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and properties of Al-Fe system alloys
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Abstract: The modern electrical engineering industry requires cheap and easily reproducible aluminum alloys with ad-

vanced mechanical strength and electrical conductivity. This work studies the influence of small (up to 0.3 wt. %) copper
additions on the microstructure and physical and mechanical properties, as well as phase transformations in the Al-Fe sys-
tem alloys with an iron content of 0.5 and 1.7 wt. %, produced by continuous casting into electromagnetic crystallizer.
Alloys of the above chemical compositions were produced, and subsequently annealed at 450 °C for 2 h. In all states,
the microstructure (via SEM), yield strength, ultimate tensile strength, elongation to failure, and electrical conductivity
were studied. It has been shown that copper additions lead to an increase in the strength of both alloys and a slight de-
crease in their ductility compared to similar materials without copper. An increase in strength and a decrease in ductility
due to the copper addition is associated with the formation of more dispersed intermetallic particles in copper-containing
Al-Fe system alloys. Additional spheroidizing annealing leads to a decrease in the length of the interphase boundary be-
tween the aluminum matrix and iron aluminide particles due to a change in their morphology, which leads to an increase in
electrical conductivity. In general, copper-containing alloys showed higher mechanical strength with lower electrical con-
ductivity, as well as higher thermal stability.

Keywords: Al; Al-Fe—Cu; casting into electromagnetic crystallizer; phase transformations; mechanical properties; elec-
trical conductivity; thermal stability.
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Aluminum and its alloys are used in electrical engineering

INTRODUCTION and usually are produced in the form of wire rod/wire ob-

Today, the major consumers of aluminum alloys are
high-tech sectors of the economy, such as locomotive, rail-
car and shipbuilding, aerospace, automotive, electrical in-
dustries, construction, and production of power lines [1].
The current trends in metallurgy and materials science are
the need to reduce weight, metal consumption, and increase
the efficiency of the materials’ use. These trends are largely
determined by the development of new materials with
the necessary performance characteristics and the introduc-
tion of technologies for their production.

Due to their distinctive performance characteristics and
technical properties, aluminum alloys stand out from other
metallic materials for structural and electrical purposes.

tained by the methods of combined casting and rolling,
casting, rolling, and pressing, using subsequent rolling or
drawing [2; 3]. However, despite relatively high level of
electrical conductivity (52—62 % IACS), their strength and
heat resistance are rather low [4], which is further compli-
cated by the fact, that strength and electrical conductivity
improvement in Al alloys usually exclude each other [5]. In
this regard, modern research is aimed at finding new alloys
and production technologies that will allow the use of alu-
minum more efficiently, both in terms of physical and me-
chanical properties, as well as from a financial standpoint.
A step towards the wider use of aluminum was the in-
troduction of aluminum alloys of the Al-Fe system of such
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grades as 8030 and 8176, from which conductors with
a cross section of 2 to 10 mm are made'. These alloys have
greater strength than pure aluminum, such as grade 1350,
good ductility and an acceptable level of fire safety. Im-
provements in physical and mechanical properties in alloys
of the Al-Fe system were achieved by introducing Fe (in
the range of 0.4—1.0 wt. %) into the composition of alumi-
num [6; 7], as well as small additions of Cu (up to
0.3 wt. %) [8]. The presence of Fe provided an increase in
the strength of the alloy after its heat treatment (annealing).
Small additions of Cu also improve the strength characteris-
tics of conductors based on Al-Fe alloys. However, a num-
ber of physical and technical-operational indicators limit
their application, encouraging researchers to look for fur-
ther ways to increase the strength and thermal stability of
alloys of the Al-Fe system without losing their electrical
conductivity.

In recent decades, attention has been paid to the for-
mation of nanostructured, nanophase-containing, and
ultrafine-grained structures in semi-finished products
and products from aluminum alloys, which can signifi-
cantly improve the complex of physical and mechanical,
as well as functional and operational characteristics [9;
10]. In addition, traditional methods for obtaining and
processing aluminum-based alloys are being improved
and developed.

One of the promising methods for the production of
wire rod and wire from aluminum alloys for electrical
purposes is continuous casting into electromagnetic crys-
tallizers (EMC), also known as casting into electromag-
netic mold. The use of EMC makes it possible to provide
unique physical and mechanical properties of the wire by
achieving extremely high cooling rates (10°-10* K/s),
providing unique alloy structures and properties (high
strength and high electrical conductivity), as it was
shown on the example of the Al-Zr [11] and Al-Ca—Fe—
Si [12] alloys.

In this paper, the results of studies are carried out,
which are a continuation of the work carried out by
a group of scientists from Ufa University of Science and
Technology, aimed at creating new materials for electrical
purposes based on Al alloys obtained by casting in EMC.
In [13] the Al-La—Ce alloy was produced and then sub-
jected to high-pressure torsion (HPT). It was demonstrated
that HPT does not only result in the grain size refinement,
but also in the formation of a solid solution of La and Ce
in Al, although this system is considered to have zero so-
lubility of the alloying elements. In [14] studies dedicated
to the Al-Fe system were conducted, showing that Al-Fe
alloys, produced via EMC, tend to have higher mechanical
strength and finer grain size relatively to the alloys pro-
duced by conventional methods. Also, EMC resulted in
the formation of the metastable Al,Fe phase, usually not
presented in the Al-Fe system alloys [15]. As research
materials, Al-0.5Fe and Al-1.7Fe alloys (wt. %), obtained
by casting in EMC, additionally alloyed with 0.3 wt. % Cu
(hereinafter, Al-0.5Fe-0.3Cu and Al-1.7Fe—0.3Cu, re-
spectively), were used.

" GOST R 58019-2017. Rod aluminium wire of 8176 and 8030
alloys. Specifications. M.: Standartinform, 2018. 20 p.

Based on the previous research, the annealing for the stu-
died materials was conducted. In [16; 17] it was demon-
strated that the annealing in the range of 450—550 °C in
the Al alloys with low immiscibility of the alloying ele-
ments leads to coagulation and spheroidization process of
the intermetallic particles without phase transformations.
The spheroidization of lamellar/plate-like intermetallic
particles in alloys of the Al-Fe system obtained by casting
in EMC is accompanied by a decrease in the area of
the interfacial surface and an increase in their electrical
conductivity. Such heat treatment also results in the in-
crease of the material’s ductility. Since addition of the Cu
into Al-Fe alloy decreases the ductility of the alloy,
the annealing at 450 °C may be performed as a ductility
increasing measure.

The aim of this work is establishing the influence of
copper additions and intermetallic particles morphology on
the mechanical and electrical properties of the Al-0.5Fe
and Al-1.7Fe alloys, produced by electromagnetic casting.

METHODS

Initial bars with a diameter of 11 mm and a length of
more than 2 m from alloys of the Al-Fe system with an iron
content of 0.5 and 1.7 wt. %, and the addition of copper
0.3 wt. % were made by continuous casting in EMC on the
experimental laboratory casting equipment at the LLC
“Scientific and Practical Center for Magnetic Hydrodyna-
mics” (Krasnoyarsk, Russia). The chemical composition of
the studied alloys is presented in Table 1.

The study samples were prepared from aluminum grade
A8S5 and the addition of Fe80AI20 master alloy in propor-
tions selected to match the required iron concentration. Af-
ter reaching a melt temperature of more than 800 °C, con-
tinuous casting was carried out in an EMC equipment at
a rate of 12.4 mm/s. Cast blanks were processed by cold
drawing to a diameter of 3 mm in 8 passes.

Heat treatment of samples was carried out in an atmos-
pheric Nabertherm B 180 (Lilienthal, Germany) furnace
at 450 °C for 2 h.

Scanning electron microscopy (SEM) was performed on
a JEOL JSM-6490LV (Tokyo, Japan) microscope at an
accelerating voltage of 15 kV. For image processing and
quantitative measurements of microstructural elements (aver-
age grain size, average particle size of the second phases),
the “Imagel]” software and the “Grain Size” software pack-
age were used.

Tensile tests were carried out on an Instron 5982 (Nor-
wood, USA) machine at room temperature and a strain rate
of 107 s'. At least 3 samples of each test condition were
tested to obtain statistically reliable results. Yield strength
(0¢2), ultimate tensile strength (oyrs), and elongation to
failure (3) were obtained using flat specimens with dimen-
sions 0f 2.0x1.0x6.0 mm.

Electrical conductivity (o) was determined with an error of
+2 % by the eddy current method. The electrical conductivity
relative to annealed copper (International Annealed Copper
Standard, % IACS) was calculated using the equation:

14CS = LAL 100 %,
(DCu

(M
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Table 1. Chemical composition of Al-Fe alloys, wt. %
Taénuuya 1. Xumuueckuii cocmae Al-Fe cnnasos, mac. %

Alloy Cu Fe Si Y (Mn, Cr, Zn) Al
Al-0.5Fe—Cu 0.30 0.50 0.02 <0.01 99.04
Al-1.7Fe—Cu 0.30 1.85 0.00 <0.01 97.71

AA8176 (ASTM B800) - 0.40-0.50 0.07 <0.03 The rest
AA8030 (ASTM B800) 0.15-0.20 0.35-0.45 0.07 <0.03 The rest

Note. For comparison shows the chemical composition of AA8176 and AA8030 alloys currently used as a material for electrical

conductors both in Russia and abroad.

Ipumeuanue. [{ns cpasuenua npugeden xumuyeckuii cocmag cniasos AA8176 u AA8030, 6 nacmosauee pemsa UCnonbL3VeMbIX
6 Kauecmee mamepuana 0s SNeKMponposooHuKos 6 Poccuu u 3a pybescom.

where ®,; is the measured electrical conductivity of
the Al alloy;

¢y 18 the electrical conductivity of annealed chemically
pure copper (58 MS/m).

RESULTS

Evolution of the microstructure as a result of heat
treatment

Fig. 1 shows the microstructure of billets of Al-0.5Fe—
0.3Cu and Al-1.7Fe-0.3Cu alloys, obtained by casting into
an electromagnetic mold. Analysis of the images, obtained by
SEM, showed that the aluminum matrix contains inclusions of
the intermetallic phase formed during crystallization. In
the Al-1.7Fe—0.3Cu alloy, particles of the second phase form
a continuous net with a cell size of (2.1£0.3) um (Fig. 1 b), and
in the Al-0.5Fe—0.3Cu alloy, the intermetallic network has
the average cell size is (5.7+£0.9) um (Fig. 1 a). Judging by the
size of the dendritic cells, the cooling rate during crystalliza-
tion of the billet was at least 1000 °C/s. A detailed examination
(Fig. 1 c, 1 d) shows that the intermetallic phase crystallized in
the form of plates/needles up to (0.6+1.0) pm thick in
Al-0.5Fe—0.3Cu and Al-1.7Fe—0.3Cu alloys. In addition, in-
termetallic particles in copper-containing alloys are more
fragmented than in alloys without copper.

Fig. 2 shows the microstructure of Al-0.5Fe—0.3Cu and
Al-1.7Fe—0.3Cu alloys obtained by casting in EMC and
additional annealing at 450 °C for 2 h. Quantitative analysis
showed that annealing does not lead to a noticeable change
in the size of dendritic cells in both studied materials. How-
ever, due to annealing, the particles began to spheroidize —
in the structure of both alloys, a change in the morphology
of thin plates/needles of the intermetallic phase is observed —
their spheroidization.

Fig. 3 shows the microstructure of Al-1.7Fe and Al-
1.7Fe—0.3Cu alloys after casting in EMC and additional
annealing at a temperature of 450 °C for 2 h. The presence
of the copper in the alloy reduces the tendency of the alloy
to spheroidization after annealing at a temperature of
450 °C — in Al-1.7Fe—0.3Cu alloys particles have sharper
and rougher edges.

Evolution of mechanical and electrical properties
as a result of deformation processing

Table 2 shows the physical and mechanical proper-
ties of alloys of the Al-Fe system. In the initial state
the ultimate tensile strength of the Al-0.5Fe-0.3Cu
alloy is (106+4) MPa, in the Al-1.7Fe-0.3Cu alloy
the oyrs is (174+11) MPa. With the addition of 0.3 wt. % Cu —
the electrical conductivity of the Al-0.5Fe alloy is reduced
by 1.7 % IACS, while the electrical conductivity of
the Al-1.7Fe alloy is reduced by 8.2 % IACS (1). Such
a change in electrical conductivity indicates that it is mainly
controlled by the content of iron, and, accordingly, the pro-
portion of particles of iron aluminides in alloys.

Spheroidizing annealing, aimed at reducing the length
of the interfacial boundary in the alloys, led to a decrease in
strength and an increase in plasticity and electrical conduc-
tivity in the study materials. Thus, in the Al-0.5Fe—0.3Cu
alloy, ductility, and electrical conductivity after annealing
at 450 °C for 2 h increased from 33.7 to 37.8 % and from
56.1 to 60.9 % IACS, respectively, while the tensile
strength decreased from 106 to 100 MPa (within the error
value). At the same time, as a result of similar annealing,
it increases the ductility and electrical conductivity in
the Al-1.7Fe—0.3Cu alloy from 23.3 to 23.6 %, respective-
ly, and from 41.4 to 55.9 % IACS, and the tensile strength
decreases from 175 to 150 MPa.

DISCUSSION

This paper discusses the effect of Cu alloying on
the microstructure and physical and mechanical properties
of alloys of the Al-Fe system, obtained by casting in EMC.
It has been established that the introduction of 0.3 wt. % Cu
leads to a change in the morphology of intermetallic parti-
cles formed during crystallization at rates higher than
10° °C/s. In alloys without Cu, the particles form dendritic
cells crystallize in the shape of long plates/needles with
evenly rounded edges, and in in copper-containing alloys,
such particles have a noticeably shorter length, forming
“fragmented” clusters. Most likely, the rough shape of
the intermetallic particles forms due to the casting method,
since in [18] it is demonstrated, that in additively manufactured
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Fig. 1. Microstructure of electromagnetically cast alloys® — Al-0.5Fe-0.3Cu;¢, d — Al-1.7Fe-0.3Cu, SEM

Puc. 1. Muxpocmpykmypa cniagog, NOoJIyYeHHbIX TUMbEM 6 NIeKMPOMASHUMHbLU KPUCMATIUZAMOD:
a, b — Al-0,5Fe-0,3Cu; ¢, d — Al-1,7Fe-0,3Cu POM

Al-Cu—Fe alloy intermetallic particles have smooth round-
ed edges. The other production methods demonstrate simi-
lar difference [19; 20].

Addition of the copper also increases the number of in-
termetallic particles nuclei, decreasing the distance between
them, thus shortening the free dislocation path and increas-
ing the strength of the alloy. The addition of 0.3 wt. % Cu
in alloys with a selected Fe content leads to an increase in
the tensile strength (from 90 to 106 MPa in the Al-0.5Fe
alloy and from 150 to 174 MPa in the Al-1.7Fe alloy) and
a decrease in electrical conductivity (from 57.8 to
56.1 % IACS in Al-0.5Fe alloy and from 49.6 to
41.4 % IACS in Al-1.7Fe alloy). This change in mechani-
cal strength and electrical conductivity is sensitive to the Fe
content — the value of the difference in properties is propor-
tional to the iron content. Thus, it might be assumed that
the copper doesn’t have the leading role in the properties’
changes of the studied alloys.

It can also be noted that additional alloying with Cu,
along with an increase in strength (which is probably due to
the formation of a solid solution in aluminum by copper
atoms), led to an insignificant decrease in the plasticity of
the study materials.

It is important to note that the addition of the same amount
of copper to a commercially available 8030 alloy does not lead
to a similar increase in its strength, in comparison with an 8176

alloy in which copper is absent (Table 2). Most likely, the dif-
ference in mechanical strength noted in this study is due to
the difference in the methods for obtaining semi-finished
products. As noted above, in alloys obtained by continuous
casting in EMC, the wires/rods/blanks are rapidly cooled, and
thus, during the crystallization process, most of the copper
remains in the aluminum solid solution. In mass-produced
semi-finished products, obtained by the method of continuous
casting and rolling [21], the copper content in the solid solution
of aluminum is noticeably lower, due to the lower crystalliza-
tion rate (by ~2 orders of magnitude) and slow cooling during
subsequent rolling.

The nature of the intermetallic particles is an open
question. It is considered that iron has near-to-zero solid
solution concentration in aluminium [22; 23], thus no so-
lid solution of Fe should be presented in the Al-Fe alloys,
and all the Fe should be bounded in the Al Fe, intermetal-
lic particles. Copper, however, can form the solid solution
in aluminium with the concentration up to 0.2 wt. %
(~0.1 at. %) at a normal condition. According to the ter-
nary Al-Cu-Fe diagram [24], at a given concentration the
intermetallic particles are presented by Al;Fe, and
Al;CuyFe phases. Since the total amount of Cu in the Al—
0.5Fe—0.3Cu alloy is 0.3 wt. % and could even be consi-
dered impurity, it would be quite hard to separate
the strengthening effect of Cu solid solution in aluminium
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