloy compared to conventional annealing. Namely,
the additional SPTD at temperatures of THPT = 230–
280°C ensures simultaneous increases in the strength
to σUTS = 230–280 MPa and in the electrical conduc-
tivity to 52–54% IACS, while a strength of σUTS =
200–250 MPa with a conductivity level of 48.7–50.0%
IACS is achieved after annealing for 1 h at TAN = 230–
280°C. As in the case of annealing, the maximum
strengthening due to the additional SPTD processing
is achieved at THPT = 230°C.

It is established that deformation aging, which
occurs with additional deformation by the SPTD
method at a temperature of 230°C, leads to the forma-
tion of a larger volume fraction of nanosized particles
of the metastable Al3Zr phase in comparison with
annealing at a similar or even higher temperature
(280°C) and, consequently, to a more significant
decrease in the concentration of Zr in the solid solu-
tion of UFG aluminum, which gives rise to a signifi-
cant increase in the electrical conductivity.

It is shown that a slight increase in the grain size
and decreases in the density of dislocations and in the
concentration of Zr in the solid solution are observed
in the UFG alloy after the additional SPTD at ele-
vated temperatures, which should lead to softening,
whereas a nonstandard pattern of changing the
strength, i.e., significant strengthening, is experimen-
tally detected.

Assessments of the possible strengthening as a
result of the formation of nanoscale precipitates of the
Al3Zr secondary phase because of dynamic aging with
SPTD at THPT = 230°C show that the observed
strengthening cannot be explained by dispersion
strengthening from these precipitates. The relaxation
of nonequilibrium grain boundaries and the forma-
tion, along with intragranular particles of the Al3Zr
metastable phase, grain boundary segregations and/or
nanoclusters/nanoprecipitates may be possible rea-
sons for the strengthening of the UFG Al–0.4Zr alloy
SICS OF THE SOLID STATE  Vol. 61  No. 12  2019



THE EFFECT OF ADDITIONAL SEVERE PLASTIC DEFORMATION 2519
upon additional SPTD at elevated temperatures, as
well as upon annealing.
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