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ABSTRACT
A novel severe plastic deformation (SPD) process of High Pressure Torsion Extru-
sion (HPTE) was applied to the rods of the Al-2.2 wt.% Ce-1.3 wt.% La (Al–3.5RE) 
alloy. The microstructure, microhardness, the mechanical strength, thermal stabil-
ity, and electrical conductivity of the alloy after HPTE and subsequent annealing 
have been investigated. It was demonstrated that HPTE processing can simulta-
neously increase yield strength from 127 to 225 MPa and electrical conductivity 
from 54.7% IACS to 55.7% IACS in this alloy. Such a remarkable combination 
of properties was achieved thanks to significant refinement of microstructure 
constituents: grain size of Al matrix was reduced down to 0.9 µm and initially 
continuous network of  Al11RE3 phase was broken to micrometer- and nanometer-
sized particles. Furthermore, the yield strength of the HPTE-processed Al–3.5 RE 
alloy remains stable at 230 °C for 1 h due to micrometer- and nanometer-sized 
particles that pin the grain boundaries. Therefore, HPTE processing of Al–RE 
alloys has a high application potential in the electric power industry.
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GRAPHICAL ABSTRACT 

Introduction

The electric power industry demands for materials 
with light weight, high strength, good electrical con-
ductivity, and thermal stability continuously increas-
ing [1, 2]. The Al-based alloys containing immiscible 
elements, such as Al–Zr, Al–Fe and Al–RE (where RE 
stands for rare earth) alloys, have gradually attracted 
the attention owing to their low density and their rela-
tively high electrical conductivity and better thermal 
stability comparing with Al–Mg–Si electro-technical 
alloys [1, 3, 4]. The main issue of as-cast Al–Zr, Al–Fe, 
and Al–RE alloys, preventing their widespread use, is 
their low mechanical strength [4–7].

In order to overcome this drawback, processing 
using severe plastic deformation (SPD) has been 
proposed to enhance the mechanical properties of 
Al alloys [8]. It is well known that SPD techniques 
can refine grain sizes to the range of 100–1000 nm, 
which significantly enhances the strength according 
to the Hall–Petch relationship [9, 10]. For example, 
the tensile strength of aluminum alloys with differ-
ent RE contents was significantly improved after HPT 
deformation at room temperature [11–13]. In particu-
lar, the tensile strength of the aluminum alloy with 
4.5% RE increased from 80 to 489 MPa [11], and that 
of the aluminum alloy with 8.5% RE increased from 
73 to 475 MPa [12]. However, the conductivity of the 
alloys decreased, respectively, from 55 to 45.5% and 
from 49.5 to 39.7% IACS [11, 12]. At the same time, the 

application of the HPT process in the field of electric 
power is restricted due to several key issues: (i) the 
size limitation of the sample specimens, (ii) the con-
tinuous processing of samples is not possible, and (iii) 
the thermal stability of the UFG structure is limited.

High Pressure Torsion Extrusion (HPTE) (Fig. 1) 
is a novel SPD process, which can introduce very 
high strains in rods samples [14–17]. Omranpour 
et al. found that HPTE led to the formation of UFG 
microstructure in Al rods  [16]. Nugmanov et al. 
used HPTE to process commercially pure copper by 
means of HPTE [17]. HPTE-processed copper has 
very high mechanical strength due to the presence of 

Figure 1  Schematic illustration of HPTE and the process param-
eters.
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high density of high- and low-angle grain boundaries. 
However, to the best of our knowledge, there are no 
reports about the microstructure and properties of Al-
based immiscible alloys using HPTE process.

In this paper, the HPTE is employed to process 
the rod samples of the Al–3.5 RE (2.2 wt.% cerium, 
1.3 wt.% lanthanum) alloy at room temperature. The 
microstructure, mechanical properties, thermal sta-
bility, electrical conductivity, and their evolution at 
annealing of HPTE-deformed Al–3.5 RE alloy were 
systematically investigated. Meanwhile, the impact of 
microstructure on mechanical properties and electrical 
conductivity was analyzed through theoretical calcula-
tions. Finally, the discussion on the application poten-
tial of the HPTE-processed Al–3.5 RE alloy in the field 
of electrical engineering was conducted through com-
parison with the HPT process and the performance of 
the commercial 55KTAL alloy.

Materials and methods

As-cast Al–3.5% RE alloy rods with a diameter of 
12 mm and a length of 35 mm were used for HPTE 
experiments. The HPTE deformation with transla-
tional velocity υ = 1 mm/min and rotational velocity 
ω = 1 rpm was carried out at room temperature using 
a custom-built computer-controlled HPTE machine 
(W. Klement GmbH, Lang, Austria) with advanced 
hexagon HPTE dies (Fig. 2). Molybdenum disulfide 
 (MoS2) was used as a lubricant in all experiments to 
facilitate the extrusion process. The HPTE equipment 
used in this study was described in Ref. [14]. Sam-
ples were extruded one by one through the die using 

a punch moving with an extrusion speed v and lower 
die rotated with a rotational speed of ω. As a result, 
the specimens experienced both expansion-extrusion 
deformation and torsional deformation in a narrow 
zone where both dies meet. For one pass of HPTE, the 
equivalent strain is calculated by Equation [14]:

Following HPTE, samples were annealed in the 
temperature range from 80 to 330 °C for 1 h. Anneal-
ing treatments were carried out in a resistance-heated 
furnace in air atmosphere. For comparison, a few sam-
ples were processed by conventional HPT. Disks with 
a diameter of 10 mm and thickness of 0.6 mm were 
deformed at room temperature at a pressure of 5 GPa 
for five turns. The equivalent strain at HPT was cal-
culated as:

where N is the number of turns, t is the sample thick-
ness, and R is the radial distance from the disk center.

The values of the equivalent strain at HPTE and 
HPT are listed in Table 1. The values reported in 
Table 1 are calculated using Eqs. (1) and (2).

The microhardness of samples was tested using 
a Vickers indenter. The electrical conductivity (EC, 
MS/m) was measured using eddy current electri-
cal conductivity tester with an accuracy of ± 0.3% in 
the longitudinal sample cross section (for details see 
SM). The following relation was used to express EC 
in International Annealed Copper Standard (IACS) 
units: IACS =  ECAl /  ECCu * 100 [%], where  ECAl is 
the conductivity of the alloy in MS/m and  ECCu is the 
conductivity of copper (58.0 MS/m). Tensile tests were 
conducted at ambient temperature using the Zwick 
Z100 testing machine and dog-bone samples with 
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Figure 2  HPTE die drawing.

Table 1  Equivalent strains at HPTE and HPT processing tech-
niques calculated using Eqs. (1) and (2), respectively

Processing Equivalent strain

R (mm)

0 1 2 3 4

HPTE 0.9 5.7 10.5 15.3 20.1
HPT 0 52.4 104.8 157.2 209.6
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a diameter of 6.85 mm and gauge length of 15 mm 
shown in Fig. S2. The crystal structure of all samples 
was examined by X-ray diffraction (XRD) analysis 
using CuKα radiation at 40 kV and 40 mA. Values of 
lattice parameter a, coherent scattering domain size 
(CSDS), and microstrain <ε2> 1/2 were calculated via 
the Rietveld refinement method using the Highscore 
software v. 5.1b by Malvern Panalytical and diffraction 
patterns shown in Fig. S3. The dislocation density (ρ⊥) 
was calculated using the following equation [10]:

where b is the Burgers vector for gliding dislocations, 
D is the coherent scattering domain size, and <ε2> 1/2 
is a microstrain.

Microstructures were observed using several com-
plementary techniques. The morphology of the second 
phase and the distribution of elements in initial sam-
ple, HPTE-processed specimen, and annealed HPTE-
processed specimens were examined using a Zeiss 
Auriga 60 scanning electron microscope (SEM), oper-
ating at 20 kV, and employing backscattered electrons 
detector (BSE) and energy-dispersive X-ray spectros-
copy (EDX) techniques.

The microstructure of the Al matrix of initial sam-
ples, HPTE-processed specimens, and annealed HPTE-
processed specimens was investigated by electron 
backscattering diffraction (EBSD) using a Zeiss Auriga 
60 and a FEI Quanta 3D scanning electron microscopes 
operating at 20 kV. EBSD samples were prepared by 
conventional electro-polishing procedure with a Ten-
upol twinjet polisher, using standard Struers solution 
for Al and further cleaned by ion milling (Gatan, PIPS 
II). The EBSD images were evaluated using the orien-
tation imaging (OIM) software by EDAX.

The distribution of nanometer-scale intermetallic 
particles in the annealed HPTE-processed specimen 
was investigated by transmission electron microscopy 
(TEM), scanning transmission electron microscopy 
(STEM), and high-resolution TEM (HRTEM) tech-
niques, employing a Themis 300 (ThermoFisher Scien-
tific) electron microscope with a double aberration cor-
rector operated at 300 kV. TEM samples were prepared 
by twin jet electro-polishing on Struers Tenupol using 
standard Struers solution for Al and further cleaned 
by ion milling (Gatan, PIPS II). HRTEM images were 
used to create associated Fast Fourier Transformation 
(FFT) patterns of the Al matrix and the second phase 
using Velox software v. 3.90 (ThermoFisher Scientific) 

(3)𝜌
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√
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to study the structure and orientation of the region of 
interest.

Results

Mechanical strength, thermal stability, 
and electrical properties of Al–3.5 RE alloy 
after HPTE

The engineering stress–strain curves for the as-cast 
alloy, the HPTE-processed, and the annealed HPTE-
processed sample are shown in Fig. 3a. The HPTE pro-
cessing significantly increased the yield strength of the 
as-cast alloy from 126.9 ± 1.5 MPa to 224.9 ± 1.7 MPa. 
After the HPTE processing, the uniform elongation of 
the as-cast alloy decreased from 15 to 3.8%, and tensile 
curve demonstrated a kind of stress drop behavior. 
The high value of yield strength obtained after HPTE 
remains stable upon annealing at 230 °C. With an 
increase in the annealing temperature to 280 °C, the 
yield strength decreased to 192.4 ± 6.4 MPa. Remark-
ably, the stress-drop behavior became more pro-
nounced after annealing (Fig. 3a), and possible reasons 
for that will be discussed below.

In order to study the thermal stability of the HPTE-
processed alloy further, the microhardness meas-
urements of the HPTE-processed and subsequently 
annealed samples were performed as shown in Fig. 3b. 
In the HPTE-processed sample, the microhardness 
increases along the radius of the transverse cross sec-
tion from 47.5 to 60 Hv (Fig. 3b). This microhardness 
level remains stable after annealing in temperature 
range from 80 to 230 °C (Fig. 3b), in agreement with 
the behavior in yield strength. At further increase of 
annealing temperature, microhardness gradually 
decreases to 49 Hv at 280 °C and to 42 Hv at 330 °C, 
which is still higher than the microhardness of the as-
cast alloy (Fig. 3b).

Figure 3c illustrates that the electrical conductivity 
of the as-cast alloy is 54.7 ± 0.3% IACS, which increases 
to 55.7 ± 0.2% IACS following the HPTE processing. 
Notably, the electrical conductivity of the HPTE-pro-
cessed samples remains at that value after annealing 
in the temperature range from 80 to 230 °C (Fig. 3c). 
With increasing annealing temperature, the electrical 
conductivity exhibits a rather small increase, reach-
ing 56.4 ± 0.1% IACS at 280 °C and 58.3 ± 0.1% IACS 
at 330 °C. Therefore, the optimal combination of high 
strength and high electric conductivity, achieved 
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through HPTE and subsequent annealing, is stable 
for annealing temperatures up to 230 °C.

Microstructure

Figure 4a shows the BSE-SEM image of the as-cast 
Al–3.5 RE alloy microstructure. The microstruc-
ture consists of an Al matrix with inclusions of the 
eutectic Al–RE intermetallic phase, which forms 
a continuous network with the size of the “cells” 
of 10–30 µm. The volume fraction of intermetallic 

phase is 10.2 ± 1.5% in as-cast Al–3.5 RE alloy, as 
estimated from BSE–SEM images and in agreement 
with the phase diagram. The lamellar morphology 
of the intermetallic phase is illustrated in the insert 
in Fig. 4a. Figure 4b displays the EBSD orientation 
map of the initial sample. The mean grain size of the 
Al matrix in the initial sample is greater than 80 µm, 
which is substantially larger than the cell size of the 
 Al11RE3 phase network. It means that the continuous 
network of the  Al11RE3 phase is embedded into the 
Al matrix grains.

Figure  3  The engineering stress–strain curves of the as-cast 
alloy, the HPTE-processed sample, the HPTE-processed and 
annealed at 230 °C at 280 °C samples (a), Vickers microhardness 

versus a distance from the center (b) and electrical conductivity 
(% IACS) of different samples in the longitudinal cross section of 
the rod (c).
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The X-ray diffractogram of the as-cast alloy (Fig. 4d) 
contains the diffraction peaks of Al and the  Al11RE3 
intermetallic phase. After HPTE processing, the XRD 
peaks of  Al11RE3 become significantly broader, which 
indicates a refinement of the  Al11RE3 phase as a result 
of the HPTE processing [4]. EDX analysis of the initial 
sample showed that Ce and La are located in inter-
metallic particles but are not present in the Al matrix 
(Fig. 4c). This is reasonable since the solubility of Ce 
and La in Al at room temperature is negligible. How-
ever, it was reported that severe deformation by HPT 
had led to a partial decomposition of  Al11RE3 inter-
metallic phase and dissolution of RE atoms in the 
Al matrix [11–13]. The results of the XRD analysis of 
Al–RE alloys, after HPTE and subsequent annealing, 

are shown in Table 2. The lattice parameters of all sam-
ples are nearly identical, which suggests that the Ce 
and La atoms did not migrate into or out of the Al 
matrix during the HPTE and annealing processes, in 
agreement with the results of EDX analysis. The dislo-
cation density of the HPTE-processed sample is rather 
high, remaining after annealing at 230 °C at the same 
level. However, upon further increasing the anneal-
ing temperature, the dislocation density decreased 
(Table 2).

Figure 5a–c shows the BSE—SEM images of the 
microstructure of the HPTE-processed sample at 
different locations in the normal cross section of the 
rod. In areas close to the rod axis where the equiva-
lent strain is about 0.9, the morphology of the  Al11RE3 

Figure 4  BSE—SEM image of the as-cast microstructure, insert 
shows the morphology of the  Al11RE3 at higher magnification 
(a); EBSD orientation mapping of the as-cast sample (b); EDX 

mapping of the as-cast sample (c); XRD patterns of the as-cast, 
the HPTE-processed and HPTE-processed and annealed samples 
(d).
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phase still looks like a continuous network, similar 
to the morphology of this phase in the initial sample 
(Fig. 5a). At the middle of the radius where the equiva-
lent strain is about 10.5, the continuous network of the 

 Al11RE3 phase is broken to micrometer and nanom-
eter size particles (Fig. 5b). By increasing the equiva-
lent strain to 20.1 at the HPTE rod edge, the size of 
the particles becomes smaller (Fig. 5c). The BSE-SEM 

Table 2  Microstructure 
data of Al–RE alloys after 
HPTE at RT and subsequent 
annealing

Sample a (Å) Grain size 
 dav. (μm)
(EBSD)

D (nm)
(XRD)

 < ε 2 > 1/2 (%) ρ⊥  (m−2)

as-cast 4.0499 ± 0.0001 > 80 – – –
HPTE 4.0496 ± 0.0001 0.9 ± 0.4 438 ± 11 0.050 ± 0.005 1.4 ×  1013

HPTE + annealing
180 °C, 1 h

4.0496 ± 0.0001 – 434 ± 9 0.041 ± 0.004 1.1 ×  1013

HPTE + annealing
230 °C, 1 h

4.0495 ± 0.0001 0.9 ± 0.5 439 ± 91 0.040 ± 0.004 1.1 ×  1013

HPTE + annealing
280 °C, 1 h

4.0496 ± 0.0001 1.1 ± 0.5 636 ± 48 0.027 ± 0.009 5.1 ×  1012

HPTE + annealing
330 °C, 1 h

4.0497 ± 0.0001 1.4 ± 0.6 811 ± 41 0.022 ± 0.005 1.9 ×  1012

Figure  5  Microstructure of the HPTE-processed and subse-
quently annealed Al–3.5 RE samples at three different locations 
in the normal cross section of the rod: as-HPTE (a–c); HPTE and 

annealed at 230 °C for 1 h (d–f); HPTE and annealed at 280 °C 
for 1 h (g–i). BSE-SEM.
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images of the HPTE-processed samples microstruc-
ture annealed at 230 and 280 °C for 1h are shown in 
(Fig. 5d–i). The microstructure looks very similar to 
that of the HPTE-processed sample.

Figure 6 shows the EBSD orientation maps in the 
normal cross section of the HPTE-processed Al–3.5 
RE sample near the sample edge where the equiva-
lent strain is 20.1 (Fig. 6a), and after annealing at 
230, 280, and 330 °C (Fig. 5b–d). The mean grain size 
of the Al matrix in the HPTE-processed sample is 
about 0.9 ± 0.4 µm (Fig. 6a) and does not change after 
annealing at 230 °C for 1 h (Fig. 6b). Increasing the 
annealing temperature to 280 °C for 1h results in a 
slight increase in the Al grain size to approximately 
1.1 ± 0.5 µm (Fig. 6c). This result demonstrates that the 
HPTE-processed sample has a good thermal stability 
in this temperature range, which is consistent with 
the microhardness measurements (Fig. 3b). A further 
increase in the annealing temperature to 330 °C for 1 
h results in an increase in the Al grain size to 1.4 ± 0.6 
µm (Fig. 6d).

Figure 7 shows the STEM and STEM-EDX images in 
the normal cross section of the HPTE-processed sam-
ple annealed at 230 °C for 1 h near the sample edge 
(Fig. 7a). The STEM-EDX shows that Ce and La ele-
ments remain within the intermetallic particles and are 
not detected in the Al matrix (Fig. 7a), in agreement 

with XRD data as deducted from the Al lattice param-
eter (Table 2). Moreover, micrometer- and nanome-
ter-sized particles are clearly observed at one of the 
grain boundaries (Fig. 7a). TEM and HRTEM analysis 
of the HPTE-processed sample annealed at 230 °C for 
1h reveals the nanometer-sized  Al11RE3 phase particle 
pinned to the grain boundary (Fig. 7b, c).

Discussion

The trade-off between electrical conductivity and 
mechanical strength in aluminum alloys is well known 
[18]. The present research demonstrates that the HPTE 
process can simultaneously increase the yield strength, 
microhardness, and electrical conductivity of the Al–3.5 
RE alloy rods compared to the values in the initial state 
(Fig. 3). The significant increase in yield strength and 
microhardness can be attributed to the transformation 
of the continuous network of the  Al11RE3 phase into 
micrometer- and nanometer-sized particles (Fig. 5b, 
c), to the refinement of the Al matrix grain size from 
approx. 80 to 0.9 µm (Fig. 6a) and to the increased 
dislocation density (Table 2) as a result of HPTE pro-
cessing. The presence of  Al11RE3 phase can accelerate 
a refinement of the Al grains during HPTE process. It 
is well known that in alloys containing second phase 

Figure 6  EBSD orientation 
maps of the microstructure 
of the Al-Re alloy: as-HPTE 
(a); HPTE and annealing 
at 230 °C (b); HPTE and 
annealing at 280 °C (c); 
HPTE and annealing at 330 
°C (d).
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particles, a relatively uniform submicron grain structure 
usually forms at significantly lower strain compared to 
that in the single-phase material [19]. Meanwhile, the 

 Al11RE3 phase effectively pins dislocations generated 
during HPTE processing thus leading to their storage 
in deformation zones in the Al matrix with significant 

Figure 7  STEM-EDX mapping of the HPTE-processed Al–RE 
sample showing intermetallic particles (a); TEM micrograph 
(b) and HRTEM micrograph (c) of the HPTE-processed and 

annealed at 230 °C sample. FFTs in (c) show zone axis of Al 
[110], and  Al11RE3 [320].
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local misorientation gradients [20, 21]. Within these 
zones, new high-angle boundaries can emerge at rela-
tively low strains [21]. Concurrently, the HPTE process-
ing has a dual effect on electrical conductivity. On the 
one hand, it destroys the integrity of the intermetallic 
phase network, thus increasing the connectivity of the 
Al matrix (Fig. 5). The resistivity of intermetallic com-
pounds is significantly higher than that of the matrix 
metal [22–24], and enhanced connectivity within the 
aluminum matrix facilitates an extended free path of 
conductive electrons. On the other hand, the decrease 
in grain size and increase in structural defects density 
due to severe deformation will lead to an increase in 
scattering centers for electrons and to a decrease in elec-
trical conductivity [18]. The small observed changes of 
the electrical resistivity due to the HPTE processing and 
subsequent annealing indicate that the effects decreas-
ing the electrical conductivity (grain size reduction, 
increased dislocation density) are in balance with the 
effects increasing the conductivity (destruction of con-
nectivity of intermetallic). As a result, the resistivity is 
almost not altered, while the mechanical strength is 
improved substantially.

Strengthening mechanism

To illuminate the substantial enhancement of the 
strength of the Al–3.5 RE alloy after different treat-
ments, a quantitative analysis based on microstructural 
parameters was conducted. The contribution of poten-
tial mechanisms to overall strengthening was estimated 
using the following general equation: [25, 26].

Here, �y0.2 is the yield strength, �
0
 (10 MPa) is the 

Peierls–Nabarro stress [27] and �
GB

 , �
Dis

 , �(Pt), and �
ss

 
are the strengthening contributions caused by grain 
boundaries, dislocations, nano meter intermetallic par-
ticles (≤ 100 nm), and solid solution, respectively.

The contribution of grain boundary strengthening 
can be described by the Hall–Petch relation, which is 
expressed as follows [10]:

where k (0.07 MPa·m−2) is the Hall–Petch coefficient 
[28], and  dav is the average grain size, estimated from 
EBSD orientation mapping (Table 2).
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GB

=
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The contribution of dislocations to the strengthen-
ing can be estimated using the Bailey–Hirsch relation-
ship [29]:

In this equation, M (3.06) is the Taylor factor [29], α 
(0.33) is a dimensionless constant related to the dislo-
cation interaction [29], G (26 GPa) is the shear modu-
lus of Al [30], b (0.286 nm) is the Burgers vector [30], 
and ρ⊥ is the dislocation density, estimated from XRD 
results (Table 2).

The fragmentation leads to a progressive increase in 
the nano-meter intermetallic particle number density. 
So, the contribution of the nano-meter intermetallic 
particles (≤ 100 nm) to the strength can be given by the 
following equation through the Orowan mechanism 
[1, 31].

In this equation, M, G, and b are the same as in 
Eq. (6),  fv is the volume fraction, and r is the mean 
radius of the nano-meter intermetallic particles.

The volume fraction of nanometer-size intermetal-
lic particles was estimated using ImageJ software and 
several STEM images like shown in (Fig.S4). Upon that 
only particles with a diameter of ≤ 100 nm were ana-
lyzed. In that way,  fv was estimated as 6.2 ± 0.6% for 
the as-HPTE sample and 5.8 ± 0.6% for the annealed 
HPTE-processed sample. The mean radius of the 
nanometer intermetallic particles was measured as 45 
nm for both the as-HPTE sample and the annealed 
HPTE-processed sample.

The solubility of La and Ce in Al at room tempera-
ture is less than 0.0005 wt.% [32], which is effectively 
zero. And from XRD results, the Al lattice parameters 
of all samples are nearly identical, which suggests that 
the Ce and La atoms did not migrate into or out of 
the Al matrix during the HPTE and annealing pro-
cesses. Thus, the solid solution strengthening can be 
neglected.

A summary of the contributions of various strength-
ening mechanisms to the total yield strength is pre-
sented in Table 3 and compared with the experimen-
tal values. Theoretical calculations reveal that both 
grain boundary strengthening and the strengthening 
effect of nanometer-scale intermetallic particles play 
significant role in enhancing the yield strength of the 
Al–3.5 RE alloy. Grain boundary strengthening, as 
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= M ∗ � ∗ G ∗ b ∗
√
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explained by the Hall–Petch relationship, occurs due 
to the impediment of dislocation motion by the grain 
boundaries, which becomes more pronounced as the 
grain size decreases. The nanometer intermetallic par-
ticles contribute to strengthening through Orowan 
strengthening, where these particles impede the move-
ment of dislocations. After annealing at 280 °C for 1 h, 
the calculated yield strength of the HPTE-processed 
sample decreased. This reduction in strength is attrib-
uted to the increase in average grain size of the alu-
minum matrix from 0.9 µm to 1.1 µm and a decrease 
in dislocation density from 1.4 ×  1013 to 5.1 ×  1012  m−2.

Stress drop phenomena in the stress–strain 
curves

HPTE-processed ultrafine-grained Al–3.5RE 
alloy demonstrated an interesting feature in the 
strain–stress curves with a steep stress drop after a 
short uniform elongation stage of 3.8% (Fig. 3a). This 
behavior became more pronounced after annealing 
at 230 and 280 °C, as the alloy demonstrated a classic 
yield point with a flow stress drop just after the onset 
of yielding. A very similar behavior was observed in 
UFG Al processed by Accumulated Roll Bonding [33] 
and in cryomilled Al–Mg alloy [34–36]. Han et al. 
[34] argued that the most plausible explanation for 
this phenomenon is pinning of dislocations at dis-
perse particles of secondary phases. A stress drop in 
the stress–strain curve can occur when dislocations 
either burst out from particles under high applied 
stresses or annihilate each other near these parti-
cles [34]. It is very likely that this mechanism is also 
active in the case of present investigation, because 
the alloy contains 10.18 vol. % of  Al11RE3 interme-
tallic phase which had been broken into disperse 
particles after HPTE (Fig. 5). Different stress drop 
behavior of as-HPTE and annealed samples can be 
explained by different dislocation configurations in 
these states. Presumably, not all dislocations accu-
mulated in the microstructure of the as-HPTE sample 

were pinned at the  Al11RE3 particles, which allowed 
some strain hardening before the pinned dislocations 
were released. After annealing at 230 °C and 280 °C, 
dislocation density was still very high, 1.1 ×  1013 
to 5.1 ×  1012  m−2, respectively (Table 2); therefore, 
remaining “free” dislocations had not recovered but 
progressively pinned to the particles as exempla-
rily shown in Fig. 7b. Simultaneous release of such 
a huge number of dislocations at the yield point 
had led to a pronounced stress drop. More detailed 
investigations with the help of in situ TEM and other 
techniques, necessary to further clarify the mecha-
nism of stress drop phenomenon in the ultrafine-
grained Al–3.5% RE alloy, are over the scope of pre-
sent investigation and should be performed in the 
future.

Electrical conductivity

The impact of various microstructural features on 
electrical resistivity can be quantitatively assessed 
by the Matthiessen’s rule [37].

where �
pure

 (2.7 µΩ.cm) is the electrical resistivity of 
single-crystalline defect-free aluminum [38] and �

vac
 , 

�
Dis

 , �
GB

 , (�
Pr
) , and �

ss
 are the electrical resistivity con-

tributions from vacancies, dislocations, grain bounda-
ries, solute atoms and precipitation, respectively.

The contribution of vacancies to the electrical 
resistivity can be calculated using the following 
equation [39]

where N
vac

 (190 µΩ.cm) is vacancy concentration 
for severely deformed Al [39] and Δ�Vac  (10−4 to  10–3 
µΩ.cm) is the resistivity per unit atomic concentration 
of vacancies [40]. The maximum contribution of vacan-
cies to the electrical resistivity is as small as 0.2 µΩ.cm.

(8)�
cal

= �
pure

+ �
vac

+ �
Dis

+ �
GB

+ �
Pr

+ �
ss

(9)�
vac

= N
vac

∗ Δ�Vac

Table 3  Strengthening by different mechanism in HPTE-processed and annealed at 280 °C Al-3.5RE alloy calculated using Eqs. (4–7) 
in comparison with experimentally measured yield strength

Sample �0 (MPa) �GB (MPa) �Dis (MPa) �Part (MPa) �ss (MPa) �
y0.2 (MPa) �Exp (MPa)

HPTE 10 80 ± 26 26 90 0 200 ± 26 224.9 ± 1.7
HPTE + anneal-

ing280 °C, 1 h
10 73 ± 25 15 88 0 180 ± 25 192.4 ± 6.4
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The contribution of dislocation density to the 
electrical resistivity can be calculated as [39]

where �⟂ is the dislocation density in  m−2 and Δ�Dis 
(2.7 ×  10–25 Ωm3) is the electrical resistivity per unit 
density of dislocations [41]. With the �⟂ values esti-
mated from XRD results (Table 2), the contribution of 
dislocations to electrical resistivity is deemed negligi-
ble after HPTE and annealing.

The contribution of grain boundaries to the elec-
trical resistivity can be estimated as follows [41]:

Here, S
GB

(m−1) ≈ 3*dav is the bulk density of grain 
boundaries in a material with an average grain size 
of  dav and Δ�GB is the resistivity per unit concentra-
tion of grain boundaries which is 2.6 ×  10–16 Ωm2 for 
Al [41].

The contribution from precipitates can be ignored 
because their contribution is not usually significant 
[4].

The contributions from solute atoms also can 
be ignored because no La, Ce atoms were detected 
within the Al matrix of all samples.

The results of the estimate of all contributions to 
electrical resistivity from different microstructural 
features are given in Table 4 and compared with the 
experimental data. The electrical conductivity in the 
international annealed copper standard (%IACS) was 
calculated as  K%IACS = 172.41/� [4], where � is the elec-
trical resistivity in µΩ.cm. Theoretical calculations 
indicate that the grain boundaries have the highest 
influence on electrical resistivity of the Al–3.5 RE 
alloy. After annealing at 280 °C for 1 h, the calculated 
electrical conductivity of the HPTE-processed sample 
increased due to the increase in grain size of the aver-
age aluminum matrix from 0.9 to 1.1 µm. The esti-
mated values of electrical conductivity are in a good 
agreement with experimental ones.

(10)�
Dis

= �
⟂
∗ Δ�Dis

(11)�
GB

= S
GB

∗ Δ�GB

Thermostability

The microhardness of the HPTE-processed rods of 
Al–3.5 RE alloy remains unchanged at annealing tem-
peratures below 230 °C. The present results indicate 
that the thermal stability of the HPTE-processed Al–3.5 
RE alloy is improved compared to that of many other 
SPD-processed Al alloys [42]. This can be attributed to 
the outstanding thermal stability of the  Al11RE3 inter-
metallic phase [43] and the pinning effect of microm-
eter and nanometer  Al11RE3 particles for Al grain 
boundary migration, which prevents grain coarsening, 
thus stabilizing the UFG structure. Further increase in 
the annealing temperature to 330 °C for 1 h results in a 
decrease in the microhardness of the HPTE-processed 
rods of Al–RE alloy to about 42 HV, while the electrical 
conductivity increases to about 58% IACS. This can be 
attributed to a significant increase in the grain size of 
the Al matrix (Table 2), which leads to a lowering the 
number of electron scattering centers.

Comparison of HPT and HPTE processing

The difference between HPT processing and HPTE 
processing was analyzed. Comparing the microhard-
ness and electric conductivity of the Al–3.5 RE alloy 
after different treatments, it becomes evident that 
the microhardness of the alloy is higher after HPT 

Table 4  Influence of different microstructural features on electrical resistivity calculated using Eqs. (8–11) in comparison with experi-
mentally measured electrical conductivity

Sample �pure(µΩ.cm) �vac(µΩ.cm) �GB(µΩ.cm) �Cal(µΩ.cm) %  IACSCal %  IACSExp

HPTE 2.7 0.2 0.11 ± 0.07 3.02 ± 0.11 57.3 ± 1.8 55.7 ± 0.2
HPTE + annealing 280 

°C, 1 h
2.7 0.2 0.09 ± 0.06 2.81 ± 0.08 57.7 ± 1.6 56.4 ± 0.1

Table 5  Comparison of microhardness and electric conductivity, 
measured at the middle of sample radius, of the Al-3.5 RE sam-
ples after different treatments

Processing Microhardness, 
HV

Electrical con-
ductivity, IACS, 
%

as-cast 31 ± 1.5 54.7 ± 0.3
HPTE 55 ± 0.6 55.7 ± 0.2
HPTE + 230 °C, 1 h 54 ± 0.5 56.4 ± 0.1
HPT 106 ± 8 47 ± 0.9
HPT + 230 °C, 1 h 126 ± 7 50.2 ± 0.7
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processing than that after HPTE (Table 5). This result 
is not surprising taking into account the significantly 
higher strain realized in HPT compared to HPTE 
(Table 1). At the same time, the electrical conductivity 
of the HPTE-processed sample is higher than that of 
the HPT-processed one (Table 5). It is not the purpose 
of the present letter to analyze the reasons for such a 
large difference in properties of HPT and HPTE-pro-
cessed Al–3.5 RE alloy. It can be speculated that HPT 
leads not only to stronger grain size refinement, but 
also to the partial dissolution of the intermetallic phase 
and formation of a supersaturated solid solution in 
Al as demonstrated previously in the HPT-processed 
Al–RE alloys [11–13], which would be detrimental 
for the electrical conductivity. A notable increase in 
hardness of the HPT-processed and annealed at 230 °C 
sample was explained in [11–13] by the precipitation 
of  Al11RE3 nanoparticles from the super-saturated 
solid solution (age hardening). Irrespectively of that, 
the HPT-processed samples show the usual strength 
vs. electric conductivity trade-off, whereas HPTE-pro-
cessed samples show a simultaneous enhancement of 
both characteristics. After annealing at 230 °C for 1 h, 
the microhardness of the HPTE Al–3.5 RE is still lower, 
but its electrical conductivity is notably higher than 
the value of the HPT-processed sample. Anyway, HPT 
processing is a laboratory-scale processing method 
and up to now it has never been used in industry.

Comparison of commercial 55KTAL 
and HPTE‑processed Al–3.5 RE alloy

The electrical conductivity and tensile strength of 
the HPTE-processed Al–3.5 RE alloy are similar to 
that of a commercial Al–Zr–Si–Cu-thermal-resistant 
aluminum alloy for high-tension conductors 55KTAL 
[44] (Table 6). However, its ductility and thermal 
stability are significantly better than that of the 
55KTAL alloy. It should be noted that the properties 
of the HPTE-Al–3.5 RE alloy remained stable when 
exposed to a temperature of 230 °C for one hour, 
which is equivalent to maintaining tensile strength 
over a thermal history of 36 years at an operational 
temperature of 150 °C for conductors [44]. Addition-
ally, the proposed processing method by HPTE of 
the Al–3.5 RE alloy is rather simple and involves a 
single deformation step, in contrast with the multi-
stage procedure used in industry for the 55KTAL 
alloy, including rolling, wire drawing, time- and 
energy-consuming aging treatment, and one more 

wire drawing [44]. In terms of potential for indus-
trial applications, in addition to the favorable prop-
erty combination identified in this work, it should 
be emphasized that HPTE processing yields rods 
samples, in contrast, for example, with HPT. Fur-
thermore, in a combination with Conform™ process, 
HPTE allows production of rods or wires with any 
desirable length [45].

Conclusions

In summary, a new severe plastic deformation pro-
cess, High Pressure Torsion Extrusion, has been 
successfully used to process rod-shaped samples of 
aluminum rare earth alloy Al–3.5 at. % (La, Ce). Our 
research indicates that HPTE processing can effec-
tively reduce the size of the Al grains and destroy the 
continuous network of intermetallic phase in a single 
pass at room temperature, resulting in a simultaneous 
increase in mechanical strength and electrical conduc-
tivity. During annealing at temperatures below 230 °C, 
the microstructure and microhardness of the HPTE-
processed Al–3.5 RE alloy rods remain stable, while 
the electrical conductivity increases to about 55% 
IACS. HPTE meets the requirements of continuous 
processing technology, and the deformed Al–3.5 RE 
alloy exhibits good mechanical properties, electrical 
conductivity, and thermal stability. That indicates tre-
mendous potential for applications of HPTE in electri-
cal engineering, especially for high-voltage transmis-
sion. This study also provides a novel approach for 
designing Al-alloys with high mechanical properties, 
good electrical conductivity, and thermal stability.

Table 6  Mechanical properties and electric conductivity of a 
commercial 55KTAL alloy [44] and Al-3.5 RE alloy processed 
by HPTE

Properties

Alloy type 55KTAL [27] HPTE-
Al-3.5 
RE

Wire diameter (mm) 4.8 6.8
Conductivity (% IACS) 55 55.7
Tensile strength (MPa) 225 226
Elongation (%) 2.0 3.8
Thermal stability (°C) 180 230
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