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ABSTRACT

The high-pressure torsion extrusion (HPTE), a severe plastic deformation (SPD) method, was applied to process
rods of as-cast Al-2.5 wt% Fe alloy (Al-2.5 Fe). This technique effectively overcomes the typical trade-off between
mechanical strength and electrical conductivity (EC) commonly observed in Al-alloys. Through the HPTE pro-
cess, the yield strength increased from 110 MPa to 268 MPa, while the EC increased from 37.3 % IACS to 44.7 %
IACS. Furthermore, the ultrafine-grained structure of the HPTE-processed Al-2.5 Fe exhibits remarkable thermal
stability, maintaining its strength following annealing for 1 h at 230 °C. The effects of the HPTE-induced
deformation and subsequent annealing on the microstructure were thoroughly studied using automated crys-
tal orientation mapping (ACOM), STEM-EDX, and X-ray tomography (NanoCT). In terms of the Al matrix, grain
refinement resulted in grains with an average size of 300 nm. Additionally, the previously continuous Al;3Fe4
phase network fragmented into micrometer- and nanometer-sized particles. A theoretical analysis has shown a
correlation between microstructural characteristics, mechanical strength, and EC, identifying the mechanisms
responsible for the strengthening effect and the changes in EC. It indicates that the size, shape, and spatial
distribution of the Al;3Fe4 phase are crucial in determining mechanical performance, as well as affecting the
thermal stability and EC of Al-2.5 Fe.

1. Introduction

alloys (RE representing rare earth elements), are drawing significant
attention due to their excellent heat resistance, high electrical conduc-

As renewable energy technologies continue to advance, the electric
power and automotive industries are increasingly demanding light-
weight materials that combine enhanced strength, excellent thermal
stability, and superior electrical conductivity. [1,2]. Al-Mg-Si alloys,
such as the commercial AA6101 and AA6201, are widely used in over-
head transmission lines due to their excellent balance of strength and
electrical conductivity compared to other Al alloys [3,4]. However, their
service temperature is limited to 90 °C, as phase transformations and the
coarsening of second-phase precipitates at higher temperatures can
significantly degrade their mechanical strength [3,5]. Recently, Al-
based immiscible alloy systems, including Al—Fe, Al—Zr, and Al-RE

tivity, and remarkable formability [6-11]. Among these, Al—Fe alloys
are particularly attractive. One key reason is that Fe is a more affordable
alloying element compared to Zr and RE elements. Additionally, Fe-rich
intermetallic compounds, such as Aly3Fes and AlgFe, exhibit notable
thermal stability in Al—Fe alloys, primarily due to the low diffusivity of
iron in aluminum [12,13]. This makes Al—Fe alloys highly suitable to
elevated-temperature applications, where an increased volume fraction
of thermally resistant nanoscale particles effectively inhibits grain
growth through the Zener pinning mechanism [7,14]. However, as-cast
Al—Fe alloys commonly have a low yield strength by virtue of the coarse
grain size of Al matrix and large intermetallic particles. For example, the
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tensile strength of as-cast Al-2 wt% Fe is approximately 120 MPa [15].

Severe plastic deformation (SPD) methods, such as high-pressure
torsion (HPT) and equal-channel angular pressing (ECAP), are perva-
sively applied to enhance the mechanical performances of aluminum
alloys [16]. The aforementioned methods are effective in refining
coarse-grained microstructures to the sub-micrometer level, leading to
significantly improved strength in light of the Hall-Petch correlation
[17]. Duchaussoy et al. [7] demonstrated that HPT deformation can
simultaneously refine the Al-matrix grain size and the Fe-rich interme-
tallic phases to the nanoscale range in Al-2.5 Fe, significantly improving
its mechanical and thermal resistance properties. However, several key
challenges limit the broader commercial application of traditional SPD
techniques for structural materials [18]: (i) the limited size of samples,
(ii) the inability to continuously process materials, and (iii) the need for
multiple deformation passes with interruptions. Furthermore, annealing
treatments are often required after traditional SPD techniques to balance
electrical conductivity and mechanical strength, which increases both
processing time and energy consumption. For example, after HPT
deformation, the yield strength of the Al-5.4 wt% Ce-3.1 wt% La alloy
increased from 73 MPa to 475 MPa, while its conductivity declined from
49.5 % IACS to 39.7 % IACS. After annealing for 1 h at 280 °C, the
conductivity improved to 44.7 % IACS, although it remained lower than
that of the as-cast alloy [5].

High-Pressure Torsion Extrusion (HPTE) is an innovative SPD pro-
cedure capable of introducing substantial shear strain in rod-like sam-
ples within a single processing pass [19-23]. The Conform™ technique
integrated with HPTE can produce rods or wires with unlimited length
[24]. Omranpour et al. [21] reported that HPTE can achieve an
ultrafine-grained (UFG) microstructure in pure Al rods. As demonstrated
by Nugmanov et al. [22], the HPTE can increase the mechanical strength
of commercially pure copper from 130 MPa to 370 MPa. Our previous
studies demonstrated an increase in the mechanical strength of as-cast
Al-RE alloy between 127 MPa and 225 MPa, along with an improve-
ment in the conductivity between 54.7 % IACS and 55.7 % IACS after the
HPTE deformation [23].

Our research revealed that HPTE was applied to as-cast Al-2.5 Fe
alloy rods to simultaneously improve electrical conductivity and me-
chanical performances. Additionally, the thermal stability of the HPTE-
treated Al-2.5 Fe alloy rods was also investigated. Finally, the effect of
microstructural changes on concurrent improvement of mechanical
performances and EC were systemically constructed to further under-
stand this phenomenon. This research introduces an innovative strategy
for developing Al alloys combining high strength, thermal stability, and
excellent EC.

2. Materials and methods
In this study, an Al-2.5 wt% Fe alloy with an impurity content of less

than 0.05 wt%, produced by electromagnetic casting and obtained from
a commercial supplier, was used. Al-2.5 Fe alloy rods in the as-cast state,
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with a length of 35 mm and a diameter of 12 mm, were processed using
the High-Pressure Torsion Extrusion (HPTE). Such a technique was
executed at room temperature (RT) on a specially designed, computer-
controlled HPTE machine (W. Klement GmbH, Lang, Austria)
featuring speciel hexagonal dies (Fig. 1b). During the procedure, a
translational rate was set to 2 mm/min with a rotational rate set to ® = 1
rpm. Molybdenum Disulfide (MoSz) served as one lubricator in all ex-
periments, facilitating the extrusion process. Specifications for HPTE
devices applied to our research are detailed in Ref. [19], with a
description of the HPTE die in Fig. 1(a). During extrusion, each sample
passed individually through the die, driven by a punch advancing at an
extruding rate v, while the lower die revolving at . This process sub-
jected the material to a combination of expansion-extrusion and
torsional deformation within the confined area in which the dies inter-
sected. With respect to a single pass, the equal strain was computed
through the following formula [19]:

D1 D1 27zwRD1
EHPTE — 21In DO+2IT1D2+ \/§UD2

In this equation, D2, D1, and DO act as constants with values of 10.6
mm, 14 mm, and 12 mm, separately, while R denotes the distance from
the center of sample cross-section. The calculated equivalent strain
values for HPTE are provided in Table 1.

After the HPTE process, the samples were annealed from 330 °C
down to 80 °C. Annealing was carried out within one resistance-heat
stove.

The Vickers microhardness of the samples was evaluated through a
tester (Buehler Micromet). A constant load of 100 g was applied uni-
formly across all samples, with each indentation held for a dwell time of
15 s. Indentations were made at multiple locations on the sample cross-
section, showing each indentation positioned equidistantly from its
neighboring points. Tensile tests were implemented at room tempera-
ture (RT) using an initial strain rate of 10357t using a test machine
(Zwick Z100) with dog-bone samples showing a gauge length of 15 mm
and a diameter of 6.85 mm, as indicated in Fig. 2. Electrical conductivity
(EC, MS/m) was measured for the longitudinal and transverse cross-
sections at ambient conditions through an eddy current conductivity
tester (Sigmascope SMP-350, Helmut Fischer GmbH, Sindelfingen,
Germany). The device was calibrated prior to each set of measurements
using reference materials, ensuring an accuracy of +0.3 %. Measure-
ments were taken at room temperature, with samples maintained at a
stable temperature for a minimum of 5 h. The samples were polished
mechanically to obtain mirror-like surfaces. It was established that the

@

Table 1
Equivalent strain at HPTE in different sample locations was calculated using Eq.
.

Distance from the sample center R (mm) 0 1 2 3 4

Equivalent strain at HPTE 0.9 3.3 5.7 8.1 10.5
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Fig. 1. Representation of the HPTE technique and its parameters (a). Detailed drawing of the HPTE die (b) (Ref. [23]).
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Fig. 2. (a) Schematic diagram and (b) photograph of the tensile test specimen,
with dimensions in millimeters. In (b), 1 represents the specimen before the
tensile test, while 2 represents the specimen after the tensile test, showing
deformation and fracture characteristics.

electrical conductivity values of the longitudinal and transverse sections
were nearly the same. The equation applied to denote the EC with regard
to the International Annealed Copper Standard (IACS) units is below:
IACS = (ECy) / ECcy * 100) %, where ECy) represents the alloy’s con-
ductivity in MS/m; besides, EC¢, denotes the copper conductivity (58.0
MS/m). The correlation between the EC in % IACS and electrical re-
sistivity (ER, pQ.cm) is capable of being figured out through the formula:
K%IACS = 172.41/p [6].

In terms of the as-cast, HPTE-treated and annealed samples, crystal
structure was investigated using X-ray diffraction (XRD) analysis using
the Empyrean X-ray diffractometer (Malvern Panalytical, Netherlands),
along with the CuKa radiation (A = 0.15418 nm) at 40 kV and 40 mA,
with a step size of 0.0167°. The XRD data was analyzed via the Rietveld
refinement using HighScoreplus software to measure the Al matrix’s
lattice parameter (a), the lattice microstrain (<.92 > 1/2), and the
coherent scattering domain size (CSDS). To account for the instrumental
contribution to XRD peak broadening, a LaB6 standard sample was used.
The density (p) of dislocation was figured out through the formula below
[17]:

pL:Z\/§<ez>é/(D><b) (2)

here, b = a*y/2/2 is the Burgers vector, <e2 > 1/2 denotes the lattice
microstrain, and D denotes the coherent scattering domain size.

The second phase morphology and the element distribution in the as-
cast, HPTE-treated and annealed samples were explored with a Zeiss
Auriga 60 scanning electron microscope (SEM) set to 20 kV. As well as
an energy-dispersive X-ray spectroscopy (EDX), a backscattered electron
detector (BSE) was adopted. SEM analyses were performed at three
distinct locations on the transverse section of the samples: the center, the
mid-radius area (approximately 2 mm from the center axis), and near
the edge (approximately 4 mm from the center axis).

The Al-matrix microstructure in the mid-radius area of the as-cast,
HPTE-treated, and annealed samples was further investigated through
the electron backscatter diffraction (EBSD) on a Zeiss Auriga 60. Owing
to the small grain size of the Al matrix and its interplay with fine second-
phase particles near the edges of the HPTE-treated and annealed sam-
ples, it was challenging to make grain size measurements reliable
through EBSD. Therefore, automated crystal orientation mapping
(ACOM) [Ref.] was employed to investigate the microstructure in these
regions. The ACOM analysis was conducted at 300 kV using a Ther-
moFisher Scientific Themis 300 transmission electron microscope (TEM)
equipped with a NanoMegas ASTAR system for orientation map acqui-
sition. ACOM measurements were performed with the probe size of 1.5
nm, the step size of 5 nm, with a convergence angle of 30 mrad. The TEM
was operated in a microprobe mode, with a spot size of 7, a gun lens
setting of 6, and a 50 pm condenser aperture 2 (C2). The convergence
angle was primarily controlled by adjusting the C2 aperture. Diffraction
patterns were acquired with a camera length of 245 mm. To ensure data
reliability, grains with less than four pixels were eliminated automati-
cally through the grain-dilation cleanup and adjoining orientation
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relationship functions via the OIM software. Using a misorientation cut-
off of 2°, noise-induced erroneous orientations were adopted, while the
low-angle boundaries (LAGBs) were differentiated from high-angle
boundaries (HAGBs) through a misorientation cut-off of 15°. The grain
size was measured using the equivalent diameter approach, with twin
boundaries excluded from the calculation. In this analysis, merely grains
delineated with HAGBs and consisting of at least five pixels were
included. Over 500 grains were analyzed per sample. For EBSD, TEM
and ACOM analysis, the samples were prepared using a conventional
electro-polishing procedure with a Tenupol twinjet polisher, utilizing
the standard Struers solution for aluminum. To further improve surface
quality and minimize residual deformation, the samples were addi-
tionally cleaned using ion milling (Gatan, PIPS II).

Among HPTE-treated and annealed samples, the dislocation distri-
bution and nanoscale intermetallic particles were further investigated
through the TEM and scanning TEM (STEM), using a ThermoFisher
Scientific Themis Z microscope. These analyses were executed on
transverse sections near the sample edges. Importantly, sample prepa-
ration followed a similar process as that used for EBSD samples.

The 3D microstructure of as-cast and HPTE-treated samples was
analyzed using X-ray computed tomography (nanoCT). Scanning was
implemented through an Ultra X-ray microscope (Zeiss Xradia 810),
which employs a chromium anode to generate a quasi-monochromatic
X-ray beam with an energy of 5.4 keV. Using absorption and Zernike
phase contrast mode, the system provides resolutions of 50 nm or 150
nm within fields of view of 16 pm or 65 pm, respectively. Samples
measuring 6 pm x 6 pm x 10 pm were prepared via a focused ion beam
and attached to a needle for scanning. Each sample underwent a 180°
rotation showing an exposure time of 120 s for each projection, in
Zernike phase contrast mode. The as-cast sample was scanned in a 65 pm
field vision showing a pixel size of 63.6 nm, acquiring 301 projections,
while the HPTE-treated sample was scanned within a 16 pm field of
vision with a pixel size of 32.4 nm, acquiring 701 projections. With a
filtered back projection algorithm, reconstructions were performed
through Zeiss Scout and Scan Reconstructor version 13. 3D images were
processed using Dragonfly ORS software [25].

3. Results

3.1. Mechanical properties, thermal stability, and electrical conductivity
of the Al-2.5 Fe alloy following HPTE processing

Fig. 3a shows the microhardness values for as-cast, HPTE-treated and
annealed samples. The microhardness of as-cast alloy was determined at
55 HV. Among the HPTE-treated samples, the microhardness ranged
from 69 HV to 96 HV across the radius of transverse cross-sections
(Fig. 3a). This hardness level remains consistent following annealing
at temperatures between 80 °C and 230 °C (Fig. 3a). As the annealing
temperature rose, the microhardness progressively declined to 79 HV at
280 °C as well as 73 HV at 330 °C, measured at 4 mm from the disc
center. Such hardness values still exceed those of the as-cast alloy
(Fig. 3a).

Fig. 3b shows the engineering stress-strain curves for the as-cast,
HPTE-treated and annealed samples. The HPTE process brought about
a significant rise in the mechanical strength from the initial as-cast 110
+ 3 MPa to 268 + 5 MPa. As the annealing temperature rose to 280 °C,
the mechanical strength declined to 190 + 3 MPa, following the same
trend observed in the microhardness results.

Fig. 3c reveals that the EC of the as-cast alloy reaches 37.3 + 0.1 %
IACS, but it rises to 44.7 + 0.1 % IACS after the HPTE processing. The
HPTE-treated samples exhibit a stable EC across the annealing temper-
ature range from 80 °C to 230 °C (Fig. 3c). As annealing temperature
further increases, the EC shows a mild uptick, achieving 46.6 + 0.2 %
IACS at 280 °C as well as 47.6 + 0.2 % IACS at 330 °C.
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Fig. 3. Vickers microhardness at varying distances from the center (a), Engineering stress-strain curves for the as-cast alloy, the HPTE-treated sample, and the HPTE-
treated and annealed sample at 280 °C (b), and the EC (% IACS) of different samples (c).

3.2. Microstructure observations

3.2.1. Microstructure of the as-cast samples

Fig. 4(a) displays the representation of the as-cast Al-2.5 Fe micro-
structure observed by SEM. The hypereutectic structure includes an Al
matrix showing the Al—Fe intermetallic phase inclusions constituting a
continuous network. Moreover, the inset highlights the lamellar struc-
ture of such intermetallic phase.

The EDX results indicate that Fe atoms are concentrated within the
intermetallic particles, with no detectable Fe presence in the Al matrix
(Fig. 4(b)). As expected, the results emerged given the negligible solu-
bility of iron in aluminum at RT [26]. The dark-field TEM representation
(Fig. 4(c)) manifests that the average lamella thickness of the Al—Fe
intermetallic phase is 89 + 29 nm. The inset of Fig. 4(c) displays that the
corresponding SAED pattern is consistent with the Al;3Fe4 phase in the
[11 10-5] zone axis.

Fig. 5(a) presents the NanoCT image of the microstructure of the as-
cast Al-2.5 Fe alloy. The 3D reconstruction reveals that the Al; 3Fe4 phase
forms a continuous network-like constitution within the aluminum
matrix. Fig. 5(b) displays the EBSD orientation map of the as-cast sample
microstructure. The Al matrix possessed a mean grain size over 300 pm,
notably exceeding the cell size of the AljsFe4 phase network. Conse-
quently, the continuous AljsFes phase network emerges within the
grains of the Al matrix.

3.2.2. Microstructural analysis of the HPTE-treated samples

Fig. 6(a-c) displays BSE-SEM representations of the HPTE-treated
sample microstructure. Within regions near the rod axis, with an effec-
tive strain of about 0.9, the Al;3Fe4 phase retains a continuous network
structure, similar to that in the as-cast sample (Fig. 4(a)). At the radius
midpoint, with an effective strain of around 5.7, the continuous Al;3Fe4

network is fragmented into micrometer- and nanometer-sized particles
(Fig. 6(b)). With an effective strain of 10.5 at the rod’s edge, the size of
particles decreases further (Fig. 6(c)). Fig. 6(d) displays a NanoCT image
of the HPTE-treated Al-2.5 Fe alloy taken from the radius midpoint. The
3D reconstruction demonstrates that micrometer- and nanometer-sized
particles are distributed nearly homogeneously within the aluminum
matrix.

Fig. 7(a) illustrates the EBSD orientation maps of the HPTE-treated
Al-2.5 Fe sample within the normal cross-section near the mid-radius.
A mean grain size of the Al matrix in this HPTE-treated sample pos-
sesses is 0.57 + 0.22 pm (Fig. 7(b)). High-angle grain boundaries
(HAGBS) constitute almost 80 % (Fig. 7(c)). Fig. 7(d) displays the ACOM
TEM orientation map of the HPTE-treated sample near the edge. In this
region, elongated grains having a mean length of 0.51 + 0.14 pm and
width of 0.11 + 0.05 pm are examined. The mean grain size reaches 0.29
4+ 0.14 pm (Fig. 7(e)). The elongation of the grains is likely a result of the
HPTE deformation component, caused by friction between the rod
sample and the HPTE die walls [19,22]. Similar grain elongation in the
edge region has been reported following HPTE processing of pure Al
[21] and Al 6101 alloy [27]. There is a tendency for the fraction of
HAGB:s to increase from 79 % to 83 % (Fig. 7(c), (f)). These findings
suggest that HPTE processing at RT can induce an UFG microstructure in
Al-2.5 Fe alloy, in agreement with microhardness measurements (Fig. 3
(@).

Noticeably, the grain size of the as-cast Al—Fe alloy can be refined to
approximately 300 nm, which is smaller than that achieved for pure Al
subjected to HPTE under similar conditions [21]. The secondary-phase
particles are capable of effectively pinning dislocations generated dur-
ing deformation, resulting in their accumulation in deformation zones
within the alloy matrix, which leads to obvious local dislocation gradi-
ents [28-32]. In such areas, novel high-angle borders can form at
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Zone = [11,10,-5]]

Fig. 4. (a) the SEM representation of the hypereutectic microstructure in the as-cast alloy, with an inset exhibiting the elevated magnification of the Al-2.5 Fe
intermetallic phase morphology; (b) The EDX results of as-cast samples; (c) dark-field TEM image of the Al,3Fe4 phase.

Fig. 5. (a) NanoCT representation of the as-cast Al—Fe alloy; (b) EBSD orientation map.

comparatively low strain levels [28-30].

Fig. 8(a-b) displays STEM-EDX images showing the microstructure of
the HPTE-treated sample at edge positions along the rod’s normal cross-
section, where the equivalent strain is 10.5. Nanoscale Al;3Fe4 phase
particles are distributed along the GBs and within the Al grains (Fig. 8
(a)). It is evident that these nanoparticles act as pinning sites for dislo-
cations within the Al grains (Fig. 8(a)). EDX analysis confirms that Fe
atoms are confined to the intermetallic particles and are not detected
within the Al matrix (Fig. 8(b)).

3.2.3. Microstructural analysis of the HPTE-treated and annealed samples

Fig. 9(a-c) unveils EBSD orientation maps of the HPTE-treated
samples’ normal cross-section, annealed at 230 °C (a), 280 °C (b), and
330 °C (c), near the mid-radius. Following annealing for 1 h at 230 °C, a
mean grain size of the Al matrix is 0.57 + 0.24 ym (Fig. S1(a)), with a

HAGB fraction of 73 % (Fig. S2(a)). Raising the annealing temperature
to 280 °C for 1 h brings about a slight increase of the grain size to 0.91 +
0.39 pm (Fig. S1(b)), while the fraction of HAGBs remains at 73 %
(Fig. S2(b)). Further raising the annealing temperature to 330 °C for 1 h
brings about a grain size increase to 1.07 & 0.46 pm (Fig. S1(c)), and the
fraction of HAGBs decreases to 71 % (Fig. S2(c)). These findings suggest
that the HPTE-treated sample demonstrates a strong thermal stability
within the above mentioned temperatures, in a good agreement with
microhardness measurements (Fig. 3(a)). Fig. 9(d) shows the ACOM
TEM orientation map for the HPTE-treated sample after annealing at
280 °C, taken near the edge where the equivalent strain is 10.5. The
mean grain size in this region is 0.67 + 0.32 pm (Fig. S1(d)), with a
HAGB fraction of 73 % (Fig. S2(d)).

As the annealing temperature rose to 330 °C, the grain size of the
HPTE-treated Al-2.5 Fe alloy varied between 0.57 pm and 1.07 pm near
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Fig. 6. Microstructure of the HPTE-treated Al—Fe alloy at three distinct posi-
tions along the normal rod cross-section (a, b, ¢) and NanoCT image of the
HPTE-treated Al—Fe alloy at the radius midpoint (d). In all images, Al;3Feq4
phase appears bright.

the mid-radius. However, the HAGB fraction decreased from 79 % to 71
%, contrary to the expected increase typically observed during recrys-
tallization. Similar phenomena were reported in prior research on SPD-
processed and annealed materials [33-36], which attribute this
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behavior to the movement of triple junctions that eliminate HAGBs and
form segments of low-angle grain boundaries (LAGBs) [33].

Fig. 10(a-d) presents STEM-EDX representations of the microstruc-
ture of HPTE-treated samples, annealed at 230 °C and 280 °C, taken
from edge positions along the rod’s normal cross-section, where the
equivalent strain is 10.5. After annealing at 230 °C for 1 h (Fig. 10(a-b)),
the nanoparticles within the grains continue to effectively pin the dis-
locations. With the annealing temperature raised to 280 °C for 1 h
(Fig. 10(c-d)), the dislocations within the grains have largely
disappeared.

3.3. XRD profile analysis

The X-ray diffraction pattern of the as-cast alloy exhibits the
diffraction peaks aligning with to the Al;3Fe4 and Al phases (Fig. 11(a)).
According to the XRD results (PDF data), the lattice parameters of the
phases are as follows: The Al matrix (Fm3m) hasa =b = ¢ = 0.4049 nm,
with o« = p =y = 90°. The AlisFes phase (R3m) hasa = b = 1.4207 nm, c
= 0.7547 nm, with o« = p = 90° and y = 120°. The XRD peaks for Al
exhibit remarkable broadening due to HPTE processing, as shown by the
(111) peak in Fig. 11(b), indicating a refinement of the Al matrix due to
substantial deformation (Fig. 11(b)). Table 2 shows the XRD analysis
results for the alloy following HPTE and then annealing. No significant
changes are observed in lattice parameters across the whole samples,
indicating that Fe atoms do not noticeably transfer into or out of the Al
matrix during HPTE and annealing. The dislocation density in the HPTE-
treated sample is relatively high and remains at a similar level after
annealing at 230 °C. However, as the annealing temperature rises, the
dislocation density decreases (Table 2). These XRD findings are consis-
tent with the microstructural observations made via TEM.
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Fig. 7. (a) EBSD orientation map of the microstructure in the HPTE-treated Al—Fe alloy near the mid-radius, (b) grain size distribution, and (c) grain boundary (GB)
misorientation angles. (d) ACOM orientation map of the microstructure near the sample edge, (e) grain size distribution, and (f) GB misorientation angles.
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Fig. 9. Orientation maps of the Al-2.5 Fe alloy microstructure after HPTE and annealed at 230 °C (a), 280 °C (b, d), and 330 °C (c). (a, b, ¢) are EBSD orientation
maps near the mid-radius, while (d) is the ACOM TEM orientation map near the sample edge after HPTE and annealed at 280 °C.

4. Discussion

This study demonstrates that the conventional trade-off between
strength and EC in Al-2.5 Fe alloy rods can be overcome through phase
refinement achieved by HPTE processing. After HPTE deformation, the
Al-2.5 Fe alloy rods improve remarkably in yield strength and EC in
marked contrast with their as-cast state (Fig. 3). Following annealing at
230 °C for 1 h, the HPTE-treated Al-2.5 Fe alloy retains its mechanical
strength, owing to the pinning effect of micrometer- and nanometer-

sized particles on dislocations and GBs (Fig. 10). The notable rise in
strength is due to the refined Al-matrix grain size (Fig. 7(a-d)), a rise in
dislocation density (Table 3), and the continuous Al;3Fe4 phase network
transformed into micrometer- and nanometer-sized particles (Fig. 6(b-
d)) by virtue of the HPTE processing.

With respect to electrical conductivity, severe deformation reduces
grain size and increases the density of structural defects, which in turn
increases electron scattering and reduces conductivity. However, the
fragmentation of the continuous Al;sFe4 network into micrometer- and
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Fig. 10. STEM-EDX representations of the microstructure in HPTE-treated and annealed Al-2.5 Fe alloy specimens: annealed at 230 °C (a-b) and at 280 °C (c-d).
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Fig. 11. The as-cast, HPTE-treated, and annealed specimens’ XRD modes (a), with a magnified view of the Al (111) peak.

Table 2

Microstructure of Al-2.5 Fe alloys following HPTE at room temperature and then
annealing. MR refers to the mid-radius, d,, represents the area-weighted average
grain size, and HAGBs denote high-angle grain boundaries.

Sample MR-d,, Fraction of Edge-d,, (pm)  Fraction of
(pm) HAGBs (ACOM) HAGBs
(EBSD)
HPTE 0.57 £0.22 79 0.29 +0.14 83
HPTE+annealing
230°C, 1 h 0.57 £ 0.24 73 - -
HPTE+annealing
280°C, 1 h 0.91+0.39 73 0.67 + 0.32 73
HPTE-+annealing
330°C,1h 1.07 £+ 0.46 71 - —

nanometer-sized particles improves the connectivity within the Al ma-
trix. Notably, the Al matrix has a resistivity of 2.6 pQ-cm [37], which is
much lower than an average resistivity of the AljsFe4 phase at 311
pQ-cm [38]. Consequently, the EC of the as-cast Al-2.5 Fe alloy is
improved following HPTE processing. The detailed relationships be-
tween microstructure, strength, electrical conductivity, and thermal
stability will be discussed in the following sections.

4.1. Strengthening mechanism

Based on microstructural explorations and XRD analysis (Section 3),
the mechanisms contributing to the strength of the HPTE-treated Al-2.5
Fe alloys involve grain boundary strengthening, dislocation strength-
ening, and the reinforcement provided by nanoscale intermetallic par-
ticles. The input of these factors to the mechanical strength of the HPTE-
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Table 3

XRD data of Al-2.5 Fe alloys following HPTE at room temperature and then
annealing. “a” represents the lattice parameter, D represents the coherent scat-
tering domain size (CSDS), <e* > /2 refers to the lattice microstrain, and p
denotes the dislocation density.

Sample a, (A) D, (nm) <e?>12 pi, (m™)
(XRD) (%)
4.0492 + 0.050 + 3.8 x
As-cast 0.0002 158 + 43 0.002 1013
4.0490 + 0.153 + 2.2 x
HPTE 0.0001 84430 0.003 10
HPTE+annealing ~ 4.0489 + 0.120 + 1.4 x
180°C,1h 0.0001 103 £ 62 0.004 104
HPTE+annealing ~ 4.0491 + 08 + 49 0.114 + 1.4 x
230°C,1h 0.0001 0.004 10™
HPTE+annealing 4.0492 £+ 0.056 + 5.1 x
280°C,1h 0.0001 134£63 0.005 10"
HPTE+annealing  4.0492 + 0.054 + 4.3 x
330°C,1h 0.0001 151 £72 0.005 10'3
treated Al-2.5 Fe alloys can be quantified as follows:
Gy 0.2 = Og + OB + Opjs + Opart 3)

here, 6y02 denotes the calculated yield strength, 6, denotes the Peierls-
Nabarro stress [39], 6gs, Opis, and opa¢ denotes the intensified effects
contributed by GBs, misorientations, and nanometer-sized intermetallic
particles within the Al matrix, separately.

The input of grain boundary strengthening is given by the Hall-Petch
equation [17]:

k
T Vi

here, k (0.04 MPa-m ) indicates the Hall-Petch coefficient for
aluminum [5,40], and dg, represents the average grain size, determined
from EBSD and ACOM orientation maps. The grain size values for the
HPTE-treated and HPTE-treated and subsequently annealed at 280 °C
Al-2.5 Fe alloy samples are provided in Table 2. In the HPTE-treated
sample and the annealed sample, the grain size decreases progres-
sively along the sample radius. Consequently, the grain boundary
strengthening contribution in the HPTE-treated sample ranges from 53
to 74 MPa, while in the 280 °C annealed sample, it varies from 42 to 49
MPa.

The contribution from dislocations can be estimated using the Bailey-
Hirsch equation [41]:

Opis = M*a*G*b*\/p, .

4

here, M represents the Taylor factor (3.06) [36], o represents a dimen-
sionless constant (0.33) regarding misorientation interactions [41], G
represents the shear modulus of aluminum (26 GPa) [42], b represents
the Burgers vector (0.286 nm for Al) [42], and p, represents the dislo-
cation density, determined by XRD outcomes (Table 3).

The strengthening provided by nanometer-sized intermetallic parti-
cles occurs because these particles are obstacles for dislocation glide.
Previously it had been demonstrated that dislocations can overcome
these particles through two mechanisms: cutting and bypassing. If the
radius of particles exceeds 2 nm, dislocations will bypass the particles in
the Al matrix [43]. The hardening effect of nanometer-sized interme-
tallic particles is capable of being figured out through the formula ac-
cording to the Orowan mechanism [6,44]:

Opart = 0.7*M~J<G7kb7k\/TF;

(6)
here, M, G and b are the same as in Eq. (5), while f, represents the
volume fraction and r indicates the mean radius of nanoscale interme-
tallic particles.
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Through the ImageJ software and some STEM-EDX representations,
the mean radius and volume fraction of nanoscale intermetallic particles
were measured. For this analysis, just nanometer-sized particles located
inside of the Al matrix grains were included. The volume fraction (fy)
was determined to be 3.0 + 0.2 % for the as-HPTE sample as well as 2.8
+ 0.2 % for the annealed HPTE-treated sample. Significantly, a slight
difference in volume fraction between the two states is within the sta-
tistical error and thus holds no physical significance. In as-HPTE and
annealed HPTE-treated samples, the nanoscale intermetallic particles
had an average radius of 33 + 12 nm.

Table 4 shows the calculated contributions of diverse intensified
mechanisms to the mechanical strength for HPTE-treated and annealed
at 280 °C samples. It is evident that dislocation strengthening contrib-
utes most to the mechanical strength in the HPTE-treated Al—Fe alloy.
Following annealing at 280 °C for 1 h, the contribution from grain
boundary strengthening decreases on account of grain size increase, and
a similar trend is observed for misorientation strengthening. Orowan
strengthening is an important player in the whole strengthening of the
HPTE-treated and annealed Al—Fe alloy at 280 °C. The estimated total
yield strength, based on Egs. (3)-(6), corresponds well to the mechanical
strength measured experimentally.

4.2. Tensile behavior of the UFG Al-2.5 Fe alloy

From Fig. 3(b), it is evident that the HPTE process significantly in-
fluences the tensile stress-strain behavior of the Al-2.5Fe alloy. After
HPTE, the uniform elongation of the as-cast Al-2.5Fe alloy decreases
notably, which can be attributed to the onset of plastic instability con-
ditions commonly observed in ultrafine-grained materials [32,45]. Ac-
cording to Liu et al. [46], the distribution of uniform elongation in FCC
metals can be categorized into three stages based on grain size: the low
elongation stage (< ~1 pm), the nearly constant elongation stage (~1 to
~200 pm), and the decreased elongation stage with large scatter (>
~200 pm). After HPTE, the Al matrix grain size is refined to 0.29-0.57
pm, placing it within the low elongation stage, thereby leading to a
reduction in uniform elongation. On the other hand, despite the decline
in uniform elongation, the total elongation remains nearly unchanged
after HPTE. These samples exhibit significant post-necking deformation,
a characteristic behavior commonly observed in SPD materials [47-49].
While this phenomenon is intriguing from a fundamental materials
science perspective, to the best of our knowledge, it has not been
extensively studied in detail. This may be due to its limited relevance to
practical applications. We acknowledge its scientific interest but
consider it beyond the scope of the present study. However, we plan to
further investigate this aspect in future research.

4.3. Electrical conductivity

A schematic summary of the microstructural observations of the Al-
2.5 Fe alloy after casting and HPTE processing is presented in Fig. 12.
The as-cast Al-2.5 Fe alloy features an Al matrix embedded with a
continuous network of the Al;3Fe4 phase (Fig. 12(a)). The conductive
electrons scatter at lattice defects within the Al matrix, like grain
boundaries, solute atoms, and vacancies, as well as on the Al;3Fe4 phase

Table 4

Strengthening contributions from different mechanisms in HPTE-treated and
annealed Al-2.5 Fe alloy (280 °C), calculated using Egs. (3)-(6), compared to the
mechanical strength measured experimentally.

Sample Go oG Obis Gpart Oy, Oexp
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
HPTE 10 5374 101 86 250-271 268 =
HPTE li 190 +
tannealing 4249 49 84 185-102 10

280°C,1h 3
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Al Fe,

(@) (b)
As-HPTE

As-cast

Grain boundary
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Fig. 12. Illustration of changes in evolution of the Al—Fe alloy microstructure:
(a) as-cast; (b) after HPTE processing.

in as-cast Al-2.5 Fe alloy. The most significant obstacle to electron flow
is the continuous Al;sFe4 phase network, which has a resistivity two
orders of magnitude exceeding that of aluminum [37,38]. After HPTE
processing, the Al;3Fe4 phase is fragmented, the grain size is reduced,
and dislocations are introduced within the grain interiors (Fig. 12(b)).
The continuous Al;3Fe4 network is broken into micrometer- and
nanometer-sized particles, improving the connectivity within the Al
matrix. Consequently, the scattering frequency of conduction electrons
at the Al;3Fe4 phase decreases.

The effect of diverse microstructural characteristics on ER is capable
of being assessed quantitatively through Matthiessen’s rule [50]:

Peat = ppure + Pes + pA113F64 + Ppis + Prac + Pss (7)
where, p,,, reaches 2.7 pQ.cm [301, with pgg, Pay,,re,> Ppiss Pracs @0d Py
being the ER contributions from GBs, Al;sFe4 phase, and dislocations,
vacancies, solute atoms, separately.

Due to grain boundaries, ER can be calculated below [51]:

Pes = (S/dav)*ApGB (8
here, d,, is an average grain size of the Al matrix and Ap®® indicates the
resistivity each unit density of grain boundaries reaching 2.6 x 10716
Qm? for Al [51,52]. Since the mean grain size of the as-cast sample
becomes large over 300 pm, the effect of GBs on the resistivity of the as-
cast alloy can be considered negligible.

The Al matrix of the as-cast sample contains a continuous network of
the AljsFe4 phase (Fig. 12(a)), which represents an obstacle for the
scattering electrons path. We can assume that the effect of the Al;3Fey
phase on the ER is similar to that of grain boundaries and can be
calculated using the equation, similar to Eq. (8):

Patyre, = (3/Lay)*ApHiares ©
where Ly, = 4.5 + 2 pm is an average distance between the walls of the
closed cell of the Al;sFe4 phase network and ApAhsfe« is the resistivity of
Aly3Fe4 phase which is 311 x 1076 Qm? [38]. The contribution of the
Al 3Fey4 phase to the resistivity of the as-cast sample is estimated as 2.7
pQ.cm.

The contributions from dislocations, vacancies, and solute atoms to
the resistivity of the as-cast Al—Fe alloy are negligibly small on account
of a low density of dislocations/vacancies and zero solid state solubility
of Fe in Al and can be ignored. Therefore, the calculated electrical
resistance of as-cast Al—Fe alloy is 4.77 pQ.cm or 36.5 % IACS, which is
very close to the measured values of 37.3 % IACS, which indicates that
our approach to calculating the contribution of a continuous network of
intermetallic Al;3Fey4 phase is correct.

After HPTE processing, the Al;sFes; phase was fragmented into
micron- and nanometer-sized particles, the mean AL-matrix grain size
was reduced, and dislocation density increased. However, the EC of the
HPTE-treated alloy exceeds that of the as-cast alloy. Most likely this
correlates with the fragmentation of the continuous network of the
intermetallic Al;sFe4 phase. Indeed, the input of grain boundaries to

10
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resistivity, determined by Eq. (8), for the HPTE-treated sample is be-
tween 0.14 and 0.27 pQ.cm, and for the sample annealed at 280 °C is
between 0.09 and 0.12 pQ.cm.

The inpu of dislocation density to the ER is even smaller than that
from grain boundaries. It can be calculated as [51,52]:

Ppis =P *ApPP (10)
here, p, indicates the dislocation density and ApP reaches 2.7 x 1072°
om® [51,52]. Using the values obtained from the XRD results (Table 2),
the input of dislocation to ER is calculated to be 0.006 pQ2-cm after HPTE
and 0.004 pQ-cm following subsequent annealing, both of which are
considered negligible.

The effect of vacancies on the ER of the HPTE-treated sample is able
to be determined using the following equation [51-53]:

Vac

Pyac = Nvac*Ap 1)
where Ny, .represents vacancy concentration and Ap¥3 reaches 190 pQ.
cm each vacancy for Al [54]. Given that the vacancy concentration in
metals following HPT processing commonly ranges between 10 ~* and
1073 (in atomic fraction) [52,55], the maximal vacancy contribution to
ER is about 0.2 pQ.cm. We should note that this is an overestimated
value because vacancy concentration in Ref. [52, 55] was obtained for
Al deformed by High Pressure Torsion with significantly higher strain
than that at HPTE in the present work.

These estimates indicate that microstructural defects have a rela-
tively minor impact on the EC of the material, even after acute plastic
deformation in the as-cast Al-2.5 Fe. However, the breakdown of the
continuous intermetallic phase network improves connectivity in the Al
matrix, facilitating a longer free path for conductive electrons. Accord-
ing to the experimentally measured electrical conductivity, this
improvement results in an increase of at least 5-7 % IACS in as-cast Al-
2.5 Fe.

4.4. Thermal stability

Following 1 h of annealing below 230 °C, the microhardness, average
grain size, and dislocation density of HPTE-treated Al-2.5 Fe alloy rods
remained virtually unchanged. Consequently, the HPTE-treated Al-2.5
Fe alloy demonstrates better thermal stability than many other Al alloys
subjected to severe plastic deformation [56]. This improved stability
results from the exceptional thermal stability of the Al;3Fe4 intermetallic
phase [12] as well as the strengthening effect of micrometer- and
nanometer-sized Alj3Fe4 particles, which inhibit Al grain boundary
transfer, thus preventing dislocation recovery and grain coarsening, and
maintaining the UFG constitution. The microhardness of HPTE-treated
Al-2.5 Fe alloy rods decreases to approximately 72 HV after an in-
depth rise in the temperature increasing to 330 °C for 1 h, which is
still higher than that of the as-cast state.

5. Conclusions

An immiscible Al-2.5 Fe alloy was processed through HPTE and
subsequently annealed at various temperatures. This treatment was
shown to simultaneously enhance both the yield strength and electrical
conductivity (EC) of the as-cast Al-2.5 Fe alloy. Additionally, the
ultrafine-grained HPTE-treated alloy demonstrated excellent thermal
stability. The related conclusions can be reached:

1. HPTE processing drives to form a gradient ultrafine-grained micro-
structure in the Al-2.5 Fe alloy at RT.

2. HPTE significantly increases the mechanical strength from 110 MPa
to 268 MPa, primarily due to the refined Al matrix grain size to the
sub-micrometer range, an elevated density of dislocations, and the
fragmentation of the Al;sFe4 phase into nanometer-sized particles.
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3. HPTE enhances the EC between 37.3 % IACS and 44.7 % IACS by
breaking the continuous Al;sFe; network into micrometer- and
nanometer-sized particles, improving the connectivity within the Al
matrix.

4. The ultrafine-grained HPTE-treated Al-2.5 Fe alloy demonstrates
high thermal stability, attributed to micrometer- and nanometer-
sized particles intensifying GBs and dislocations.

5. The shape, dimensions, and spatial distribution of the Al;3Fe4 phase
are crucial players in measuring the thermal stability, EC, and me-
chanical performances of the Al-2.5 Fe alloy.
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