
metals

Article

Decrease in Electrical Resistivity below 28 nΩm by Aging in
Hyperperitectic Al-Zr Alloys Treated at High Temperatures

Florentino Alvarez-Antolin 1,* , Zakariae Amghouz 2 , Alberto Cofiño-Villar 1, Alejandro Gonzalez-Pociño 1

and Manuel G. Melero 3

����������
�������

Citation: Alvarez-Antolin, F.;

Amghouz, Z.; Cofiño-Villar, A.;

Gonzalez-Pociño, A.; G. Melero, M.

Decrease in Electrical Resistivity

below 28 nΩm by Aging in

Hyperperitectic Al-Zr Alloys Treated

at High Temperatures. Metals 2021,

11, 1171. https://doi.org/10.3390/

met11081171

Academic Editors: Frank Czerwinski

and Daolun Chen

Received: 21 June 2021

Accepted: 21 July 2021

Published: 23 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Material Science and Metallurgical Engineering, University of Oviedo, 33004 Oviedo, Spain;
UO229780@uniovi.es (A.C.-V.); gonzalezpalejandro@uniovi.es (A.G.-P.)

2 Department of Material Science and Metallurgical Engineering, University of Oviedo, 33203 Gijón, Spain;
amghouzzakariae@uniovi.es

3 Department of Electrical Engineering, Computer Electronics and Systems, University of Oviedo,
33204 Gijón, Spain; melero@uniovi.es

* Correspondence: alvarezflorentino@uniovi.es

Abstract: High-voltage and alternating current conductors are mainly made up of a steel core and an
envelope made of aluminum wires. The alloys commonly used in the shell are of pure aluminum,
which provides low electrical resistivity, but also low mechanical resistance. The correlation between
resistance and electrical resistivity has become a design limitation, which limits the development
of new alloys. Traditional airline conductors limit their service temperature to a maximum of
80 ◦C. Al-Zr alloys are susceptible to hardening by aging treatment at high temperatures due to
the precipitation of the metastable L12-Al3Zr phase, which allows their working temperature to be
limited to 300 ◦C. This work aims to correlate the resistance and electrical resistivity of two alloys
with hyperperitectic compositions, subjected to a solution treatment at 640 ◦C. At the same time, the
aging potential at different temperatures is analyzed using aging duration of up to 900 h. Whereas,
the ultimate goal is to correlate the results with electrical resistivity, trying to achieve resistivity
values lower than 28 nΩm. It is worth mentioning that there is a slow aging process and the inverse
correlation between hardness and electrical resistivity. The optimum result is achieved in an alloy
with more than 0.4% Zr subjected to aging at 380 ◦C in a time range between 425 and 900 h. In
these cases, electrical resistivity values lower than 26 nΩm were reached. Transmission electron
microscopy (TEM) verified the nanometric size of the L12-Al3Zr precipitates and their coherence
with the α(Al) matrix. In turn, the size distribution of the precipitates was analyzed, revealing two
different families of precipitates with respective averages of 4 and 19 nm. The precipitates associated
with the average of 4 nm are the majority when the aging time is 425 h. However, when the aging
time increases to 900 h, sizes close to 20 nm are the majority. This confirms the slow growth of the
L12-Al3Zr precipitates during aging and the beginning of the over-aging phenomenon after almost
900 h of aging.

Keywords: Al-Zr; electrical resistivity; Al3Zr; aging; hardness

1. Introduction

High voltage and alternating current conductors are mainly made up of a steel core
and an aluminum wire sheath. The aluminum alloys currently used are practically pure
aluminum, which provides high electrical conductivity, but low mechanical resistance [1].
This sheath takes advantage of the skin effect of the alternating current, which tends to
flow preferentially along the periphery of the circular section of the cable. This is due to the
countercurrent electromotive force generated in the core of every conductor by the action
of the magnetic field [2]. Steel provides rigidity and mechanical resistance to the conductor.
These conductors can be subject to fatigue phenomena derived from the combined action of
their own weight and the changes in winds speed and direction [3]. The fatigue resistance
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of the conductor can be further compromised if corrosive processes derived from high
rainfall may also occur. If any of the aluminum wires were to break, high intensity arcs
could be struck between the fractured ends, inducing high temperatures and microstruc-
tural variations that reduce the mechanical resistance of the wires without fragmenting.
These weakened threads could become fractured by gusts of wind. Moreover, gradually,
there would be an increase in the intensity of current in the few aluminum wires that
present continuity. This will produce an increase in temperature that would increasingly
compromise the strength of the aluminum wires that remain without fracturing [4]. All
this justifies the development of new aluminum alloys with greater mechanical resistance
and greater thermal resistance, while maintaining high electrical conductivity. The cor-
relation between resistance and electrical conductivity becomes a limitation that restricts
the development of Al-based alloys, with simultaneously high resistance and enhanced
electrical conductivity [1,5–8]. An example of these alloys, capable of balancing resistance
and electrical conductivity, are Al-Zr alloys. These alloys are susceptible to hardening by
an aging heat treatment due to the precipitation of the metastable L12-Al3Zr phase, which
presents a cubic structure coherent with the α(Al) matrix. This phase is kinetically stable up
to 475 ◦C [1,9–15]. The nucleation and growth of this metastable phase is quite slow, due
to the low diffusivity of Zr in Al [7,16]. It is known, in fact, that the diffusivity coefficient
is estimated to be around 10–15 m2/s [7]. These kinetics can be accelerated by adding
alloying elements such as Er, Yb, Sc or Y [15,16]. To achieve the maximum aging potential,
some researchers propose to obtain a supersaturated solid solution of Zr in Al by means of
very fast solidification [17–19]. The cores of the solidification dendrites present a higher
density of these precipitates, and these are smaller than in the interdendritic zones. This
indicates that the nucleation of this phase is induced by the segregation of Zr in these areas,
resulting in a smaller critical nucleation radius in the core of the solidification dendrites
than in the interdendritic zones [1]. The metastable L12-Al3Zr phase transforms to its more
stable phase when the alloy is kept at elevated temperatures for several hours [1]. The
most common Zr weight percentage in these alloys is around 0.3%. At this percentage, the
liquidus temperature is about 750 ◦C and the solidus temperature is 660.5 ◦C [7]. With
percentages lower than 0.28%, a peritectic reaction occurs and the primary solidification
phase is Al3Zr. Figure 1 shows the binary equilibrium diagram of Al-Zr up to a Zr weight
percent of 0.6%. The maximum solubility of Zr in the α(Al) phase is 0.28% at 660.5 ◦C.
Once the alloy has solidified, the aging potential could be increased if a solution treatment
is carried out below the solidus temperature followed by a very rapid cooling, obtaining a
supersaturated solid solution of Zr in the α(Al) phase. The optimum aging temperatures
are in the range 350–425 ◦C, which allows its resistance to be maintained up to temperatures
around 300 ◦C. An increase in electrical conductivity is observed during the aging of these
alloys. This is due to the precipitation of the Zr atoms that were in solid solution [1].

Traditional airline conductors limit their working temperature to a maximum of 80 ◦C.
However, HTLS (High Temperature Low Sag) conductors can extend their application
range up to 150–230 ◦C. These conductors have an Al envelope with approximately 0.3%
Zr. The IEC 62004 standard (International Electrotechnical Commission) classifies these
conductors into four groups, depending on the required requirements. The maximum
electrical resistivities are limited between 28,735 and 31,347 nΩm [20].

The aim of this work is to analyze the behavior of two aluminum alloys containing
around 0.4% by weight of Zr, subjected to i) solution treatments at high temperature, 640 ◦C
and ii) prolonged aging treatments of up to 900 h. The main objective is to assess the effec-
tiveness of a solution treatment at high temperatures for hyperperitectic Zr compositions
on the aging potential and correlate the results with electrical resistivity. Whereas, the
mean challenge of the proposed study would be to achieve values lower than 28 nΩm.
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Figure 1. Al-Zr and Al-Fe equilibrium binary diagrams. Percentages by weight are shown on the
abscissa axes. (a) Al-Zr diagram. Alloy-I has 0.38% Zr and Alloy-II 0.43%; (b) Al-Fe diagram. Both
alloys are represented with the grey-shaded band.

2. Materials and Methods

Table 1 shows the chemical compositions of the analyzed alloys. It should be noted
that, in addition to Zr, these alloys contain a certain amount of Fe. These alloys were cast
in a tundish at a temperature of 900 ◦C, from which the molten metal is transferred into a
U-shaped circular copper mold cooled with water, producing a rectangular cross-section
bar that is transported by rollers to the rolling mills where the bar is transformed into a
10 mm diameter wire rod, working in a temperature range between 500 and 520 ◦C. Once
this process is finished, the material is water-cooled to a temperature of about 50 ◦C.

Table 1. Chemical composition (in weight %).

Alloy %Zr %Fe %Al

I 0.38 0.14 Rem.
II 0.43 0.18 Rem.

Figure 1 shows the Al-Zr and Al-Fe equilibrium binary diagrams. In Figure 1a it can
be seen that both qualities are in the hyperperitectic chemical composition range of the
Al-Zr diagram. The liquidus temperature of both compositions is in the range 760–810 ◦C.
In a non-equilibrium solidification, the Zr may have a stronger tendency to segregate into
the core of the solidification dendrites. Figure 1b shows the compositional range between
0.1 and 0.2 of Fe where both qualities are found. It can be observed that both qualities have
hypoeutectic compositions and that, contrary to Zr, in a non-equilibrium solidification, Fe
has a tendency to segregate to the last solidifying liquid in the interdendritic regions and
grain boundaries. The amount of Fe present in those alloys does not produce a notable
decrease in the electrical conductivity of Al. However, the Al3Fe precipitates favor a slight
increase in the strength of the alloy [20].

Both qualities were subjected to a dissolution treatment at 640 ◦C for 2 h in order to
increase the solubility limit of Zr in Al matrix up to point A, shown in Figure 1a. Then,
they were all cooled in water to 12 ◦C and immediately subjected to the aging treatment
so as not to reduce their hardening potential during aging. Two aging temperatures were
tested: 380 and 400 ◦C. For electrical resistivity measurements, 24 rod samples were cut for
each alloy with a length of 300 mm. The hardness measurements were performed using
another 24 rod samples cut for each alloy with 10 mm length.
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The microstructure of the wire rod was analyzed after hot forming and after dissolution
heat treatment with cooling in water. The preparation of the metallographic specimens was
carried out through the following steps: (1) cutting with a SiC disc, (2) cold-mounting in
epoxy resin, (3) grinding with SiC papers of different abrasive grain sizes ranging from grit
240 to 600, and, finally, (4) polishing in three stages with textile cloths using different types
of abrasives in each step. In a first stage, 6 and 1 µm diamond paste was used, while in the
second stage a 0.5 µm alumina solution was used and, in a third stage, a 0.05 µm colloidal
silica solution was employed. (5) The chemical etching attack was carried out in two stages.
At first, the following solution was used: 2 mL of HF, 3 mL of HCl, 5 mL of HNO3 and 190
mL of distilled water. Later, a solution consisting of a mixture of 4 g of KMnO4, 1 g of NaOH
in 100 mL of distilled water was used. The optical microscope used was a NIKON Epiphot
200 (Nikon, Tokyo, Japan) and the images were obtained using the OmniMet Enterprise
image analyzer software (Omnimet Enterprise, Buehler, Coventry, UK).

After the aging treatment, the morphology, structure and composition of the pre-
cipitates were analyzed using transmission electron microscopy (TEM). The equipment
used was the JEOL JEM-2100F from the Technical-Scientific Services of the University of
Oviedo (SEM, JEOL, Nieuw-Vennep, The Netherlands). This equipment is equipped with
a Field Emission Gun (FEG) operating at an acceleration voltage of 200 kV and an ultra-
high-resolution pole-piece objective lens, which allows it to achieve a resolution of 1.9 Å
between points and 1.0 Å between lines. The process for the preparation of the samples,
for their observation, was as follows: Initially the samples were sectioned until reaching
thicknesses of less than 1 mm. For this, a precision cutter with a diamond blade (Struers
Minitom, Madrid, Spain) was used. The samples, approximately 2 × 4 mm2 in size, were
then thinned to a thickness of 40 µm. This process was done by mechanical grinding using
Dimple Grinder (Gatan model 565). Subsequently, an ionic “thinning” was carried out,
using the Precision Ion Polishing System (PIPS ™ model 691 from Gatan, Pleasanton, CA,
USA), at an acceleration voltage of the Argon ion beam of 4 keV and an angle of incidence
of 10◦. Then, the samples were gently milled at 0.5 keV until the samples were perforated.
Finally, the SOLARUS 950 Advanced Plasma Cleaner (Gatan, Pleasanton, CA, USA) was
used to clean the samples’ surface prior to TEM analysis.

All Vickers hardness values were obtained under the application of a 31.25 kg load.
The results correspond to the average value obtained from 20 indentations per each sample.

For each sample the resistivity value, ρ, is obtained by means of the experimental
circuit schematically shown in Figure 2. From the measurements of the voltage that the
sample supports (VR) and the current flowing through it (IR), the value of its resistance,
Rsample, is calculated by applying Ohm’s law. Knowing the value of the resistance, the
resistivity can be obtained through the following expression:

ρ = Rsample
S
L

(1)

where S is the cross-sectional area of the sample and L is the length between the points
where the potential difference VR is measured.

In order to avoid the error in the measurement that the resistance of the connection cables
would introduce, Rlead, due to the low resistance values of the samples, the measurements
were carried out with a four-wire assembly (Figure 2). For this, a direct current source, model
6063 from Keysight Technologies (Keysight Technologies Spain, Madrid, Spain), was used,
with which the value of the circuit supply current, IS, was set. The measurement of the voltage
VR was carried out with a digital multimeter, model 2400 from Keithley Instruments (Keysight
Technologies Spain, Madrid, Spain). The voltage measured by this multimeter, VM, can be
considered equal to VR since the high Rinput value makes IM negligible, and consequently, so
are the voltage drops in the cables that connect the multimeter with the sample to be tested.
Similarly, it can also be considered that the current IR is equal to that supplied by the source IS.
The resistivity values were determined from the VR measurements made at different distances
for the same sample: 100, 150, 200, 250 and 300 mm.
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Figure 2. Experimental scheme used for four-wire resistivity measurements. VR is the voltage that
the sample supports; IR is the current flowing through of the sample; Rsample is the resistance sample.
Rlead is the resistance of the connecting cables; IS is the value of the current that the circuit supplies;
VM is the voltage measured by this multimeter; RINPUT is the resistance of the multimeter and IM is
the value of the current of the part of the multimeter circuit.

For each heat treatment, 3 rods were used which generated a total of 15 measurements
for each heat treatment.

3. Results

The microstructure obtained in both alloys after solution treatment at 640 ◦C and
subsequent water-cooling is shown in Figure 3. A single-phase microstructure is observed
in both cases, so it can be deduced that the solution treatment was effective and the potential
for structural hardening in both alloys is high. After this treatment, the obtained hardness
of Alloy-I (0.38% Zr) was 23 HV and the hardness of Alloy-II (0.43% Zr) was 24 HV.
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Figure 3. Microstructure after solution treatment at 640 ◦C and cooling in water. (a) Alloy-I, 0.38%
Zr; (b) Alloy-II, 0.43% Zr.

The hardness and electrical resistivity results are illustrated in Figure 4. In all cases, it
can be confirmed that the electrical resistivity decreases as the hardness increases by aging
treatment. Slightly higher hardness peaks are reached in Alloy-II, compared to Alloy-I.
Moreover, it is found that these hardness peaks are higher when aging is carried out at
380 ◦C. On the other hand, the lowest values of electrical resistivity are reached in Alloy-II
aged at 380 ◦C, resulting in values even lower than 26 nΩm after 425 h of aging. Whereas,
in this same alloy, aged at 400 ◦C, a slight rise in electrical resistivity is observed after 900 h
of aging. The optimum aging time at 400 ◦C is observed after 425 h, where the peak of
hardness of about 33 HV and a resistivity of 26 nΩm are reached. The onset of over-aging
takes place after 900 h of aging where the hardness was reduced to 32 HV and the resistivity
increased slightly above 27 nΩm. Figures 5 and 6 analyze the microstructural differences
that could justify this change in trend. From their analysis, it seems to be confirmed that
the growth of the transitional intermediate precipitates, L12-Al3Zr, is quite slow due to the
low diffusivity of Zr in Al, and that over-aging would not begin until over 900 h.
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Figure 4. Hardness and electrical resistivity. (a) Alloy-I aged at 380 ◦C; (b) Alloy-I aged at 400 ◦C;
(c) Alloy-II aged at 380 ◦C; (d) Alloy-II aged at 400 ◦C. In the last figure, the samples analyzed by
TEM are marked.
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Figure 5. Alloy-II aged at 400 ◦C for 425 h. (a,b) TEM images at different magnifications showing the
size and morphology of the precipitates; (c) TEM image showing two nanometric precipitates; (d) HRTEM
image of the area enclosed by the dashed square “d” in (c) in which the solid white lines show the
measured interplanar distances; the inset in this image shows the indexed FFT pattern; (e) HRTEM image
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(including its indexed FFT pattern) of the area enclosed by the dashed square “e” in (c) showing the
coherence of a nanometric precipitate of the metastable L12-Al3Zr phase with the lattice of α(Al)
matrix in the (110) plane; (f) Histogram of the size distribution of the precipitates.
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Figure 6. Alloy-II aged at 400 ◦C for 900 h. (a,b) TEM images at different magnifications showing
the size and morphology of the precipitates; (c) TEM image showing a nanometric precipitate of the
metastable L12-Al3Zr phase in (110) facet of the α(Al) matrix; (d) HRTEM image of the area enclosed
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by the dashed square in (c) showing the coherence of this nanosized precipitate of the metastable
L12-Al3Zr phase with the matrix of α(Al) in the (110) plane. (f) HRTEM image, and (e) its indexed
FFT pattern, corresponding to the area enclosed by the dashed square in (d). Pointed out, in an
illustrative way, is the atomic structure model of the cubic Al3Zr-phase superimposed on it; (g) TEM
image showing the two families of precipitate sizes; (h) Histogram of the distribution of the size of
the precipitates.

The results of TEM analysis of Alloy-II aged at 400 ◦C for 425 h and 900 h are shown in
Figures 5 and 6, respectively. Figures 5a–c and 6a–c show the nanometric size and spherical
morphology of the precipitates. The HRTEM (High Resolution Transmission Electron
Microscopy) image in Figure 5d and its indexed FFT (Fast Fourier Transform) pattern in the
inset, in which the measured interplanar distances (d111 = 2.35 Å, d002 = 2.05 Å) are shown,
confirm the FCC (Face-Centered Cubic) crystal structure (a = 4.0497 Å, Fm-3m) of the α(Al)
matrix. The HRTEM images of Figures 5e and 6d show the coherence of the nanometric
precipitates of the metastable L12-Al3Zr phase with the α(Al) matrix lattice within the
(110) facet. The HRTEM images and their indexed FFT pattern in Figures 5e and 6e–f
corroborates that these nanometric precipitates correspond to the metastable L12-Al3Zr
phase that crystallizes in the FCC crystal structure (a = 4093 Å, Pm-3m).

Figures 5f and 6h show the histograms of the size distribution of the precipitates,
corresponding to the samples aged for 425 and 900 h, respectively. These histograms were
obtained by measuring the size of ~200 particles in each sample. The solid black line
corresponds to the bimodal Gaussian distribution function fitted to these histograms. Two
distinct families of nanosized precipitates can be observed in both cases, with average
values of around 5 and 20 nm, respectively. In the sample aged for 425 h, the mean
values for both families were 4.3 and 18.6 nm, with the smallest precipitates being the
majority. Whereas the mean values for both families in the sample aged for 900 h were
4.6 and 19.7 nm. However, in the latter case, the largest precipitates are the majority. This
corroborates the slow growth of the L12-Al3Zr precipitates and the over-aging after 900 h.
The metastable precipitates grow during the aging treatment by diffusion of atoms from
the supersaturated solid solution (after dissolution treatment at 640 ◦C) to the precipitates.
As the supersaturation decreases, the precipitates continue to grow in accordance with
Ostwald ripening. The process is driven by a reduction in surface energy, so that the larger
precipitates coarsen as the smaller ones dissolve. As the precipitates grow, the coherency
strain increases until interfacial bond strength is exceeded and the precipitates become
non-coherent [21]. In Figure 4d it can be seen that, as the size of the precipitates increases,
there is a decrease in hardness and electrical conductivity. Some of these latter precipitates
are shown in Figure 7, which were aged for 900 h at 400 ◦C. The key is to create very
small intragranular coherent L12-Al3Zr nanoprecipitates. As the size of the precipitates
increases, the local strain field increases, which is an obstacle to the movement of electrons,
slightly increasing electrical resistivity [5]. Figure 7a shows the phases analyzed by EDX
(SEM-energy-dispersive X-ray spectroscopy). Table 2 shows the results. It can be seen
how the precipitates indicated in spectra 1 to 3 correspond to the L12-Al3Zr phase. The
results corresponding to spectra 4 and 5 would correspond with the matrix phase. The
absence of Zr can be observed in said matrix phase. The presence of Cu atoms in solid
solution is observed, both in the matrix phase and in the L12-Al3Zr phase. This is due to
the presence of traces of Cu in the chemical composition. It should be noted that copper
at up to ~1.5 wt.% has little effect on the as-cast structure, since most of it dissolves in
α(Al) [22]. Figure 7b shows Al (red) and Zr (green) element line-scan profiles and line-scan
plots of number of counts versus distance recorded. A slightly higher Cu concentration
is detected in the precipitates. This is because Cu atoms dissolved in the matrix tend to
diffuse towards a shell at the particle/matrix interface [9].
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Table 2. Semi-quantitative EDX microanalysis of the phases indicated in Figure 7a (in atomic%).

Spectrum Al Cu Zr

1 83.54 1.39 15.07
2 82.19 1.40 16.41
3 93.72 1.04 5.24
4 99.17 0.83 -
5 99.02 0.98 -

4. Conclusions

The aim of this work is to study the aging potential of two Al-Zr alloys with hy-
perperitectic compositions, subjected to a solution treatment at 640 ◦C and subsequent
water-cooling. In addition, we analyzed the evolution of electrical resistivity with long ag-
ing duration of up to 900 h, until achieving electrical resistivity values lower than 26 nΩm.
The main conclusions are as follows:

1. The solution treatment at 640 ◦C followed by cooling in water is effective in ob-
taining single-phase microstructures, which explain the high potential for structural
hardening.

2. As the hardness increases during aging, the electrical resistivity decreases.
3. The greatest hardness values were achieved with aging at 380 ◦C. The alloy with 0.43%

Zr exceeded greatly the 35 HV after 425 h of aging. After 600 h of aging, electrical
resistivities of less than 26 nΩm were reached.

4. Two families of L12-Al3Zr precipitates with average diameters of 4 and 20 nm were
observed. When the aging time is around 425 h, the precipitates belonging to the more
abundant family had an average diameter of 4 nm and those of the less abundant one
had an average diameter of 20 nm. In contrast, after 900 h, the precipitates with an
average diameter of 4 nm became less abundant when compared to the precipitates
with a diameter of 20 nm. This confirms the slow growth of the L12-Al3Zr precipitates
during aging and the onset of over-aging after almost 900 h.
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