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ARTICLE INFO ABSTRACT

Handling Editor: L Murr Solute atoms and secondary phases are the principal determinants of the electrical and thermal conductivity of
aluminum (Al) alloys. However, the influence of secondary phases has often been undervalued compared to that
of solute atoms. Herein, Al-Ni and Al-Fe alloys with gradient alloying contents were fabricated via high-pressure
die casting (HPDC) to comparatively scrutinize the influence of the microscopic secondary phases on the
macroscopic electrical and thermal conductivity of Al alloys. The results demonstrated that the microscopic
conductive properties, morphology, and volume fraction of the secondary phases were the predominant factors
influencing the electrical and thermal conductivity of Al alloys. Correspondingly, Al-Ni alloys demonstrated
improved electrical and thermal conductivity, primarily due to the favorable microscopic electrical and thermal
conductivity of their secondary phases, the elimination of morphology-induced electron scattering from needle-
like secondary phases, and their comparatively lower secondary phase volume fractions. This research deepens
the understanding of the microscopic secondary phase on macroscopic electrical conductivity and thermal
conductivity of Al alloys, thereby contributing to the development of advanced Al alloys with enhanced
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conductive properties.

1. Introduction

With the increasing urgency of addressing environmental and energy
challenges, new energy vehicles have witnessed rapid growth driven by
technological advances and market demand, and are expected to occupy
a more prominent position in future transportation systems [1]. As the
core component of the new energy vehicles, traction motors are mainly
categorized into permanent magnet synchronous motors and asyn-
chronous motors. The permanent magnet synchronous motors are con-
strained by high costs, limited power range, and complex control
systems. In contrast, the asynchronous motors offer advantages such as
reduced cost, an extensive power output range, compact structural
configuration, and convenient maintenance, thereby demonstrating
greater compatibility with the evolving technological and industrial
requirements of new energy vehicle development [2].

* Corresponding author.
** Corresponding author.

Al alloys have emerged as critical materials in the new energy vehicle
industry, attributed to their low density, high specific strength, excellent
electrical/thermal conductivity, superior castability, distinctive corro-
sion resistance, and considerable recycling potential [3-5]. These at-
tributes collectively contribute to improved economic efficiency,
structural-functional performance, and resource sustainability in auto-
motive manufacturing [6]. At present, pure Al and Al alloys are pre-
dominantly employed as the rotor material in asynchronous motors [2].
Nonetheless, two major limitations hinder their broader application: (i)
the intrinsic trade-off between electrical conductivity and strength
[7-91, and (ii) strength degradation induced by thermal accumulation
during service operation [10,11].

Although pure Al possesses a relatively high electrical conductivity
(~35 MS/m) that meets the requirements for motor rotors (>27 MS/m),
its low tensile strength (<100 MPa) compromises the safety and
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reliability under high-speed operating conditions [12,13]. In contrast,
conventional commercial Al alloys offer improved strength but suffer
from reduced electrical conductivity, leading to increased energy losses
and decreased operational efficiency [14,15]. Hence, the
conductivity-strength trade-off has emerged as a fundamental scientific
bottleneck hindering the development of Al alloys for motor rotor ap-
plications [16-18]. This trade-off originates from the inherently con-
flicting nature of metallic materials [19]. The electric conduction of
metallic materials primarily relies on the directional movement of free
electrons, and the electrical conductivity is directly proportional to the
mean free path of the electrons [20]. When alloying elements are present
in solute atoms, they introduce significant lattice distortions in the Al
matrix, thereby substantially reducing the electron mean free path and
leading to a marked decline in electrical conductivity. Moreover, sec-
ondary phases act as supplementary scattering centers for electron
transport [21]. Therefore, alloying generally results in a degradation of
the electrical conductivity of Al alloys [22]. Fortunately, the detrimental
effect of alloying elements on electrical conductivity is markedly miti-
gated when these elements are primarily present as secondary phases
instead of solute atoms [23]. Furthermore, secondary phase strength-
ening represents one of the most effective mechanisms for enhancing the
mechanical properties of Al alloys [24]. Therefore, alloying elements
with negligible solubility in Al, which readily form secondary phases,
offer a pragmatic compromise for enhancing strength while retaining
the high electrical conductivity. Notably, both Ni and Fe are represen-
tative alloying elements with low solubility in Al matrix (0.19 and 0.02
at. % at eutectic temperature, respectively [25]), which qualifies them
as ideal candidates for the design of high-conductivity, high-strength Al
alloys. A comparative study between these two systems helps elucidate
the distinct influences of intrinsic properties and morphology of the
secondary phases on conductive and mechanical properties. Previous
studies have demonstrated that Al-Ni and Al-Fe alloys demonstrate su-
perior electrical conductivity compared to conventional systems such as
Al-Si, Al-Cu, and Al-Mg alloys [26]. These results indicated that Ni and
Fe exerted relatively limited detrimental effects on electrical conduc-
tivity, thereby underscoring their viability as pivotal alloying elements
in the development of advanced high-conductivity Al alloys [25].
Correspondingly, Zhang et al. [16] proposed a high-conductivity
Al-2Fe-1Ni alloy designed with the volume fraction and morphology
of intermetallic compounds. The fibrous, rod-like morphology of the
secondary phases contributed to suppressing electron scattering and
preserving conduction pathways by providing more space for electron
movement [27].

Furthermore, motor rotors unavoidably experience heat accumula-
tion during operation, resulting in elevated service temperatures that
subsequently lead to strength degradation. Improving the thermal con-
ductivity of Al alloys for motor rotors is therefore essential for enhancing
thermal management capabilities and delaying thermally induced
strength deterioration [27]. In metallic systems, electrons serve as the
primary carriers of thermal energy [28,29]. According to the
Wiedemann-Franz law [22], the electrical conductivity of most metals is
generally proportional to their thermal conductivity at a given tem-
perature (excluding extremely high- or low-temperature conditions).
Consequently, strategies that enhance electrical conductivity are
simultaneously beneficial to thermal conductivity. Alloying elements
with low solid solubility in Al matrix (such as Ni and Fe) tend to form
secondary phases, which facilitate improvements in both electrical and
thermal conductivity of Al alloys while suppressing the degradation of
strength under thermal exposure [30]. Despite advancements in
high-conductivity Al alloy research, the effects of microscopic intrinsic
properties and morphology of the secondary phases on the macroscopic
electrical conductivity and thermal conductivity of Al-Ni and Al-Fe al-
loys remain insufficiently understood.

In this study, Al-Ni and Al-Fe alloys were employed as comparative
systems to investigate the influence of secondary phases on the electrical
and heat conduction behavior of Al alloys. The microstructure of the
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diverse Al-Fe and Al-Ni alloys was scrutinized. The evolutions of the
electrical conductivity, thermal conductivity, and mechanical properties
of the AI-Ni and Al-Fe alloys with the diverse alloying contents were
investigated. The microscopic electric conduction behaviors based on
different secondary phases in diverse Al-Ni and Al-Fe alloys was
comprehensively characterized and quantitatively compared. The heat
conduction behavior was investigated using diverse theoretical heat
conduction models and finite-element simulations based on actual
microstructure features. This study enhances the understanding of how
microscopic secondary phases affect the macroscopic electrical and
thermal conduction properties of HPDC Al alloys, thereby offering a
technical foundation for the design of high-performance Al alloys for
asynchronous motor rotor applications.

2. Experimental details
2.1. Specimen preparation

The asynchronous motors are typically manufactured using high-
pressure die casting (HPDC) due to its high efficiency, high dimen-
sional accuracy, and capability to produce complex, thin-walled com-
ponents in a single molding step [31-33]. Informed by the differences in
eutectic points of the Al-Ni and Al-Fe phase diagrams, the representative
Al-xNi (x = 0.5, 1.0, 1.5, 2.0, 3.0, and 4.0 (wt. %)) and Al-xFe (x = 0.5,
1.0, 1.5, and 2.0 (wt. %)) alloys were prepared utilizing a horizontal cold
chamber die casting apparatus with a clamping force of 3500 kN
(TOYO/BD-350V5). The chemical composition of these alloys was
analyzed using the inductively coupled plasma analyzer (ICP-OES,
PERKINE 7300DV). The compositional analysis results are summarized
in Table 1. A schematic depiction of the die-casting configuration and
the associated process parameters are shown in Fig. 1 and Table 2,
respectively.

2.2. Characterization

The microstructures of the diverse Al-Fe and Al-Ni alloys were
characterized using a field-emission scanning electron microscope (FE-
SEM, Carl Zeiss Sigma 560) equipped with energy-dispersive X-ray
spectroscopy (EDX). The Phase identification was performed by X-ray
diffraction (XRD, Rigaku MiniFlex 600) employing Cu-K, (A = 1.54056
10\) radiation at a scan rate of 1°/min. The concentrations of solute atoms
were quantified by averaging at least five EDX measurements randomly
selected from the Al matrix regions. The electrical conductivity was
evaluated utilizing an eddy current conductivity meter (Sigma 2008B).
The thermal diffusivity (a) was examined at room temperature (25 °C)
using a laser flash apparatus (Netzsch LFA 467HT). The specific heat
capacity (C,) was determined by referencing standard samples (pure Cu,
®12.7 x 2.5 mm) within the same system. The density (p) was quanti-
fied via Archimedes principle (ET-320). Thermal conductivity (1) at
room temperature was subsequently calculated using the relation 1 =
paCy. All thermal property measurements were repeated at least three
times to ensure reproducibility. The uniaxial tensile tests were con-
ducted using a universal testing machine (Zwick Z100) on gauge spec-
imens (®6.4 x 55 mm) at a constant crosshead speed of 1.0 mm/min.
Each test condition was replicated on a minimum of three specimens for
statistical reliability. The Vickers hardness measurements were per-
formed under a load of 500 g with a dwell time of 5 s. The microscopic

Table 1
Quantitative chemical compositions of the Al-xFe and Al-xNi alloys determined
by ICP-AES.

Ni nominal content (wt. %) 0.5 1.0 1.5 2.0 3.0 4.0
Ni actual content 0.48 0.99 1.53 2.01 3.07 4.11
Fe nominal content (wt. %) 0.5 1.0 1.5 2.0

Fe actual content 0.52 1.00 1.46 1.96
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Fig. 1. Schematic of the die-casting configuration and specimen extraction.

Table 2
HPDC processing parameters used in this study.

Parameters ~ Melting temperature Initial mold temperature Slow-shot speed (m/ Fast-shot speed (m/ Intensification pressure
(9] Q) s) s) (MPa)

Mold holding time
(s)

Value 730 200 0.2 4.0 90

7

electric conduction behaviors of distinct secondary phases were quan-

titatively investigated utilizing a peak force tunneling atomic force mi-
croscope (PF-TUNA, FastScan Bio) under an applied bias of 8 V and a
peak force of 5 nN.

—_—
[*}]
~

660 1

2.3. Finite-element (FE) simulation
650
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—ALO.SN
tures were performed using the heat transfer module in COMSOL Mul- —_AILONi 645.6°C

tiphysics® to analyze the heat conduction behavior of the Al-xFe and Al- —ALL.5Ni
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3. Results
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3.1. Microstructure 670

Fig. 2 depicts the solidification paths of the Al-Ni alloys and Al-Fe
alloys with diverse alloying contents, computed by Pandat software
based on the nonequilibrium equation of Scheil’s model [37]. With the
increment of the Ni contents, the liquidus temperature of Al-Ni alloys
decreases (Fig. 2a). The solidification initiates with the formation of a-Al
from the liquid phase, followed by a eutectic reaction (L—a-Al + Al3Ni)
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Table 3
The FE simulation parameters for the Al matrix and diverse secondary phases

%

653.7°C Al13Fed+Fcc

——Al-0.5Fe
——Al-1.0Fe
——Al-1.5Fe

Al-2.0Fe

[26,34-36]. 640

0 0.2 0.4 0.6
Materials ~ Density/ Specific heat capacity/ Thermal conductivity/W & f
g-cm ™ J(gK! (m-K)™! S

0.8 1

Al matrix ~ 2.70 0.900 238 Fig. 2. Solidification paths of (a) Al-Ni alloys and (b) Al-Fe alloys with diverse

Al3Ni 4.06 0.169 35

alloying contents.
Al;sFey 3.99 0.040 15
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occurring at 645.6 °C. The eutectic fraction increased progressively with
the Ni contents. Fig. 2b illustrates the solidification paths of the Al-Fe
alloys. Correspondingly, the a-Al initially forms from liquid and the
eutectic reaction (L—a-Al + Al sFey) triggered at 653.7 °C. The eutectic
fraction steadily increased with the Fe contents. Notably, the primary
phase transitioned to AljsFe4 (forming between 664.0 and 653.7 °C)
when the Fe contents reached 2.0 wt %, which surpassed the Al-Fe
eutectic point (1.83 wt%).

Fig. 3 depicts the microstructure of the Al-xNi alloys with varying Ni
contents (x = 0.5, 1.0, 1.5, 2.0, 3.0, and 4.0 wt %). The microstructure of
Al-0.5Ni alloy is primarily composed of the a-Al matrix and the eutectic
structure (a-Al + eutectic Al-Ni secondary phases). Based on the XRD
patterns presented in Fig. 5a, the eutectic Al-Ni secondary phase is
identified as Al3Ni. The area fractions of the eutectic structure in the Al-
xNi alloys were estimated to be 10.2 %, 13.2 %, 16.5 %, 19.0 %, 30.3 %,
and 35.0 %, respectively. This indicated a progressive increase in
eutectic contents with increasing Ni concentration. The magnified im-
ages in Fig. 3 further reveal that the Al3Ni within the lamellar eutectic
structure presents a finely dispersed, rod-like morphology [38].

Fig. 4 illustrates the microstructure of the Al-xFe alloys with different
Fe contents (x = 0.5, 1.0, 1.5, and 2.0 wt %). As depicted in Fig. 4a, the
microstructural characteristics of the Al-0.5Fe alloys resemble those of
the Al-0.5Ni alloys, which primarily consist of the a-Al matrix and the
eutectic structure (a-Al + eutectic Al-Fe secondary phases). The eutectic
Al-Fe secondary phase is demonstrated to be Al;sFe4 according to the
XRD spectra shown in Fig. 5b. Meanwhile, the area fraction of the
eutectic structure increased with the Fe contents, reaching approxi-
mately 14.8 %, 18.3 %, 23.9 %, and 27.0 % for Al alloys containing 0.5,
1.0, 1.5, and 2.0 wt % Fe, respectively. The inset micrographs in Fig. 4
exhibit that the eutectic structure adopts a characteristic lamellar
morphology throughout the Al-Fe alloys [15]. Besides, the needle-like
primary AljsFe4 is observed when the concentration of Fe reaches 2.0
wt % (Fig. 4d) [30]. This morphological feature was regarded as a
substantial impediment to electron mobility, consequently exacerbating
the degradation of electrical conductivity [28].

Fig. 5 exhibits the XRD spectra of the Al-Ni and Al-Fe alloys with
diverse alloying contents. For the representative Al-Ni alloys (Al-1.0,
2.0, and 4.0 wt % Ni) (Fig. 5a), the diffraction peaks corresponding to
the a-Al matrix and the AlsNi secondary phase are clearly identified.
Besides, the XRD patterns of the Al-Fe alloys (Fig. 5b) display peaks

Journal of Materials Research and Technology 39 (2025) 1280-1289

attributable to the o-Al matrix and the AljsFes secondary phase.
Notably, the intensities of the Al3Ni and Al;3Fe4 peaks increased with
the Ni and Fe contents, respectively, which probably suggested a cor-
responding increase in the volume fractions of these secondary phases
[39]. This deduction is consistent with the microstructural characteris-
tics of the Al-Ni (Fig. 3) and Al-Fe alloys (Fig. 4) with different alloying
contents.

3.2. Electrical/thermal conductivity

Fig. 6a illustrates the evolution of the electrical conductivity in Al-Ni
and Al-Fe alloys with the diverse alloying contents. The Al-xNi alloys (x
= 0.5, 1.0, 1.5, and 2.0) maintained outstanding electrical conductivity
above 31.7 MS/m, highlighting their potential for high-conductivity
applications. At identical alloying concentrations, the electrical con-
ductivity of the Al-Ni alloys consistently exceeded that of the Al-Fe al-
loys. The electrical conductivity of both alloy systems exhibited a
monotonic decline with increasing Ni or Fe content. Specifically, for the
Al-Ni alloys, the least-squares fitting of the electrical conductivity-
composition curves revealed that the electrical conductivity decreased
by approximately 1.3 MS/m per 1 wt % increase in Ni content. In
contrast, the Al-Fe alloys exhibited a steeper decline, with electrical
conductivity decreasing by approximately 2.9 MS/m per 1 wt % increase
in Fe content. Fig. 6b presents the variation in the thermal conductivity
of the diverse Al-Ni and Al-Fe alloys. Similarly, the thermal conductivity
of the Al-Ni alloys consistently surpassed that of the Al-Fe alloys at
equivalent alloying contents. Furthermore, the thermal conductivity
exhibited a continuous decline with increasing Ni and Fe contents. This
decreasing trend aligns with the corresponding variation in electrical
conductivity (Fig. 6a), which is consistent with the Wiedemann-Franz
law [22]. Quantitatively, the thermal conductivity of the Al-Ni alloys
decreased by approximately 17.6 W/(m-K) per 1 wt % increase in Ni
content, whereas that of the Al-Fe alloys declines by about 21.0 W/(m-K)
per 1 wt % increase in Fe content. The differential effects of the Al-Ni
and Al-Fe secondary phases on both electrical and thermal conductiv-
ity will be systematically discussed in Section 4.

3.3. Mechanical properties

Fig. 7a and c display the representative tensile stress-strain curves of

Fig. 3. SEM-BSE micrographs of (a) Al-0.5Ni, (b) Al-1.0Ni, (c) Al-1.5Ni, (d) Al-2.0Ni, (e) Al-3.0Ni, and (f) Al-4.0Ni alloys. The insets correspond to the enlarged view

of the eutectic structure.
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Fig. 4. SEM-BSE micrographs of (a) Al-0.5Fe, (b) Al-1.0Fe, (c) Al-1.5Fe, and (d) Al-2.0Fe alloys. The insets correspond to the enlarged view of the eutectic structure

and the needle-like phase.
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Fig. 5. XRD spectra of (a) Al-Ni and (b) Al-Fe alloys with diverse alloy-
ing contents.
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the Al-Ni and Al-Fe alloys with varying alloying contents, respectively.
Correspondingly, Fig. 7b and d summarize the evolution of mechanical
properties for these two alloy systems. Both the yield strength (YS) and
ultimate tensile strength (UTS) exhibited a consistent increase with
rising alloying contents in the Al-Ni and Al-Fe alloys, while the elon-
gation (EL) showed a gradual decreasing trend. As depicted in Table 4,
the Al-xNi alloys (x = 1.5 and 2.0) exhibit favorable mechanical prop-
erties (UTS>130 MPa) along with excellent electrical conductivity (¢ >
31.7 MS/m) and thermal conductivity (A > 193 W/(m-K)) (Fig. 6),
indicating promising engineering applicability.

4. Discussion
4.1. Effect of secondary phases on electrical conductivity

The electrical conductivity of metals fundamentally originates from
the directional motion of free electrons. The electron scattering in alloys
exhibits characteristics of multiple dimensions and various sources, such
as solute atoms, secondary phases, grain boundaries, and voids. Spe-
cifically, solute atoms are widely recognized as the primary scattering
centers, as impurity atoms-induced lattice distortions contribute most
significantly to the reduction in electrical conductivity of Al alloys [13].
Nevertheless, secondary phases, which often occupy a considerable
volume fraction of Al alloys, can also exert a considerable influence on
electrical conductivity degradation. To accurately assess the effect of
secondary phases on the electrical conductivity of Al alloys, it was
imperative to first eliminate or minimize the influence of solute atoms as
a confounding variable. Table 5 summarizes the EDS point analysis of
solute elements within the Al matrix at random locations. Given the low
solid solubility limits of Ni (0.19 at. %) and Fe (0.02 at. %) in the Al
matrix [25], the EDS results for various Al-Ni and Al-Fe alloys confirmed
that Ni and Fe were virtually undetectable in the Al matrix [15,38]. This
negligible solute content ensured that the variation in solute atom
concentration was effectively minimized, thereby enabling a more
reliable assessment of the influence of secondary phases on the electrical
conductivity of Al alloys.

To enable a quantitative comparison of the microscopic electrical
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Table 4
Mechanical properties of diverse Al-Ni and Al-Fe alloys.
Alloys YS/ UTS/ EL/ Alloys YS/ uTS/ EL/
MPa MPa % MPa MPa %
Al- 44.6 101.9 35.0 Al- 49.3 103.8 38.6
0.5Ni 0.5Fe
Al- 54.7 115.5 325 Al- 58.6 121.5 36.1
1.0Ni 1.0Fe
Al- 60.4 130.0 25.0 Al- 64.9 140.0 23.1
1.5Ni 1.5Fe
Al- 66.7 142.6 21.2 Al- 73.7 154.0 15.0
2.0Ni 2.0Fe
Al- 83.8 178.2 16.1
3.0Ni
Al- 99.0 200.9 14.0
4.0Ni

Table 5
EDS point analysis of the solute atoms within the Al matrix at random locations.
Alloys Al/at. % Ni/at. % Alloys Al/at. % Fe/at. %
Al-0.5Ni 100 / Al-0.5Fe 100 /
Al-1.0Ni 100 / Al-1.0Fe 100 /
Al-1.5Ni 100 / Al-1.5Fe 100 /
Al-2.0Ni 100 / Al-2.0Fe 100 /
Al-3.0Ni 99.95 0.05
Al-4.0Ni 99.91 0.09

conductivity among different secondary phases, the microscopic electric
conduction behavior of each secondary phase was scrutinized using the
PF-TUNA technique [40]. Fig. 8a, c, and e show the surface topographies
of eutectic Al3Ni, eutectic AljsFey4, and needle-like primary Al;sFey,
respectively. The localized TUNA current-voltage (I-V) measurements at
points 1, 2, and 3 exhibit TUNA current values of 0.68 nA (Fig. 8b), 0.58
nA (Fig. 8d), and 0.20 nA (Fig. 8f), respectively. The disparity in
measured TUNA currents underscored the distinct microscopic electrical
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mary Al;3Fe,.

conductivity of the diverse secondary phases, with elevated current
levels signifying improved electron transport capability at the micro-
scale. Thus, the microscopic electrical conductivity of the secondary
phases followed the order: eutectic AlsNi > eutectic AljsFeq >
needle-like Al;sFes. The superior electrical conductivity of AlsNi
compared to Al;3Fe4 probably accounted for the less detrimental effect
of Ni on the electrical conductivity of Al alloys (Fig. 6a). Furthermore,
even within the same secondary phase composition, morphological
variations can significantly impact the electrical conductivity of the Al
alloys. Specifically, the needle-like Al;sFey4, with a higher aspect ratio,
tends to impose more severe obstruction to free electron movement than
that of the eutectic AljsFes, thereby further degrading electrical con-
ductivity of Al alloys (Fig. 6a). In addition, an increased volume fraction
of secondary phases (Figs. 3 and 4) intensifies electron scattering,
exacerbating the deterioration of electrical conductivity (Fig. 6a).
Therefore, the microscopic electrical conductivity, morphology, and
volume fraction of secondary phases emerge as the key factors governing
the electrical conductivity of Al alloys.

4.2. Effect of secondary phases on thermal conductivity

The influence of solute atoms on thermal conductivity is generally
one order of magnitude greater than that of second phases [41]. This

1286

pronounced effect is primarily attributed to the severe lattice distortion
induced by solute atoms, which strongly impedes the transport of free
electrons [42]. As shown in Table 5, the negligible solute concentration
of Ni/Fe in the Al matrix effectively eliminates the influence of solute
atoms, thereby enabling a focused investigation into the effect of sec-
ondary phases on thermal conductivity. Various heat conduction models
and finite element (FE) simulations based on actual microstructural
features were employed to quantitatively scrutinize the effect of Al3Ni
and Al;sFe4 on the thermal conductivity of Al alloys.

Multiple theoretical models of thermal conductivity were utilized to
investigate the heat conduction behaviors and validate experimental

Table 6
Theoretical models for predicting thermal conductivity [43-46].

Type Model Theoretical equation
Continuous Rayleigh 2 14 (15;1,")‘18
m m
Parallel 1= 1
[(Vin/Am) + (Vi/4s)]
Discontinuous Maxwell 1= 20m + As + 2Vs(As — Am)
M 20+ As = Vi(ds — Am)
EMT Im—A A=A
V2 v
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(3) 50 (b)
—O@— Rayleigh 200 - g\
220} —=—Parallel = p —
< R < \A\
£ % —A— Maxwell £ 180F V\Q§°
<200 - %~ —— = *
= v—EMT —
3 *\ —%— Experiment S 1601 ey
S0 \\\\\\\\o ¢ = e
£ Ny Zaa0|
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Fig. 9. Comparative analysis of the experimental and the theoretical thermal conductivity of (a) Al-Ni alloys and (b) Al-Fe alloys with diverse alloying contents.

results. Table 6 summarizes the theoretical models employed to predict
the thermal conductivity of various Al-Ni and Al-Fe alloys. Fig. 9a and b
displays a quantitative comparison between the predicted values and the
experimental measurements. The thermal conductivity of both the Al-Ni
and Al-Fe alloys exhibited the best overall agreement with the Rayleigh
model for the continuous secondary phase, which was consistent with
the observed morphologies of Al3Ni and Al;3Fe4 shown in Figs. 3 and 4.
Furthermore, the experimental thermal conductivity was lower than the
theoretical predictions. This discrepancy can be attributed to the Ray-
leigh model’s omission of electron scattering mechanisms such as grain
boundaries.

Where A, Ay, and A represent the thermal conductivity of the Al al-
loys, a-Al matrix, and secondary phases, respectively. V; and V,, are the
volume fraction of the secondary phases and a-Al matrix, respectively.

FE simulations based on actual microstructure were conducted to
quantitatively scrutinize secondary phase type, morphology, and vol-
ume fraction on the thermal conductivity of the Al alloys. Four repre-
sentative alloying contents (Al-0.5Ni, Al-2.0Ni, Al-0.5Fe, and Al-2.0Fe
alloys) characterized by distinct secondary phase thermal conductivity
and volume fractions were employed to investigate the heat conduction
behavior influenced by the secondary phases. The actual microstructural
features of the Al-Ni and Al-Fe alloys (insets in Figs. 3a, d and 4a, d) were

(b)

implemented in the FE simulations for the quantitative evaluation. The
constant temperature difference was maintained in 373 K at the left side
and 298 K at the right side. The top and bottom surfaces were treated as
thermally insulated to minimize heat loss to the environment, thereby
isolating the conductive behavior through the material microstructure.
As illustrated in Fig. 10a, the heat flux is predominantly conducted
through the Al matrix due to its intrinsically superior thermal conduc-
tivity, whereas a significant reduction in heat flux occurs within the
Al3Ni secondary phases with comparatively lower thermal conductivity.
Correspondingly, a notable concentration of heat flux appeared at the
border between the Al matrix and the secondary phases. With an
increasing volume fraction of Al3Ni, the obstruction to heat conduction
was progressively intensified (Fig. 10b). A similar reduction in heat flux
is revealed in the Al-0.5Fe alloy (Fig. 10c), where the Al;3Fe4 secondary
phases exhibit analogous obstruction to heat conduction. Furthermore,
this inhibition was exacerbated by the high aspect ratio of the needle-
like AljsFe4 phases (Fig. 10d), which further intensified electron scat-
tering and impeded heat conduction. Based on Fourier’s law, the
effective thermal conductivity of the Al-0.5Ni, Al-2.0Ni, Al-0.5Fe, and
Al-2.0Fe alloys was 216.0, 200.9, 207.6, and 133.1 W/(m-K), respec-
tively, which were consistent with the order of the experimental thermal
conductivity. The effective thermal conductivity of the Al-Ni alloys was

x10% W-m? %108 W-m2
1.6 1.6
1.4 14
1.2 1.2
1.0 1.0
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 0
(c) 108 w-m2 (d) %108 W-m2
. 1.6 1.6
1.4 1.4
1.2 1.2
1.0 1.0
0.8 0.8
0.6 L 0.6
0.4 0.4
0.2 0.2
0 0

Fig. 10. FE simulations to the contour plot of the heat flux density in (a) Al-0.5Ni, (b) Al-2.0Ni, (c) Al-0.5Fe, and (d) Al-2.0Fe alloys, respectively.
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e-—e’ N

e e’

Fig. 11. Schematic diagram of the electric/heat conduction mechanism for
distinct types and morphologies of secondary phases.

invariably higher than that of the Al-Fe alloys at equivalent alloying
contents. This disparity can be primarily attributed to three key factors:
First, the intrinsic thermal conductivity of Al3Ni was higher than that of
Al;3Fey, as summarized in Table 3. Second, the Al; 3sFe4 secondary phases
exhibited a needle-like morphology with a high aspect ratio (the inset in
Fig. 4d), which confined the pathways for free electron movement and
intensified the electron scattering. Third, the volume fraction of the
secondary phases in the Al-Fe alloys was greater than that in the Al-Ni
alloys under the same alloying contents (Figs. 3 and 4), consequently
providing a greater number of electron scattering sites. Consequently, at
identical alloying contents, Al-Ni alloys exhibited superior thermal
conductivity compared with that of the Al-Fe alloys. Collectively, the
theoretical heat conduction models and FE simulations theoretically
demonstrated that the intrinsic thermal conductivity, morphology, and
volume fraction of secondary phases were the predominant factors
influencing the thermal conductivity of Al alloys.

For alloys with the same alloying element (e.g., Al-Ni alloys), the
volume fraction of AlsNi increases with the Ni contents (Fig. 3).
Accordingly, the higher volume fraction of Al3Ni intensifies electron
scattering and reduces the available pathways for free electron transport
[16], resulting in decreased electrical and thermal conductivity of the
alloys (Fig. 6). For alloys with different alloying elements (e.g., Al-2.0Ni
and Al-2.0Fe alloys), Al;sFe,4 induces a more pronounced deterioration
in electrical and thermal conductivity than AlgNi (Fig. 6) under the
condition where the influence of solute atoms is negligible (Table 5). A
schematic (Fig. 11) has been utilized to illustrate the underlying
mechanism of electrical and heat conduction behaviors influenced by
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different types and morphologies of secondary phases, which can be
attributed to the following three factors. First, Al;3Fe4 exhibits inferior
electric conduction properties (Fig. 8) and inherently lower thermal
conductivity compared to Al3Ni (Table 3). Second, the needle-like pri-
mary AljsFey is formed at an Fe content of 2.0 wt %, (the inset in
Fig. 4d), which imposes stronger obstruction and scattering effects on
electrons due to its high aspect ratio. Third, Al;sFe4 exhibits a higher
volume fraction at the identical alloying content (Figs. 3 and 4), thereby
providing a greater number of electron scattering sites and increasing
the probability of electron scattering. Provided that other service per-
formance requirements are met, it can thus be reasonably speculated
that secondary phases with superior microscopic conductive properties,
finer morphologies, and lower volume fractions are more favorable for
optimizing the electrical conductivity and thermal conductivity of Al
alloys.

5. Conclusions

In summary, the HPDC Al-Ni and Al-Fe alloys with varying alloying
contents were fabricated to investigate the influence of microscopic
secondary phases on the macroscopic electrical and thermal conduc-
tivity of Al alloys. The main conclusions of this research can be drawn as
follows:

(1) The electrical and thermal conductivity of the Al-Ni alloys were
invariably higher than those of the Al-Fe alloys at equivalent
alloying contents.

(2) The electrical conductivity of Al-Ni alloys decreased at a rate of

approximately 1.3 MS/m per 1 wt% Ni addition, while that of Al-

Fe alloys declined more rapidly at ~2.9 MS/m per 1 wt% Fe. The

thermal conductivity of Al-Ni alloys decreased by approximately

17.6 W/(m-K) per 1 wt% Ni, whereas that of Al-Fe alloys

exhibited a steeper decline of ~21.0 W/(m-K) per 1 wt% Fe.

The enhanced electrical and thermal conductivity of Al-Ni alloys

can be primarily attributed to the intrinsically superior micro-

scopic electrical and thermal conductivity of AlsNi, the elimina-
tion of morphology-induced electron scattering from needle-like

Aly3Fey, and the comparatively lower volume fraction of Al3Ni.

Both the YS and UTS exhibited a consistent increase with rising

alloying contents in the Al-Ni and Al-Fe alloys, while the elon-

gation showed a gradual decreasing trend. The Al-xNi alloys (x =

1.5 and 2.0) exhibited considerable mechanical properties

(UTS>130 MPa) along with remarkable electrical conductivity

(6 > 31.7 MS/m) and thermal conductivity (1 > 193 W/(m-K)),

underscoring strong potential for engineering applications.
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