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Abstract

The design of novel high-strength (HS), high-electrical-conductivity (HC) and high-
thermostability (HT) aluminum alloys is presented utilizing recycled automotive aluminum
twitch for cable conductor applications. Calculation of phase diagrams (CALPHAD)-based
tools are employed for the design, with key objectives being the enhancement of electrical
conductivity through the complete gettering of impurity elements and the optimization of
precipitation strengthening through the promotion of Q phase and the suppression of Si
phase. The experimental data suggests that thermodynamic equilibrium conditions have
not been reached yet under the tested annealing conditions, and models show that Si has
the largest impact on electrical resistivity sensitivity.

Keywords: CALPHAD; twitch aluminum alloy; rapid solidification

1. Introduction

Recycling aluminum alloys represents one of the most effective strategies for reducing
the carbon footprint of automotive aluminum products, as it requires significantly less
energy compared to primary production from raw materials. End-of-life vehicles serve as a
major source of recyclable aluminum, which is typically recovered through shredding and
sorting processes. The fragmented aluminum obtained, known as “twitch,” often contains
high levels of silicon (Si) and iron (Fe) impurities [1]. The advanced techniques required
to refine and purify this scrap are costly, limiting its use. As a result, most aluminum
twitch is currently utilized in secondary castings, primarily for internal combustion engine
powertrain components. However, the growing demand for sustainable materials is driving
the need for high-performance alloys capable of incorporating greater proportions of
recycled content. A promising solution lies in the development of novel aluminum alloys
specifically engineered to tolerate high levels of twitch while maintaining the mechanical
performance required for high-volume applications.

In parallel, the U.S. electricity delivery system is undergoing a significant transforma-
tion as grid reliability and resilience become increasingly critical in the face of emerging
threats such as extreme weather events. At the same time, state and local policies are
driving greater integration of renewable energy and distributed energy resources. To meet
the demands of a more reliable and secure future grid, advancements in the materials used
to transport electricity are essential. Aluminum remains the primary material for overhead
transmission lines due to its high conductivity, lightweight nature, and cost-effectiveness.
The most commonly used aluminum-based conductor is the steel-reinforced aluminum
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conductor (ACSR), while high-temperature conductors include the composite-core alu-
minum conductor (ACCC), the composite-reinforced aluminum conductor (ACCR), and the
steel-supported aluminum conductor (ACSS) [2]. The target properties of aluminum-based
conductors are high strength, high electrical conductivity, high strength thermostability,
and low sag levels. The ACCR conductors, consisting of layers of an aluminum-reinforced
oxide matrix core with coarsening resistant Al-Zr alloy outer strands, present the best bal-
ance across all target properties. The Al-Zr outer strands exhibit an ultimate tensile strength
(UTS) of 158-179 MPa and an electrical conductivity of 60% IACS at 20 °C. Therefore,
aluminum alloys with better properties than the Al-Zr strands are sought.

Automotive twitch aluminum contains a high number of impurity elements such as Fe,
5i, Mg, Cu, Mn, and Zn. Due to the low solubility of Fe and Si in aluminum, conventional
solidification processes typically result in the formation of Al-Fe-Si intermetallic phases
and Si-rich particles, which can degrade mechanical and electrical properties. To suppress
the formation of coarse eutectic phases rich in Fe and Si during solidification, rapid solid-
ification techniques, such as melt spinning, are considered promising alternatives. Melt
spinning [3] achieves extremely high cooling rates on the order of 10°~107 °C/s, enabling
the formation of a refined microstructure (~1 um) with nanoscale dispersoids and a super-
saturated solid solution. Subsequent heat treatment and aging after rapid solidification in
the temperature range of 250-300 °C can promote the formation of a fine distribution of
strengthening and grain-refining phases, such as the x-Al(FeMn)Si and 3-AlFeSi phases.
In Al-Mg-Si-Cu systems, the Q phase with a hexagonal structure, which has also been
found in twitch compositions, has been reported to demonstrate an excellent combination
of strength and coarsening resistance even after prolonged thermal exposure at 200 °C for
up to 1000 h [4,5]. Therefore, to obtain the desired properties, the target is to suppress the
phases during rapid solidification, maximize precipitation strengthening, and obtain a lean
matrix to enhance electrical conductivity during aging.

The present study employs CALPHAD-based integrated computational materials
engineering (ICME) tools for the design of an aluminum cable conductor for medium-
to-long-distance transmission lines, with high strength, high electrical conductivity, and
high thermostability utilizing aluminum automotive twitch via rapid solidification and
high-temperature aging. The material design is based on a hierarchical system approach
integrating the interrelation of processing, structure, properties, and performance. Ther-
modynamic calculations using CALPHAD databases are performed. The main design
objectives are to maximize the electrical conductivity through complete gettering of the
impurity elements and maximize the precipitation strengthening through the formation
of the Q phase and the elimination of the Si phase. Three compositions that meet the
requirements were selected, and aluminum specimens that utilize twitch were prepared via
rapid solidification. Electrical resistivity measurements, using a four-point probe method,
and microhardness measurements were carried out at room temperature.

2. Experimental Procedure

Aluminum alloys with the compositions given in Table 1 were cast in a wedge-shaped
mold by Constellium. High solidification cooling rates, estimated to be in the range of
103-10* °C s~!, were achieved near the tip of the wedge. After casting, specimens were
sectioned from regions close to the tip, with dimensions of 34 mm in length, 5 mm in width,
and 5 mm in thickness. After casting, the specimens were annealed at 250 °C, 280 °C, and
300 °C for 7 days. The specimens’ surfaces were ground with 1200-grit silicon carbide paper,
and electrical resistivity measurements at 20 °C were performed on the as-cast and annealed
specimens using the 4-point probe method with a Keithley Microvolt Meter (Keithley
Instruments, Cleveland, OH, USA). A current of 1 A was applied and the drop of the
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voltage was measured over a 20 mm distance between the inner probes. Vickers hardness
(HV1 kg) measurements were also carried out on both as-cast and annealed specimens.

Table 1. Composition of aluminum alloys (wt%) measured with ICP-OES.

Alloys Al Mg Si Cu Fe Mn Zn
A Bal. 4.42 4.21 2.88 0.59 0.25 0.60
B Bal. 5.61 4.26 1.26 0.59 0.25 0.60
C Bal. 5.58 4.24 1.25 0.59 1.21 0.60

Mole fraction of all phases

10°

3. Computational Procedure
3.1. Thermodynamic Calculations

The main precipitation phases in aluminum alloys that utilize automotive twitch are
the Q phase with stoichiometry Aly(Mg,Cu)3;MggSis 5 and the 6-Al,Cu, 3-Mg,Si, and Si
(diamond cubic) phases. In addition, intermetallic compounds such as the Al(Fe,Mn)Si-
alpha and AlFeSi-beta phases, as well as the quaternary QAlFeMgS phase, are observed.
The QAIFeMgS phase is also referred to as the 7t phase and has a stoichiometry of
AljgFe,MgySijg. The thermodynamic database QT2 for aluminum alloys is employed in
the present study. This database provides a more accurate description of the Q phase, since
it is based on atom probe tomography (APT) data reported by Bobel and coworkers [4,5].
A step diagram of the average twitch composition (Al-4.1495i-0.295Fe-0.79Mg-0.539Cu-
0.125Mn-0.2527n at%) using the QT2 database is given in Figure 1a.
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Figure 1. Step diagram with respect to temperature and mole fraction of phases for (a) the Al-4.14Si-
0.29Fe-0.79Mg-0.53Cu-0.12Mn-0.25Zn at% alloy and (b) the Al-4.14Si-0.29Fe-6.3Mg-1.57Cu-0.12Mn-
0.25Zn at% alloy. The QT2 thermodynamic database was employed for the calculations.

Thermodynamic equilibrium calculations are performed at 300 °C after assuming the
complete suppression of all solidified phases due to rapid cooling. Keeping the twitch
composition fixed at 300 °C and varying the Mg and Cu additions, the contour plot of
the mole fraction of Q, 6-Al,Cu, 3-Mg;Si, and Si (diamond cubic) is depicted in Figure 2a.
Aiming to maximize the formation of the coarsening resistant Q phase during aging at
300 °C and suppress the formation of the detrimental Si (diamond cubic) phase, alloy “A”
is selected with 5.0 at% Mg and 1.25 at% Cu. Note that alloy A follows a Cu/Mg ratio of
1/4, which is close to the stoichiometric ratio of the Q phase. To completely suppress the Si
phase, the composition should be 6.3 at% Mg and 1.57 at% Cu, and a step diagram of this
alloy is given in Figure 1b. In addition, for a fixed Cu content, such as a twitch composition
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Mole percent Cu

of 0.53 at% Cu, alloy “B” with 6.3 at% Mg is selected to maximize the Q phase fraction
while maintaining a low electrical resistivity, as shown in Figure 2a.
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Figure 2. (a) Contour plot with respect to Mg and Cu, showing the mole fraction of phases for
the Al-4.145i-0.29Fe-xMg-yCu-0.12Mn-0.25Zn at% alloy. (b) Contour plot with respect to Fe and
Mn, showing the mole fraction of phases for the Al-4.14Si-xFe-6.3Mg-0.53Cu-yMn-0.25Zn at% alloy.
Calculations were performed at 300 °C, and the QT2 thermodynamic database was employed.
Asterisks denote alloys A, B, and C.

The Al(Fe,Mn)Si-alpha phase, due to its cubic structure and the presence of Mn,
exhibits a lower coarsening rate compared to the monoclinic AlFeSi-beta phase, which is
known to be more detrimental for ductility. Moreover, Mn addition enhances resistance
to localized corrosion. Keeping the composition of alloy B fixed at 300 °C and varying
the Fe and Mn additions, the contour plot of the mole fraction of the Al(Fe,Mn)Si-alpha,
AlFeSi-beta, QAIFeMgSi, and Si phases is depicted in Figure 2b. It is observed that adding
Mn helps transform the AlFeSi-beta phase into the more favorable Al(Fe,Mn)Si-alpha phase.
Alloy “C”, with 0.29 at% Fe and 0.60 at% Mn, is selected.

3.2. Strengthening Model

The total yield strength ¢, in the present study can be expressed as a linear super-
position of the solid solution strengthening ¢ss, grain boundary strengthening o, and
precipitation strengthening ¢,,;, while work hardening oy, is not considered. The solid
solution strengthening is given as

Oss = MTZKi éoln (1)
i

where Mr is the Taylor factor and is taken as equal to 3.06, Cé ,1 s the concentration
of solute element i, while K' and n are constants. Based on literature values [6,7], the
K’ and 1 constants for the selected substitutional elements are K5 = 40 MPa at% 2
ng; = 0.5, KM& = 3.8 MPaat% /2, nyg = 0.5, KM" = 34.8 MPa at% "9, np, = 09,
K¢ = 566 MPa at% /%, nc, = 05, K¢ = 295 MPaat% Y2, ng, = 0.5,
KZ" = 3.09 MPa at% /2, and nz, = 0.066.
This effect of grain boundary strengthening is captured in the Hall-Petch relation, in
which the yield strength is
oy =0y + Kyd /2 ¢)

where 0; is the lattice resistance, Ky is the Hall-Petch coefficient, representing the potential
for grain boundary strengthening, and d is the mean grain diameter. In pure Al alloys, the
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lattice resistance is 16 MPa and the Hall-Petch coefficient is 0.07 MPa m'/2 [7]. A diameter
of 2 um was used in this study.

The increase in yield strength due to Orowan strengthening of multiple precipitates is
described by

n q
Aoy = MT< Aro‘j> 3)
i=1
where M is the Taylor factor, A1, is the critically resolved shear stress increment in the
phase i, n is the total number of precipitation strengthening phases that contribute to the
Orowan strengthening, and g is the superposition exponent, which depends on the relative
strength of the precipitates and takes values in the range of 1-2. A value of ¢ = 2 is used
in this study, indicating that all obstacles have similar strength [5]. According to Nie and
Muddle [8], the critical resolved shear stress increment due to Orowan strengthening is
given by
Gb 1 R

2ty/1— 0 Ap "o @

where G is the shear modulus of the aluminum matrix (26 GPa), b is the magnitude of the

Arp

Burgers vector (0.286 nm), v is Poisson’s ratio (1/3), A, denotes the planar (center-to-center)
spacing between obstacles in the slip plane, R and r, are the outer and inner cutoff radii for
the calculation of the dislocation line tension. For a triangular array of spherical particles,

the particle spacing is determined to be [8] )\p = (0'7\/7?9 — 0.785) Ds, where f is the volume

fraction of the particles and Ds is the diameter of the spherical particles. The inner cutoff
radius is taken to be the magnitude of the Burgers vector, while the outer cutoff radius is
taken as the harmonic mean [5] between the effective diameter D, s of the precipitates and

-1
the particle spacing Ap, such that R = (Defjf1 + A;l) ,where Desr = Ds.
For rod-like particles with diameter D, and length L,, the particle spacing is

given as A, = 1.075Dr\/0.4337r< — )1 — Vi732D,, while the effective diameter

is D,fy = v1.732D;. For plate-like particles with diameter D), and length T}, the parti-

cle spacing is given as A, = 0.931, /0.3067IDPTP% - HTD” — 1.061T,, while the effective
diameter is Dosr = /DpTp. In the present study, Q rod-like particles are considered for
the calculations, with a fixed diameter of 964 nm and length of 34.4 nm [5], and 6-Al,Cu
plate-like particles, with a fixed diameter of 300 nm and thickness of 18 nm [5], while the
rest of the phases are considered spherical with a diameter of 300 nm.

3.3. Electrical Conductivity Model

The total electric resistivity p of aluminum alloys can be quantified using Matthiessen’s
rule [9]:

0 = ppa + Z CéolAPéol + CyApy + LaisApais + SgbApgb + LpptAPppt 5)
i

where pp, is the electric resistivity of pure aluminum (2.65 uQ) cm at 20 °C), Cé . and Apé ol
are the concentration (at%) and electrical resistivity sensitivity (LQ) cm at% ') of solute
element i, Cy is the vacancy concentration (at%), py is the vacancy electrical resistivity
sensitivity (0.026 u() cm at% 1) [9], Lgss is the dislocation density (em™1), Apgis is the
dislocation density electrical resistivity sensitivity (2.7 x 1073 pQy cm?), Sgp is the interface
fraction per unit volume (cm™1), Apgp, is the grain boundary electrical resistivity sensitivity
(2.6 x 1076 uQy cm?) [9], Lppt is the interparticle distance, and Apppt is the precipitate elec-
trical resistivity sensitivity. For thermodynamic calculations in equilibrium conditions, the
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effect of vacancies and dislocations on electrical resistivity is not considered. Additionally,
if the interparticle distance is larger than 100 nm, the effect of precipitates on the electrical
resistivity is negligible [10]. The electrical resistivities of solutes Mg, Si, Cu, Fe, Mn, and
Zn are obtained from reported values [11] and listed in Table 2. The electrical conductivity
c, expressed as a percentage of the International Annealed Copper Standard (%IACS), is
derived from electrical resistivity p as follows: ¢ (%IACS) = (%) (%) x 100.

Table 2. Electrical resistivity sensitivity of solute elements in aluminum (wt%).

Electrical Resistivity Sensitivity Mg Si Cu Fe Mn Zn
p uQ) cm wit% T at20°C 0.54 1.02 0.344 0.052 2.94 0.09
4. Results

4.1. Strengthening and Electrical Resistivity Model Results

The predicted yield strength (MPa) and the electrical conductivity (%IACS) with
respect to Mg and Cu in the Al-4.145i-0.29Fe-xMg-yCu-0.12Mn-0.25Zn at% alloy at 300 °C
are depicted in Figures 3a and 3b, respectively. The predicted yield strength and electrical
conductivity of alloy A at 300 °C are 270 MPa and 54.8% IACS, while the predicted yield
strength and electrical conductivity of alloy B at 300 °C are 243 MPa and 57.6% IACS.
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Figure 3. Contour plots with respect to Mg and Cu, showing (a) the yield strength (MPa) and (b) the
electrical conductivity (%IACS) in the Al-4.145i-0.29Fe-xMg-yCu-0.12Mn-0.25Zn at% alloy at 300 °C.
Asterisks denote alloys A and B.

The predicted yield strength and electrical conductivity of alloy C at 300 °C are
245 MPa and 57.6% IACS. The yield strength and electrical conductivity were also predicted
at 280 °C and 250 °C. For alloy A, these properties are 269 MPa and 55.8% IACS at 280 °C
and 268 MPa and 57.1% IACS at 250 °C. For alloy B, the yield strength and electrical
conductivity are 249 MPa and 58.4% IACS at 280 °C and 259 MPa and 59.4% IACS at
250 °C. Accordingly, for alloy C, these properties are 251 MPa and 58.4% IACS at 280 °C
and 260 MPa and 59.4% IACS at 250 °C. Therefore, it is observed that electrical conductivity
increases with the decrease in temperature and that alloy B and C are closer to satisfying
the goal of 60% IACS at thermodynamic conditions.

4.2. Experimental Results

The electrical resistivity and hardness measurements of the as-cast and annealed
specimens for alloys A, B, and C, conducted in a region close to the tip, are depicted in
Figure 4a,b, respectively. The vertical line in Figure 4b corresponds to the strength target of
180 MPa. A conductivity of 60% IACS corresponds to an electrical resistivity of 2.86 p) cm.
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Figure 4. (a) Electrical resistivity and (b) hardness measurements on as-cast and annealed specimens
at 250 °C, 280 °C, and 300 °C for alloys A, B, and C. The vertical line corresponds to the strength target.

Alloy A annealed at 280 °C presents the lowest electrical resistivity (3.64 u2 cm or
47.2% IACS), followed by alloy B. The relatively high resistivity values at 250 °C suggest
that equilibrium conditions have not been reached due to slower diffusion kinetics at
this temperature. Although alloys B and C were expected to exhibit higher electrical
conductivity than alloy A under equilibrium conditions, the experimental measurements
indicate the opposite. Alloy C consistently shows the highest electrical resistivity under
all tested conditions. This behavior is attributed to the addition of Mn, a known slow-
diffusing element, which hinders the attainment of equilibrium. This interpretation is
supported by the hardness measurements shown in Figure 4b, where alloy C exhibits the
highest hardness values, satisfying the strength requirement of 180 MPa (96.4 HV1 kg).
Furthermore, alloy A shows lower electrical resistivity in the as-cast condition compared
to alloys B and C. This suggests that during solidification, the matrix of alloys B and C
became more enriched in solute elements, likely due to rapid cooling and solute trapping.
In contrast, alloy A may have undergone faster precipitation, particularly of the Q phase,
towards the end of solidification, leading to a less solute-rich matrix. As shown in Table 2,
Si has the highest electrical resistivity sensitivity. It is therefore plausible that Si partitions
into the Q phase or other Si-rich phases during solidification, especially in alloy A, which
was specifically designed to maximize Q phase formation. Further investigation is required
and non-equilibrium Scheil solidification simulations considering solute trapping effects
are recommended to better understand the observed trends.

5. Conclusions
The following conclusions may be drawn:

e  Experimental electrical resistivity and hardness measurements suggest that thermody-
namic equilibrium conditions have not been reached yet for any of the alloys annealed
at 250 °C, 280 °C, and 300 °C for 7 days. Among the tested conditions, alloy A shows
the lowest electrical resistivity at 280 °C, while alloy C meets the strength requirement
of 180 MPa.

e Alloy C presents the highest electrical resistivity under all tested conditions. This is
attributed to the addition of Mn, a slow-diffusing element, as supported by alloy C’s
elevated hardness measurements.

e  Sihas the highest electrical resistivity sensitivity according to the electrical resistivity
model. Alloy A exhibits the lowest electrical resistivity in as-cast conditions, possible
due to the formation of Si-rich phases, such as the Q phase during solidification.
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