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Abstract—The influence of high pressure torsion on the microstructure and mechanical and electrical prop-
erties is elucidated for an Al–0.4Zr alloy pre-annealed at 648 K for 60 h. The transmission electron micros-
copy has revealed that the annealing causes the dispersive release of nanoparticles of a secondary Al3Zr phase.
The formation of this structure in the alloy ensures an increase in its conductivity from 50.7 to 58.8% IACS
owing to a decrease in the Zr concentration in a solid solution. As established, high pressure torsion process-
ing at room temperature of the pre-annealed alloy leads to the formation of a uniform ultrafine structure in
them, as well as to the partial dissolution of Al3Zr nanoparticles, resulting in higher strength and lower con-
ductivity. It is shown that additional annealing of the ultrafine grained alloy for 1 h at 503 K results in a
strength increase by 20% and the recovery of conductivity to the annealed state level (58.3% IACS).
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INTRODUCTION
Aluminum alloys are the promising materials for

electrotechnical applications owing to their high con-
ductivity, low density, excellent corrosion resistance,
and manufacturability. At present, aluminum alloys
used as conductors are required to exhibit high
strength and conductivity. It is known that pure Al,
when exposed to prolonged operation at temperatures
above 363 K, undergoes recrystallization and, conse-
quently, strength degradation [1]. In order to increase
the operating temperature, it was proposed to dope the
aluminum alloys with transition metals, such as Zr and
Sc, or rare-earth (RE) metals [2–7]. Meanwhile, pos-
sessing sufficiently high thermal stability of physicom-
echanical properties during prolonged high-tempera-
ture operation, these conducting alloys are character-
ized by low strength. On the other hand, it was shown
in [8] that good thermal stability of the structure and,
accordingly, of the strength characteristics is achiev-
able in the Al–8.5RE alloy, where RE = 5.4 wt % Ce
and 3.1% wt La. Nevertheless, the use of REs makes
the cable products much more expensive. In this
respect, the cheaper way to attain the higher thermal
stability of aluminum alloys is their doping with such a
transition metal as Zr [1, 9]. So, as shown in [3], the
doping with Zr in an amount up to 0.3 wt % makes it

possible to achieve the microstructure with thermal
resistance better than the embedding of 7 wt % RE. The
thermal resistance of strength properties of Zr-doped
aluminum alloys is due to the presence of nanoparti-
cles of a secondary Al3Zr phase emerging as a result of
prolonged annealing (60–100 h) in a temperature
range of 623–723 K [10].

Severe plastic deformation (SPD) is a reliable route
to substantially improve the strength characteristics of
Al-based alloys on account of the formation of an
ultrafine-grained (UFG) structure in them [11].
Recent studies have revealed that the use of SPD
methods can ensure a pronounced increase in strength
and electrical conductivity [12], but also makes it pos-
sible to attain high values of thermal resistance [8, 13]
in conducting aluminum alloys by means of forming a
UFG structure and set phase composition. For exam-
ple, it was demonstrated in [12] that the equal channel
angular pressing, followed by the cold drawing of the
Al–0.4Mg–0.2Zr alloy, led to the formation of the
UFG structure with Al3Zr nanoparticles providing a
good combination of strength, electrical conductivity,
and thermal resistance. Furthermore, as shown in
study [14], the annealing of a rapidly crystallized Al–
Cr–Zr alloy causes the emergence of chromium and
zirconium aluminides, and the successive treatment
5
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Table 1. Chemical composition of Al–0.4Zr alloy. The ele-
ment content is given in wt %

Al Zr Si Fe V Zn Bal.

99.25 0.393 0.023 0.242 0.026 0.018 ~0.05
via high pressure torsion (HPT) together with the
UFG structure formation initiates their dissolution.
The authors of [15] demonstrated the ability of defor-
mation dissolution of 1.5 wt % Zr atoms upon HPT
processing and the formation of the abnormally over-
saturated solid solution.

The present work is aimed at the investigation of
the influence of HPT and successive annealings on
the microstructure and physicomechanical properties
of the Al—0.4 wt % Zr alloy.

SAMPLES AND EXPERIMENTAL 
PROCEDURES

Samples were Al–0.4Zr alloys, whose chemical
composition is given in Table 1. The cylindrical work-
pieces with a diameter of 9.5 mm and a height of 8 mm
were cut off from the initial rod obtained by the com-
bined casting and rolling. Workpieces were then
annealed at 648 K for 60 h. According to data reported
in work [16], this thermal treatment makes it possible
to form nanoparticles of the Al3Zr phase (metastable
L12 modification) in Zr-containing alloys and, conse-
quently, to decrease the Zr atom content in the alumi-
num matrix. Thus the annealing leads to a substantial
decrease in electrical resistivity, whereas the presence
of Al3Zr nanoparticles favors the improvement of the
strength of the annealed alloy with respect to the
Orowan mechanism [17].

After the pre-annealing, workpieces were subjected
to the room-temperature (RT) HPT under a pressure
of 6 GPa to ten rotations [11, 18]. This resulted in disk-
shaped samples with a diameter of 20 mm and thick-
ness of 1.5 mm; the degree of true deformation in the
area at a distance of 5 mm from the center of the disk
was e ≈ 6.6 [18]. A part of samples were then
annealed for 1 h at temperatures of 363, 423, 473,
503, and 673 K.

The microstructure of Al–0.4Zr alloys was studied
via transmission electron microscopy (TEM) on a
JEOL JEM 2100 microscope at an accelerating voltage
of 200 kV and by scanning electron microscopy (SEM)
using a JSM-6490LV microscope equipped with an

INCA X-sight energy-dispersion analysis consol.
Samples were prepared by the spray polishing on a
Tenupol-5 setup in a solution of nitric acid (20%) and
methanol (80%) at –25°С and a voltage of 15 V. The
average size of structural elements was evaluated from
a set of at least 200 average diameters measured by
means of the ImageJ software program.
INORGANIC MATE
The microhardness of samples (HV) was deter-
mined using the Vickers method in accordance with
the GOST 2999-75. The exposure time under the load
of 1 N was 15 s. Each sample was subjected to at least
15 measurements. The indentation was conducted
along the line at a distance of 5 mm from the center of
the disk.

In order to perform the mechanical tests tensile
samples with a working part width of 2 mm and a
length of 6 mm were cut off from on the HPT-pro-
cessed discs on an electroerosive machine. The sche-
matic of the cutting off and the sample configuration
are available in [19]. The uniaxial tensile tests of sam-
ples were made on a Shimadzu AG-XD Plus setup
with a constant deformation rate of 5 × 10–4 s–1. The
deformation of samples was recorded by a TRViewX
55S video extensometer. At least three samples were
exposed to tests for each state. The stress–strain dia-
grams enabled one to determine the yield stress (σ0.2)
corresponding to 0.2% strain, ultimate tensile strength
(σUTS), and relative elongation to failure (δ).

The electrical resistivity was measured via the four-
point method at RT and at 77 K in stationary liquid
nitrogen (the electrical resistivity at 77 K is labeled
hereinafter as ρ77), as well as at several intermediate
temperatures of 150–250 K. The temperature of a
sample was controlled with a silicon diode at a preci-
sion of ±0.03 K. The resistivity measurement error was
<2%. The resistivity values were used to perform the
linear approximation to determine the resistivity at
293 K (ρ293). More details about the specific resistance
measurements can be found in our works [20, 21].

RESULTS AND DISCUSSION
Microstructure Evolution

The microstructure of Al–0.4Zr samples was
examined via scanning and transmission electron
microscopy and by performing a statistical analysis in
order to evaluate the average grain size, secondary
phase inclusions, and distance between them. Figure 1
displays the initial microstructure of the Al–0.4Zr
alloy. It is evident that it consists of subgrains extended
in the rolling direction, whose transverse size is about
2 μm (see Figs. 1a and 1b). The material structure also
exhibits particles of excess crystallization phases that
are arranged in lines, being oriented in the rolling
direction as are subgrains (see Fig. 1a). The energy-
dispersion analysis reveals that these particles are pre-
dominately composed of aluminum and iron. A lack of
complementary reflexes in the microdiffraction pat-
tern from the aluminum matrix (see Fig. 1b) indicates
the absence of Al3Zr nanoparticles in the initial struc-
ture of the alloy.

Figure 2 shows the bright-field and dark-field
images of the microstructure of the Al–0.4Zr alloys
after annealing at 648 K for 60 h. As seen the material
exposed to the treatment comprises nanoparticles uni-
RIALS: APPLIED RESEARCH  Vol. 10  No. 1  2019
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Fig. 1. Initial microstructure of Al–0.4 wt % Zr: (a) back-
scattered electron image (SEM), the arrow indicates the
rolling direction; (b) bright-field image and microdiffrac-
tion pattern ([110] zone axis) (TEM).
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Fig. 2. Microstructure of Al–0.4 wt % Zr annealed at 648 K
for 60 h: (a) bright-field image and microdiffraction pat-
tern ([120] zone axis); (b) dark-field image (TEM).
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formly distributed within the aluminum matrix. The
microdiffraction pattern (see Fig. 2a) with the addi-
tional structural reflexes enables these particles to be
identified as the secondary Al3Zr phase of the meta-
stable L12 modification [16]. Figure 2b illustrates the
dark-field image of the microstructure in the reflex of
the secondary phase. The secondary phase particle
size distribution is plotted in Fig. 3a, exhibiting small
differences between the values. The average particle
size is ~13 nm and the average distance between them
is ~38 nm (Table 2).

HPT causes the formation of the UFG structure in
the alloys with the average grain size of ~660 nm (Fig. 4a,
Table 2) and the pronounced decrease in the nanopar-
ticle concentration. The microdiffraction pattern (see
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
Fig. 4b) includes no reflexes attributed to the Al3Zr
phase. Meanwhile, the micrographs (Fig. 4) exhibit
particles whose average size is ~56 nm and the average
distance between them is ~425 nm (see Table 2). The
size distribution diagrams of these ultrafine grains and
these particles are plotted in Figs. 3b and 3c, respec-
tively. As follows from the quantitative evaluation, the
HPT of alloys leads to their coarsening, but also to a
decrease in their volume fraction by an order of mag-
nitude (see Table 2).

Hence, in accordance with microstructural pecu-
liarities detected in alloys exposed to HPT, as well as
on the basis of data gathered in [14, 15], it can be
assumed that a great amount of nanoscaled Al3Zr
phase has been dissolved. It is worth noting that the
 10  No. 1  2019
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Fig. 3. (a) Al3Zr particle size distribution histograms for
Al–0.4Zr alloys annealed at 648 K for 60 h and (b) grain
size and (c) Al3Zr size distributions after pre-annealing
and HPT processing.
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Fig. 4. Microstructure of Al–0.4 wt % Zr alloy after pre-
annealing and HPT: (a) light-field image; (b) bright-field
image and microdiffraction pattern ([001] zone axis)
(TEM).
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UFG structure also contains coarse dispersed parti-
cles (see Fig. 3) that are likely the particles of redun-
dant crystallite phases refined by HPT. Their disper-
sion after deformation was also observed in other alu-
minum alloys [8, 22, 23].

Mechanical Properties

Figure 5 displays the microhardness measured in
the initial samples, after 60 h of annealing at 648 K,
and after HPT and additional short-term annealing at
temperatures of 363–673 K. The pristine Al–0.4Zr
samples demonstrate fairly high microhardness (HV ≈
469 MPa), which exceeds to a large extent that of com-
mercially pure Al (HV = 205 MPa) [20]. The pre-
annealing at 648 K for 60 h leads to a decrease in
microhardness of the initial samples by ~15%, and
successive HPT processing augments the microhard-
ness by ~10%, reaching ~439 MPa. The additional
RIALS: APPLIED RESEARCH  Vol. 10  No. 1  2019
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Table 2. Microstructural parameters of Al–0.4Zr alloy

Treatment Average grain
size, nm

Average aluminide
size, nm

Average distance 
between aluminides, 

nm

Secondary phase 
particle fraction

(by area), %

648 K, 60 h CG 13 ± 2 38 ± 11 8.74

648 K, 60 h + HPT 663 ± 237 56 ± 23 425 ± 188 0.71

Fig. 5. (a) Microhardness as a function of annealing tem-
perature of HPT-processed Al–0.4Zr samples and
(b) stress–strain diagrams of (1) initial sample; (2) sample
pre-annealed at 648 K for 60 h and then processed by
(3) HPT at 6 GPa and additionally annealed (4) at 503 K.
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annealing at temperatures of 363–503 K for an hour
causes a gain in microhardness, and its maximum of
~508 MPa is achieved after annealing at 423 K. The
results of the uniaxial tensile tests are summarized in
Fig. 5b and Table 3. The changes in yield stress and
ultimate tensile strength are consistent with the
change in microhardness. It is worth mentioning a
high degree of plasticity in samples after pre-annealing
for 60 h at 648 K and HPT (δ ≈ 28%). The additional
annealing at 503 K leads to a slight reduction in plas-
ticity (to ~18%), and the ultimate tensile strength and
yield stress are found to be ~142 and ~137 MPa,
respectively.

According to [24], the annealing at 503 K for an
hour corresponds to 400 h of temperature exposure at
453 K. In this respect, one can conclude that the UFG
Al–0.4Zr alloy can possess stable mechanical charac-
teristics, while being employed for a long time at a
temperature of 423 K. An increase in strength of UFG
Al upon an hour of annealing at low temperatures was
observed earlier in [19, 21, 25], where the hardening
effect by the annealing was explained by the sinking of
intragranular mobile dislocations to the neighboring
high-angle grain boundaries [25] and/or their dislo-
cation structure reconstruction from a nonequilib-
rium to an equilibrium one [19, 21]. In the present
work, an increase in strength of the UFG Al–0.4Zr
alloy can be due to these processes, but one also can-
not exclude the formation of grain-boundary segre-
gations, clusters, and/or nanoscale precipitates at the
grain boundaries (including the Al3Zr nanoprecipi-
tates) by Zr atoms that have passed into the aluminum
solid solution during HPT. In connection with this,
the fine structure study of grain boundaries via analyt-
ical electron microscopy will be implemented in our
forthcoming works.

Electrical Properties

Figure 6 displays the specific electric resistance at
(a) 293 and (b) 77 K after HPT and annealing. The
initial Al–0.4Zr samples exhibit a specific resistance
26% greater than that in coarse-grained commercially
pure Al [20], which is first of all on account of the
presence of Zr atoms in the aluminum solid solution
[2–4]. The long-term annealing at 648 K leads to a
decrease in specific resistance by ~14% because of
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
reduced Zr atom concentration in the aluminum
matrix owing to the formation of Al3Zr nanoparticles
(Fig. 2). The HPT of annealed samples causes an
increase in specific resistance by ~5%, but even in this
case, the latter remains at the level lower than in the
initial sample (Fig. 6). A gain in specific resistance in
UFG alloys seems to be due to increased grain bound-
ary density and partial dissolution of Al3Zr nanoparti-
cles (Fig. 4). A further annealing at temperatures to
473 K causes no significant change in specific resis-
 10  No. 1  2019
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Table 3. Mechanical and electrical properties of Al–0.4Zr alloy

Treatment
HV,

MPa
σ0.2,
MPa

σUTS,
MPa

δ, %
ρ293,
nΩ m

% IACS
ρ77,

nΩ m

Initial alloy 469 ± 10 117 ± 2 128 ± 2 26 ± 1 34.03 50.7 9.52

648 K, 60 h 399 ± 22 72 ± 6 95 ± 4 27 ± 2 29.31 58.8 4.26

648 K, 60 h + HPT 439 ± 11 96 ± 2 118 ± 2 28 ± 1 30.93 55.8 6.92

648 K, 60 h + HPT + 423 K, 1 h 508 ± 8 – – – 31.02 55.6 7.08

648 K, 60 h + HPT + 503 K, 1 h 463 ± 7 137 ± 2 142 ± 1 18 ± 1 29.60 58.3 5.90
tance, but leads to an increase in microhardness (Fig. 5a).
The annealing at 503 K almost recovers the high level
of electrical conductivity (~58.3% IACS) attained in
the alloy annealed at 648 K. The specific electrical
resistance measured at 77 K exhibits a similar ten-
dency (Fig. 6b, Table 3).
INORGANIC MATE

Fig. 6. Electrical resistivity at (a) 293 and (b) 77 K as a func-
tion of additional annealing temperature for pre-annealed
and HPT-processed Al–0.4Zr alloy.
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CONCLUSIONS
The pioneering study of the influence of severe

plastic deformation by torsion and subsequent anneal-
ing on the mechanical properties and electrical con-
ductivity of the aluminum alloy doped with 0.4 wt Zr
was performed. The annealing at 648 K for 60 h was
found to cause the formation of Al3Zr spherical
nanoparticles of metastable modification L12 with the
average diameter of ~13 nm, as well as to ensure a high
electrical conductivity (58.8% IACS).

Besides the formation of a uniform UFG structure
with the average grain size of 660 nm, the room-tem-
perature HPT led to partial dissolution of Al3Zr
nanoparticles and, consequently, to a gain in strength
(by ~10%) and to a decrease in electrical conductivity
to 55.8% IACS.

The subsequent annealing for an hour at a tem-
perature of 503 K ensured a further increase in yield
strength by 20% and the recovery of electrical conduc-
tivity to the value close to that of annealed specimen
(58.3% IACS).

The thermal stability of the mechanical properties
of the UFG Al–0.4Zr alloy processed by HPT was
shown as well, which opens up the prospects for
improving the functional properties of conductors
based on aluminum–zirconium alloys.
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