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Abstract: In the project work, CES EDUPACK material selection software and Arc melter 500 arc
remelting equipment were used to select good-performance materials and produce a sample. First,
aluminum alloys were considered due to their low weight; alloys Al7075, Al6082, and EN AW 6022
in different states were examined for maximum hardness and electrical conductivity, and then the
Cu—Cr—Zr alloy was analyzed. The test results showed that for the EN AW 6082 alloy, the specimens
heat-treated at 480 °C for 2 h + 175 °C for 2 h following the ECAP (equal channel angular pressing)
A route or C route technique gave the best hardness—electrical conductivity pair. In the case of
the EN AW 7075 alloy, the artificially aged sample after 4x ECAP forming showed the maximum
values. In the case of EN AW 6022, which according to the Ashby chart may be the best alloy for the
value pair sought, this alloy was fabricated, resulting in only as-cast samples being analyzed. Of the
Cu alloys, the Cu—0.49-0.21Zr alloy after heat treatment at 450 °C for 1 h gives the most favorable
hardness—conductivity.
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1. Introduction

The production of the rotor in an electric engine involves a variety of specialized
materials designed to enhance performance and durability. One method involves using
fiber-reinforced plastic material incorporating magnetic filler material, which is layered
within the rotor to provide structural integrity and magnetic properties [1]. Another
approach includes using metallic and rare earth elements, such as indium and tin, which to-
gether improve electrical conductivity, thermal conductivity, and mechanical properties [2].
A rotor can also be composed of materials like aluminum-manganese alloy, ferrochromium
alloy, and pure aluminum, with processes involving the addition of cerium-aluminum
alloy to prevent cracking and enhance resistance to crack propagation [3]. Additionally, in
the case of the ultra-efficient motors with a boron-aluminum alloy rotor, the main technical
performance is far better than the common cast aluminum rotor ultra-efficient motors,
and some are better than the cast copper rotor motors. This is an ultra-efficient motor
production process with a high performance—price ratio [4].

Various aluminum alloys (for example, Al-B [4], Al-Mg [5], and Al-Ce alloys [6]) are
used in the production of rotor parts for electric engines to balance strength, conductivity,
and durability. But one prominent alloy is a copper-based alloy, aluminum-bronze material,
consisting of 8.0-8.5 wt% aluminum, with the balance being copper, and minor additions
of nickel and manganese to enhance mechanical properties and conductivity [7].

Another is an alloy comprising aluminum with lanthanoids (0.1-0.5 wt%), which helps
to form conductor bars and shorting rings integral to rotor design [8]. A more specialized
alloy includes an Al-Ce-based composition, with silicon and magnesium additions, offering
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high yield strength and electrical conductivity suitable for electric vehicle induction mo-
tors [6]. Additionally, an aluminum alloy combining pure aluminum with high-resistivity
aluminum components, including manganese, titanium, chromium, and zirconium, is used
to enhance motor performance and reliability [9].

As a first step, commercially available aluminum alloys were tested to see what process
and how maximum hardness and electrical conductivity can be achieved in these alloys.
The experiments started with less alloyed and highly alloyed aluminum alloys, such as EN
AW 7075 and EN AW 6082, and with EN AW 6022, the alloy resulting from the material
selection from the Al6xxx series (see Table 1).

Table 1. The main parameters of experiments.

Severe Plastic Heat Treatment

Homogenization Deformation (SPD), Eq}lal Type of the Aging, Examination Methods
Treatment Channel Angular Pressing Tem ture. Tim
(ECAP) emperature, Time
EN AW 6022 540°C2h,4h
. Vickers hardness (HV),
0.8-1.5 wt% Si, electrical conductivity
0.45-0.7 wt% Mg, (IACS%), scanning
- o Irrelevant Irrelevant .
0.05-0.2 wt% Fe, 5 electron microscope
o 560°C2h,4h P
0.02-0.1 wt% Mn (SEM) phase
0.01-0.11 wt% Cu identification
and Al
Annealing: 400 °C,
EN AW 7075 2h
0.4 wt% Si
0.5 wt% Fe Solid solution
1.2-2 wt% Cu Industrial A route (same position 480°C,1h; HV, IACS%
0.3 wt% Mn homogenization after each press.) 1x,2x, quenching in water SEM examination
2.1-2.9 wt% Mg (500 °C 5 h) 3x,4x natural aging: phase analysis
0.18-0.28 wt% Cr 6 days; artificial
5.1-6.1 wt% Zn aging:
0.2 wt% Ti 100°C12h
150°C12h
Solid solution: 480
°C, 2 h; quenching
in water; artificial
EN AW 6082 ECAP A route 1x,2x, 3% aging: 150 °C, 4 h;
) 175°C,2h;
0.7-1.3 wt% Si
0.5 Wtj/o ge annealing: 360 °C,
0.1 wt% Cu 2h o
0.4-1 wt% Mn 560°C 4 h HZ)}ﬁiﬁ;ij
0.6-1.2% Mg Solid solution:
0.25 wt% Cr 480 °C, 2 h;
%12wt0$ %rn ECAP C route (180° que'r}ching i.n water;
2wtlo i rotation after each press.) artlﬁcial aging: 175
1x,2x,3x C2h
annealing: 360 °C
2h
Cu-Cr-Zr alloy Produced from Cu-Cr Irrelevant Annealing: 450 °C, HV, IACS%

0.49% Cr, 0.21% Zr

and Cu-Zr alloys 0.5-1-1.5-2h
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2. Materials and Methods

Material selection was carried out using GRANTA EDUPACK software 2023 R1.
The alloy EN AW 6022 gave the best IACS%-HYV value among the Al6xxx series, while
from the chart we looked for a less acceptable alloy to see where its maximum could
be shifted when subjected to different treatments. The second alloy chosen was EN AW
6082. In addition, a less acceptable alloy from the Al7xxx series was also chosen, and this
was EN AW 7075. The alloy EN AW 6022 is difficult to obtain commercially, so it was
prepared using the Arc Melter 500 arc remelt machine at the university with four different
alloying element compositions. The samples had a diameter of 40 mm and a height of
10 mm. Post-heat treatments were carried out in a Carbolite AAF/1100 annealing furnace
(Neuhausen, Germany). Besides aluminum alloys, a copper alloy was also tested. This
was also prepared using the arc remelting equipment mentioned above. Homogenization,
severe plastic deformation processes (ECAP), and precipitation hardening were carried out
in the series of experiments. The parameters of the experiments are summarized in Table 1.

Vickers hardness and electrical conductivity were measured on the fabricated speci-
mens, and our data were incorporated into the GRANTA EDUPACK diagrams. Vickers
hardness was measured on a Buehler Wilson UH4750S universal hardness tester (Lake
Bluff, IL, USA), and a PCE-COM20 surface conductivity meter (Manchester, UK) was used
to electrical conductivity. The test results obtained are presented in the Section 3.

3. Results
3.1. Examination Results for Aluminum Alloys

The obtained test results are plotted on GRANTA EDUPACK charts. For the EN AW
7075 alloy, the maximum hardness and electrical conductivity of the homogenized and
ECAP samples were obtained with the 4x extruded sample (ECAP4x_MN), which has an
average hardness of 140 HV and an electrical conductivity of 40 IACS%. When precipitation
hardening was carried out on the formed samples, the hardness values increased further,
reaching 180 HV after 6 days of artificial aging following self-aging (ECAP4x_ON_MN),
and the electrical conductivity also showed a slight increase due to the precipitation of
alloying elements (Figure 1).
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Figure 1. Results for ENAW 7075 alloy samples (note: MN—only artificial aging; ON_MN—natural
aging and artificial aging together).

The results of the strength-enhancing treatments for the alloy EN AW 6082 are summa-
rized in Figure 2. The highest hardness after forming was obtained for the sample ECAP-ed
3x with the A route technique, with an average value of 170 HV; the value obtained for
electrical conductivity was only 35 IACS%, which was increased to 45 IACS% by precipitation
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hardening. This, of course, resulted in a drastic reduction in hardness, as the solution heat
treatment and artificial aging resulted in hardnesses of only around 80 HV. The measured
values fitted well within the values of the database (see Aluminium 6082 T4, T6).
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Figure 2. Results for EN AW 6082 alloy samples.

The C route technique, on the other hand, resulted in much more favorable hardness
values after the same precipitation hardening, with an average hardness value of around
120 HV and an electrical conductivity of 45 IACS% (Figure 2).

Summarizing the EN AW 6082 alloy results, the conductivity and hardness of the alloy
samples hardened at 480 °C for 2 h and aged at 175 °C for 2 h, through ECAP 3 x, achieved
the most favorable results for both ECAP paths. Comparing the extrusion routes, the C
route technique resulted in higher hardness values.

Of the Al6xxx alloys, the combination of properties we are interested in is best satisfied
by EN AW 6022, which is difficult to obtain commercially, so the test samples were fabri-
cated using the Arc Melter 500 arc machine. Table 2 summarizes the chemical composition
of the standard and fabricated samples in wt%.

Table 2. Chemical composition of EN AW 6022 alloy (in wt%).

Alloy Si Mg Fe Mn Cu Al
Al6022 st. 0.8-1.5 0.45-0.7 0.05-0.2 0.02-0.1 0.01-0.11 96.7-98.7
Al6022_1 0.8 (1) 0.45 (0.5) - - - 98.5
Al6022_2 15 0.45 (0.5) - - - 98
Al6022_3 0.8 (1) 0.7 - - - 98.3
Al6022_4 15 0.7 - - - 97.8

Due to the shape and size of the samples, only homogenization could be performed,
as neither shaping nor subsequent heat treatment is relevant for these samples. The effect
of homogenization is shown in the following diagrams, which show that compared to
the cast samples, homogenization at 560 °C for 4 h resulted in the highest hardness using
Al6022_v4, where the alloying elements were at their maximum for both Si and Mg. The
hardness achieved is 84 HV and the electrical conductivity is 39 IACS% (Figure 3).
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Figure 3. Results for EN AW 6082 alloy samples.

Comparing the test results of the aluminum alloys, the EN AW 7075 alloy achieved by

artificial aging after natural aging for 6 days showed the highest hardness and electrical
conductivity, 180 HV and 42 IACS%.

3.2. Examination Results for Copper Alloy

Also for the copper alloys, the alloy with the maximum combination of hardness
and electrical conductivity was selected, which was the Cu—-Cr—Zr alloy. This alloy was
produced from two master alloys, Cu-Cr and Cu—Zr, which were fused to obtain the alloy
Cu-0.49Cr-0.21Zr, whose cast samples could only be heat-treated due to their size and
shape. The test results showed that an annealing at 450 °C for 1 h gives the alloy maximum
values of 171 HV and 88 IACS% (Figure 4).
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Figure 4. Results for Cu—Cr-Zr alloy samples (note: the same color means the same Cu alloy).

4. Discussion and Conclusions

Based on the experiments and tests carried out, the following conclusions can be
drawn:
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e  For the ENAW 6022 alloy, at the highest alloying ratio (1.5%Si and 0.7% Mg) and after
4 h homogenization at 560 °C, the maximum hardness and conductivity were obtained
at 84 HV and 39 IACS%.

e  For the EN AW 6082 alloy C, solution heat treatment at 480 °C for 2 h and aging at
175 °C for 2 h after elbow pressing at C gave a maximum of 120 HV and 45 IACS%.

e Among the experiments on the alloy En AW 7075, the passenger A elbow press
with 4x through bending and 6 days of artificial aging after self-aging gave the best
combination of properties: 180 HV and 42 IACS%.

e  The maxima of commercial aluminum alloys are far below the requirements of the
rotor (IACS% should be 80% of CU-ETP (pure metal)).

e  The Cu-Cr—Zr alloy selected for copper alloys showed good results already after heat
treatment at 450 °C for 1 h, with electrical conductivity at 88 IACS% and hardness at
171 HV.
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