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A systematic investigation was undertaken to analyze the microstructure and thermal-physical
properties of hypereutectic Al-xFe alloys. With increasing Fe content, the Al,;Fe, phase undergoes a
morphological shift from needle-like to lamellar-like. The coarse Al,;Fe, negatively affects the thermal
conductivity (TC), resulting in a decrease from 200.1 to 84.5 W/(m/K) of TC as the Fe content rises from
2 to 12 wt%. Simultaneously, the thermal expansion coefficient (CTE) decreases. At 100°C, Al-12Fe has
a CTE of 17.6 x 10"%/K. Additionally, first-principles calculations were used to understand the intrinsic
properties of the Al,;Fe,. Using the quasi-harmonic approximation (QHA), the linear CTE of Al,;Fe,

at 100°C was calculated to be 9.88 x 10~¢/K. By integrating experiments and theoretical calculations,
the generalized effective medium theory (GEMT) and a modified Turner model were employed to
quantitatively describe the correlation between the microstructural evolution of Al-xFe alloys and their

TC/CTE.

Nowadays, the utilization of aluminum (Al) alloys in electronic
and heat dissipation domains, such as cables and heat sinks, has
been garnering escalating attention [1-3]. Therefore, there is
an urgent need to develop cast Al alloys characterized by high
thermal conductivity (TC), low thermal expansion coefficient
(CTE), and commendable mechanical properties [4-7]. Iron
(Fe) is a common impurity element in Al alloys. However, trace
Fe addition hardly affects the TC of Al alloy for its low solubility
in Al [8, 9]. Furthermore, Fe can combine with Al and form the
Al,;Fe, phase, which possesses a low CTE. As a result, Al-Fe
alloys are considered to have broad prospects for application in
the field of heat dissipation.

The microstructures of Al-Fe alloys vary depending on
the Fe content, which allows for their categorization into three
types: hypoeutectic (Fe content < 1.8 wt%), eutectic (Fe con-
tent= 1.8 wt%) and hypereutectic (Fe content > 1.8 wt%) alloys.
In the past few decades, extensive research has been conducted

to explore the microstructural evolution, mechanical properties,
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and their relationship of Al-Fe alloys [10-12]. In addition to
high-temperature mechanical properties, high TC and low
CTE are crucial for engineering applications. Chen et al. stud-
ied the microstructure, TC, and electrical conductivity (EC) of
Al-(0.5~ 1.5)wt% Fe alloys, discovering that the measured TC
matched the predicted values based on the Wiedemann-Franz
law [13]. Besides, the series model was employed to elucidate the
correlation between the microstructure and TC in hypoeutectic
Al-Fe alloys [13]. Qi et al. prepared Al-2.5 wt% Fe alloy using
the powder laser melting method, the tensile strength and TC
were about 320 MPa and 150 W/(m/K) [14]. Jiang et al. carried
out modification treatment on Al-0.5 wt% Fe alloy by adding a
small amount of lanthanum (La), La addition could simultane-
ously improve the mechanical and electrical properties of the
Al-0.5 wt% Fe alloy [15]. Luo et al. found that adding a moderate
amount of cobalt (Co) improved both the TC and mechanical
properties of the Al-2 wt% Fe alloy [16]. The increase in TC
was attributed to the refining effect on the primary Al,Fe (also

known as Al,;Fe,) phase.
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The thermal-physical properties, like EC/TC/CTE of Al-Fe
alloys, are closely linked to microstructural evolution. As the
concentration of low-solubility elements rises, the volume frac-
tion of the second phase is heightened and there is a tendency
for both TC and CTE to decrease. Theoretical modeling is a
commonly used method to quantify the correlation between
microstructural evolution and thermal properties [7, 13, 17].
TC models mainly include the solute atom, series, parallel, Max-
well, effective medium theory (EMT) models, etc. [13, 17-21].
While the commonly used theoretical models for predicting
CTE include the rule of mixture (ROM), Turner, Kerner, and
Schapery models [7, 22-25]. These models are closely related to
the microstructure, phase composition, and intrinsic proper-
ties of phases. However, acquiring experimental data for phase
properties is challenging, resulting in insufficient related data.
Theoretical simulations based on the first-principles calculation
have become effective methods for analyzing TC, mechanical
and thermal expansion properties, and can reveal the thermo-
dynamic properties and structural stability of intermetallic com-
pounds [26-28].

Here, the influence of Fe content on the microstructure, EC,
TC, and CTE of binary Al-xFe alloys was systematically stud-
ied first. Subsequently, the intrinsic properties of Al,;Fe, (e.g.,
mechanical and thermal properties) were analyzed by the theo-
retical calculations. By combining experiments, theoretical cal-
culations, and mathematical models, the relationships between
the microstructural revolution and TC/CTE were quantified.
The obtained results offer enhanced insights into the correlation
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between microstructure and TC/CTE within Al-xFe alloys,
thereby presenting invaluable information to design alloys that
possess excellent TC and thermal expansion properties.

Microstructure and thermal-physical properties

Microstructures and phase composition of Al-xFe alloys

The optical and SEM results of Al-xFe alloys with varying Fe
contents are shown in Figs. 1 and 2. The Al-2Fe alloy primarily
exhibits a eutectic structure. Upon increasing the Fe content to
4 wt%, the primary Fe-rich phases precipitate in the form of
block and needle-like. As the Fe content continues to rise, both
the size and quantity of the primary phases increase. When the
Fe content reaches 10 wt% and 12 wt%, the alloy consists of a
substantial amount of block-like and needle-like Fe-rich phases,
which form a distinct interface with the Al matrix. Figure 1(f)
illustrates the XRD patterns of the Al-xFe alloys, confirming the
existence of cubic a-Al and monoclinic Al,;Fe, (Al;Fe) phases.
The planes of a-Al are (111), (200), (220), (311) and (222). The
(105), (006), (202), (111), (014), (113) and (313) planes are
detected for Al,;Fe, phase. Figure 2 displays the SEM and EDS
results of the Al-xFe alloys. Based on the size and morphology
of the intermetallic compounds, it is possible to clearly distin-
guish between the primary and eutectic structures. The black
matrix represents a-Al, the network, and feather-like structures
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(a—e) Optical microstructures of Al-xFe alloys (x=2~12 wt%): (a) Al-2Fe, (b) Al-4Fe, (c) Al-7Fe, (d) Al-10Fe, (e) Al-12Fe, (f) XRD patterns of Al-xFe
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Figure2: SEMimages of Al-xFe alloys (x=2~12 wt%): (a) Al-2Fe, (b) Al-4Fe, (c) Al-7Fe, (d) Al-10Fe, (e) Al-12Fe, (f) the EDS results of the primary Al,;Fe,

phase.

represent (a-Al+ Al ;Fe,) eutectic structure, and the plate-like,
rod-like, and sheet-like structures are the primary Al,;Fe,
phases. As the Fe content increases, there is a distinct alteration
in the morphology of the primary Al,;Fe,, transitioning from
short plate to elongated rod-like. The average size of the primary
Al,sFe, phase is counted and depicted in Fig. S1, which increases
as the Fe content increases. For the eutectic Al,;Fe, phase, its
morphology is unchanged with the change of Fe content.

Thermal-physical properties and hardness of Al-xFe alloys

The EC, thermal diffusivity (a), density (c), and heat capacity
(Cp) of the Al-xFe alloys were determined through experiments.
Subsequently, the TC was calculated using the obtained values of
a, p, and Cp. These TC values of Al-xFe alloys are illustrated in
Fig. 3. As presented in Fig. 3(a), a notable exponential decrease
in a is observed with the increase of Fe content. Compared to
Al (with Cp=0.9 J/(g/K)), Fe possesses a lower Cp of 0.44 J/
(g/K). Thus, the total Cp of the alloy exhibits a linear decrease
as Fe content increases. Concurrently, the p of the Al-Fe alloy
increases with rising Fe content. Overall, both EC/TC display

a linear decrease with increasing Fe content. In the case of the
Al-2Fe alloy, the EC and TC are measured as 30.4 MS/m and
200.1 W/(m/K). As for Al-12Fe alloy, the EC and TC drop to
10.9 MS/m and 84.5 W/(m/K), respectively.

The CTEs changed with temperature and Fe content of Al-
xFe alloys are shown in Fig. 4. The decrease in the CTE indicates
an improvement in the thermal expansion property. As seen
in Fig. 4, the CTEs of Al-xFe alloys decrease as the Fe content
increases. In addition, for Al-Fe alloys with the same composi-
tion, the CTE curve initially increases sharply and then levels
off as the temperature increases. As the Fe content increases,
the volume fraction of Al ;Fe, increases, resulting in a decrease
in the CTE from 20.6 x 107%/K for Al-2Fe to 17.6 x 10~%/K for
Al-12Fe at 100°C.

The Vickers hardness of Al-xFe alloys is shown in Fig. S2. With
the increase of Fe content, the hardness increases from 125.9 HV
for Al-2Fe alloy to 236.0 HV for Al-12Fe alloy. This is related to the
properties of the Al,;Fe, phase. As the Fe content increases, there is
a corresponding rise in the volume fraction of the primary Al,;Fe,
phase, contributing to an increase in the hardness as a result.
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Figure 3: (a) Thermal diffusivity, (b) density and heat capacity, (c) electrical/thermal conductivity of Al-xFe alloys (x=2~ 12 wt%).
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Figure 4: Thermal expansion coefficients (CTEs) changed with
temperature and Fe content of Al-xFe alloys (x=2~12 wt%).

Theoretical calculation
Structural stability

The presence of a-Al and Al,;Fe, were experimentally identified.
For identifying the most stable configuration in the Al-Fe system,
formation enthalpies of different crystal structures were calculated
through Al and Fe substitution at various composition ratios. In
the actual fusion processes, the substituting components are usu-
ally in the same lattice structure to maintain high solubility. Here,
FCC (Al), BCC (Fe) and FCC (Fe) were considered. The total
entropy of 198 structures of the Al-Fe system with 2 to 5 times
the cell volume was calculated using Eq. (1):

AH = Hyl,re, — xHal — yHEe
(x+y)

(1)

here, H AlFe,» Hal, Hre denote the total energies of intermetallic
compounds, and Al/Fe elements, x or y is the Al/Fe number in

the intermetallic compounds.

A negative formation enthalpy indicates the thermodynamic
stability of a structure. The formation enthalpies of Al-Fe alloys
are depicted in Fig. 5(a), which considers configurations ranging
from 2 to 5 times of the supercell, along with common Al-Fe
compounds such as Al¢Fe, AlyFe,, Al,;Fe,, Al;Fe, Al;Fe:, AlFe,
AlFe,, and AlFe;. The black lines connect the most stable struc-
ture, determined by the lowest formation enthalpy. The majority
of configurations exhibit negative formation enthalpies, indicat-
ing their stability. Additionally, the Al,;Fe, structure used in
this work is the most stable at the corresponding concentra-
tion. Figure 5(b) illustrates the crystal structure of Al,;Fe,. The
Al ;Fe, belongs to the C2/m space group with lattice parameters
ofa=1543 A, b=8.04 A, c=12.44 A, a=y=90°, and =107.73°.
The formation enthalpy (AH) of Al,;Fe, is — 0.37 eV/atom, con-
sistent with the literature [30].

Electronic properties

For a more profound understanding of the intrinsic properties
of Al,;Fe,, the electronic properties were studied through the
analysis of the band structure and density of states (DOS). The
investigation of the band structure and DOS reveals an overlap
between the valence and conduction bands, further confirming
the metallic properties of Al,;Fe, (as shown in Fig. S3). Addi-
tionally, by calculating the partial density of states (PDOS) of
Al ;Fe,, it becomes evident that the d electrons of the Fe element
make a significant contribution to the physical properties. This
indicates a crucial role for the d electrons of Fe in influencing
the physical properties and behaviors of Al,;Fe,.

Elastic properties

The calculation of elastic constants (Ci}-) was undertaken to explore
the mechanical properties of both Al and Al,;Fe, from theoreti-

cal insights. Different crystal systems possess distinct independent
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Figure 5: (a) The formation enthalpies of Al-Fe alloys with different configurations considered in 2 to 5 supercells. The black lines connect the most
stable structures with the lowest formation enthalpy, while the pink circles represent common Al-Fe compounds calculated in this work. The results
obtained from Aflow are denoted by red circles [29]. (b) The crystal structures of Al,;Fe,.
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elastic constants. Al belongs to the cubic system with 3 independ-
ent elastic constants of C;;, C;, and C,,. Al;;Fe, belongs to the
monoclinic system, which encompasses C,;, C,5, Cs3, Cyy> Css,
Cse C120 C13> Cy3, Ci5, Cys, Cy5, and Cye. The values of these calcu-
lated results are presented in Table S1. According to the stability
criterion for mechanical properties proposed by Born and Huang
[31-33], it can be concluded that both Al and Al, ;Fe, exhibit stable
mechanical properties.

Using the independently calculated C;;, the bulk modulus (By),
shear modulus (Gy), Young’s modulus (E), Poisson’s ratio (v), and
Debye temperature (6),) for both Al and Al,;Fe, were estimated.
The calculated By; and Gy are primarily associated with the Voigt
upper and Reuss lower bounds [34, 35]. In the case of cubic and
orthorhombic systems, the bulk modulus entails B and By, while
the shear modulus incorporates G and Gy, [36]. Ultimately, By,
Gy E, v, and 0}, can be calculated by the following formulas [33]:

B B
By = 2V T 5R @)
2
G G
Gy = 2V T Or 3)
2
9By G
E— HYH (4)
3By + Gy
3By — 2Gy 5)

v= ——
2(3Bg + Gy)

g _ B (31 (NaD 31 2 1 -3 .
P ks \ar \ M 3\v} v} (©)

vy = il (7)
\l P

v =+/(B+4Gu/3)/p (8)

here, B and By, correspond to the bulk modulus for the Reuss
lower and Voigt upper bounds. Similarly, G, and G, represent
the shear modulus. Ny, h, and k denote Avogadro’s, PlanK’s,
and Boltzmann’s constants, respectively. M, n and p refer to

the atomic mass, atomic number and density of the unit cell,

respectively. V, and V| represent the velocities of the vertical and
horizontal elastic waves in polycrystalline solids.

Table 1 presents the calculated By, By, By, Gy» Gy, Gy B/ Gy
ratio, E, v, p, v, v, v,, and 0, for Al and Al,;Fe,. According
to Table 1, the G, and E of Al,;Fe, are 76.62 and 190.03 GPa,
both higher than those of Al Therefore, Al,;Fe, exhibits better
resistance to deformation and greater stiffness. Additionally,
the B/ Gy, ratio of Al ;Fe, is less than 1.75, indicating it is a
brittle phase, whereas Al is a ductile phase. For solid materials,
the critical value for v is 0.26, where values greater or smaller
than 0.26 indicate ductility or brittleness. The v of Al,;Fe, is
0.24, showing a similar trend to the B,/ Gy ratio. The 8}, plays a
crucial role in structural stability and bond strength. Materials
with higher 0}, generally possess stronger chemical bonds and
higher lattice thermal conductivity. The 8}, for Al and Al,;Fe, are
437.43 K and 601.67 K. In summary, Al,;Fe, exhibits enhanced

bond strength and lattice thermal conductivity compared to Al

Thermal-physical properties of Al and Al;Fe,

An analysis of the linear CTE, Bv, Cp and Griineisen coefficient
varies with temperature was conducted. To obtain the equilib-
rium volume corresponding to the lowest energy, the static total
energies for 22 different volumes of both Al and Al,;Fe, were
calculated. The data was then fitted using the Brich-Murnaghan
equation [37, 38]. As illustrated in Fig. S4, the total energy of
both Al and Al,;Fe, initially decreases and then increases with
volume. Fig. S4(a) and (c) illustrate the change in Helmholtz
free energy with volume for Al and Al,;Fe, across a tempera-
ture range from 0 to 1000 K. The red line connects the volumes,
temperatures and free energies corresponding to the lattice equi-
librium state. With increasing temperature, the Helmholtz free
energy decreases, and an increase in the equilibrium volume
at the state of lowest energy is observed. This is attributed to
the growing contributions from vibrational entropy and lattice
thermal expansion. Moreover, it can be observed that Al exhibits
a greater tendency for expansion compared to Al,;Fe,.
Temperature-dependent variations of the thermodynamic
parameters for Al and Al,;Fe, are presented in Fig. 6. Both Al
and Al, ;Fe, exhibit an exponential increase in linear CTE at low
temperatures. However, the curve for Al,;Fe, exhibits a gentler

slope, indicating a smaller CTE compared to Al. This suggests

TABLE1: The calculated bulk
modulus (By, By, By), shear modulus

Bulk modulus (GPa)

Shear modulus (GPa)

(Gy, Gg, Gp), By/Gp, Young's modulus B B B G G G B./G

(E), Poisson's ratio (v), density (o), Phase 4 R H v R H 1/ G

longitudinal wave (v), shear wave Al;5Fe, 122,07 121.62 121.84 7743 75.82 76.62 1.59

(v), average acoustic velocity (v,,) Al 78.64 78.64 78.64 31.09 29.33 30221 260

and Debye temperature (6,) of h ka/m? 0

Al 5Fe, and Al. Phase E (GPa) v (GPa) p (kg/m?) v, (m/s) Vv, (m/s) Vv, (M/s) b (K)
Al,5Fe, 190.03 0.24 3.90x 103 7.59% 103 4.44x10° 491x10°  601.67
Al 80.35 0.33 271x10° 6.62x10% 3.34x10% 3.74x10% 43743
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that Al,;Fe, possesses a superior thermal expansion property.
Figure 6(b) depicts the trend of decreasing Bv with rising tem-
perature. This decline in Bv signifies a decrease in the ability of
both Al and Al,;Fe, to resist external deformation, indicating
that they become softer as the temperature rises. The Cp repre-
sents the absorbed energy that the material for each unit tem-
perature increases. The solid heat capacity is mainly contributed
by the lattice heat capacity except for the extremely low tempera-
ture. As illustrated in Fig. 6(c), the Cp demonstrates an initial
sharp increase followed by a more gradual rise with temperature,
which is consistent with the Debye model [39]. According to the
relationship between the Cy and the Cp: Cp = Cy + 9a?BVT, «
is the volume expansion coeflicient of the isothermal system. The
Al,;Fe, has alower CTE than Al, so its Cp is less than Al with the
increase of temperature. Another parameter related to the CTE
is the Griineisen coefficient, which shows the anharmonic effect
depends on the volume change in the crystal. The formula for

the relationship between the macroscopic Griineisen coefficient

Cvyr
BrT "

Figure 6(d) presents the Griineisen coefficients, at temperatures

and the volume thermal expansion coefficient is ¢y (T) =

near 0 K, the Griineisen coefficient for Al,;Fe, is negative, but it
quickly transitions to a positive value. In contrast, the Griineisen
coefficients for Al remain positive throughout. The reason for
the difference in Griineisen coeflicients between Al and Al,;Fe,

may be related to the distribution of atoms in the structure, and
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the numerical trend is reflected in the thermal expansion coef-
ficient. This further confirms the distinct thermal expansion
characteristics of Al and Al,;Fe, under room temperature and

high-temperature conditions.

Effect of microstructure evolution on the thermal
conductivity

The heat conduction process in solid crystals is the energy trans-
fer process. For the metal materials, the energy carriers include
electrons, phonons and other heat transfer carriers, as shown in
Fig. S5 [40]. In the heat conduction process of metal materials,
free electrons play a leading role. The adding elements mainly
exist as solid solution atoms and precipitated phases, which scat-
ter free electrons, leading to a reduction in their average free
path.

The Al matrix has a very low solubility for Fe, causing
excess Fe to precipitate in the form of Al,;Fe,. In the near-
eutectic Al-2Fe alloy, the microstructure is characterized by
the presence of both the a-Al matrix and the (a-Al + Al,;Fe,)
eutectic structure, where the size of the Al ;Fe, eutectic is
small. Therefore, the degree of free electron scattering is
relatively weak, resulting in minimal impact on electron and

phonon transport processes. Consequently, the Al-2Fe alloy
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Figure 6: (a) The variation of linear expansion coefficient, (b) bulk modulus (Bv), (c) heat capacity (Cp) and (d) Griineisen coefficient with temperature of

Al;;Fe, and Al
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exhibits excellent TC with a value of 200.1 W/(m/K). However,
with the increase in Fe content, the larger primary Al,;Fe,
phase starts to precipitate, hindering the mobility of free elec-
trons, then causing a linear decrease in both EC and TC. For
Al-10Fe and Al-12Fe alloys, a significant amount of primary
Al,;Fe, phases precipitate. The precipitated large plate-like
primary Al,;Fe, phases have greater scattering effects on free
electrons and completely block their transmission. Besides,
the number of the a-Al with higher TC decreases to adversely
affect the TC. The influence mechanism of free electron trans-
port during the thermal conductivity by the precipitated
Al,;Fe, is shown in Fig.S6 [41].

The relationship between TC and EC in metals is often
described through the modified Wiedemann-Franz law:
A=L-T-0+ C [42]. Here, A, L, T and o are the TC (W/
(m/K)), Lorentz constant (L =2.45x 10~ W/Q/K?), Kelvin
temperature (K) and EC (MS/m), respectively. C is a con-
stant. The ratio of EC to TC is an independent constant. For
the Al-xFe alloys, L was determined to be 2.1 x 10~ W/Q/K?
and C was selected as 11.7 W/(m/K) [6, 43]. The TC can be
calculated utilizing the modified Wiedemann-Franz law, the
calculated and experimental TC for the Al-xFe alloy is illus-
trated in Fig. 7. A notable linear correlation is observed in
the hypereutectic Al-xFe alloys, with an R? value of 0.996,
signifying the significant role of electrons in the heat transfer
process of this binary alloy.

The analysis of the relationship between microstructural
evolution and TC in Al-xFe alloys can be conducted by the
application of the generalized effective medium theory (GEMT)
model. The a-Al and Al,;Fe, coexist in a randomly interpene-
trating manner in the Al-Fe alloy, with a higher volume fraction
of the Al,;Fe, phase distributed within dendritic gaps. Within

220
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Figure 7: The measured and calculated thermal conductivity by the
modified Wiedemann-Franz law of Al-xFe alloys (x=2~12 wt%).
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the GEMT model, the Al-xFe alloy is considered a composite
material consisting of two phases. Thus, the GEMT model ena-
bles the examination of the correlation between microstructure
evolution and TC in Al-xFe alloys [41, 44, 45]:

m diki
. 2ie1 4iVi (d,-—1)1<00+),,-
=Ny dk ©)
i=1 Vi{di—1)ko+ /i

A, V;are the TC, volume fraction of different phases, d; denotes
the heat conduction mode, m represents the component frac-
tion, k, denotes the parameter related to the shape factor. Here,
d;=3 refer to the reference [46].

The optimization of the shape factor is achieved by minimiz-
ing the Euler distance, which describes the difference between
two matrices. A smaller Euler distance suggests that the cal-
culated TC value is in closer agreement with the experimental
TC. The optimization outcomes of the shape factor are illus-
trated in Fig. 8(a), revealing that the minimum Euler distance
is achieved when #n =6. Furthermore, the volume fraction of the
a-Aland Al,;Fe, was determined using Image Pro Plus software,
as depicted in Fig. S7(c). The TC of the Al matrix is assumed to
be A,,=258 W/(m/K), while the TC of Al,;Fe, =24 W/(m/K)
[6]. The fitting results of the GEMT model and the experimental
data are depicted in Fig. 8(b), demonstrating the capability of
the GEMT model to offer reasonably accurate predictions for
hypereutectic Al-xFe alloys.

Correlation between the microstructure and thermal
expansion properties

The volume fraction of the Al,;Fe, phase gradually rises from
Al-2Fe to Al-12Fe alloys. This results in a decrease in the alloy’s
CTE. At lower temperatures, the overall crystalline structure
of the Al-Fe alloy primarily undergoes elastic deformation in
response to temperature changes, resulting in a linear increase in
CTE with temperature. However, as the temperature continues
to rise, the Al matrix undergoes plastic deformation and inter-
acts with the Al,;Fe, phase. The presence of the Al,;Fe, phase
effectively impedes the deformation of the Al matrix, resulting
in a smoother CTE curve.

The thermal expansion characteristics of Al-xFe alloys can
be predicted using theoretical models. Various models have been
proposed to estimate the CTE in composites reinforced with
particles [7]. The Turner model is particularly adept at elucidat-
ing the thermal expansion characteristics of hypereutectic Al

alloys. The expression for the Turner model is as follows [47]:

apVpBp + o VinBm
o =
¢ VBp + VB

(10)

Vp, Vi represent the volume fraction of the second
phase and the matrix, By, By, denote the corresponding bulk
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Figure 8: (a) The shape factor optimized by the Euler distance, (b) the GEMT model fitting results and experiments for the thermal conductivity of Al-xFe

alloys (x=2~12 wt%).

modulus. o, ap, oty Tepresent the linear CTE of the composite,

second phase and matrix, respectively.

Through the aforementioned first-principles calculation

method, the linear CTE and bulk modulus were determined.

Furthermore, their volume fractions were quantified using the

Image Pro Plus software, as depicted in Fig. S7. Then CTEs of

the alloys are predicted by the Turner model and illustrated in

Fig. 9(a). However, discrepancies between the predicted values
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241
<
& 221
[—]
o
Z 20
E —u— Al-2Fe
SETY —e— Al-4Fe
—A— Al-7Fe
161 —v— Al-10Fe
—o— Al-12Fe
50 75 100 125 150 175 200
Temperature (°C)
(C)z4
g 22+
=
9
X 20 -
g
=
X
= .
5184 Experiment
—o— Turner
16 —— Modified Turner

Al-2Fe Al-4Fe Al-7Fe Al-10Fe Al-12Fe

and the experimental results are observed, particularly at the
low temperature level.

To enhance the accuracy for predicting the CTE of hyper-
eutectic Al-Fe alloys, the Turner model was optimized by
introducing the composite modulus B.. The composite vol-
ume modulus of the Al-xFe alloy was calculated using Eq. (11)
[7] and depicted in Fig. 9(b). G,, represents the shear modu-
lus of the matrix. It should be noted that Al,;Fe, undergoes

—=— B of a-Al
—o— Be of (a-Al+Al,;Fe,)

(b)™

Bulk modulus (GPa)
R
i
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60.0 T T T T
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5]
[ ]

20{—>— Experiment

—o— Turner

—o— Modified Turner
Al-2Fe Al-4Fe Al-7Fe Al-10Fe Al-12Fe

Figure 9: (a) The calculated thermal expansion coefficients of Al-xFe alloys by the Turner model. (b) The composite volume modulus. (c-d)
The comparison of the experimental values and the prediction of Turner and modified Turner models of CTE for Al-xFe alloys at 100°C, 200°C

(x=2~12 wt%).
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separation in the primary and eutectic structures, and the
eutectic structure (a-Al+ Al,;Fe,) is considered a distinct

phase.
e+
3B,+4 3B, +4
p m m m
B. =5 (11)

r + Vin
3Bp+4Gp 3By +4Gyy

Figure 9(c-d) present the comparison of the experimental
values and the prediction of Turner and modified Turner mod-
els of CTE for Al-xFe alloys at 100°C, 200°C. For hypereutectic
Al-Fe alloys, the modified Turner model displays a stronger
correlation with experimental results compared to the origi-
nal Turner model. Nonetheless, certain small discrepancies are
observed, which may be attributed to experimental uncertainties
and overlooked interfacial interactions.

Improvement of thermal properties of alloy

As the Fe content increases, the Al-xFe alloys exhibit enhanced
thermal expansion properties attributed to the precipitation
of the Al,;Fe, phase with a low CTE, while the TC is inevita-
bly reduced for the coarse primary Al,;Fe, phase. Therefore,
it is necessary to improve the TC by changing the structure of
Al,;Fe, without negatively affecting CTE. According to the pre-
vious studies, an appropriate amount of Co can change the pri-
mary Al ;Fe, into particles in Al-2Fe alloy and improve the TC,
mechanical properties at the same time [16]. Besides, Co modifi-
cation can improve the TC without negatively affecting the CTE
according to our ongoing work. The relationship between the TC
and mechanical properties for commercial Al alloys, as well as
the Ce/Co modified Al-2Fe alloys is shown in Fig. S8 [9, 16]. The
developed Ce/Co modified Al-2Fe alloys have been proven to
possess a combination of quantified TC and mechanical proper-
ties [9, 16]. Besides, the introduction of Sm/Yb to Al-7Fe alloy
can alter the morphology of the lath-shaped primary Al,;Fe,,
transforming it into block and radial forms, and simultaneously
improving the TC and thermal expansion properties [48]. Fur-
ther research on the modification treatment, casting and defor-
mation process should be performed to develop alloys with com-
prehensive TC, thermal expansion and mechanical properties,

which can be used in electronic components.

This study comprehensively explored the microstructure, ther-
mal-physical properties and their relationship of Al-xFe alloys
with different Fe contents. Through experimental analysis, first-
principles calculations and utilization of TC/CTE models, con-

clusions can be drawn as follows:

©The Author(s), under exclusive licence to The Materials Research Society 2024

(1)  Within hypereutectic Al-xFe alloys, the primary Al,;Fe,
phase and (a-Al + Al ;Fe,) eutectic structures coexist.
As the Fe content increases, a notable transformation
in the morphology of the primary Al,;Fe, is observed,
shifting from fine block-like to coarse plate-like.

(2) Both the TC and CTE of Al-xFe alloys exhibit a
decreasing trend as the Fe content rises. The TC shows
a decline from 200.1 W/(m/K) in Al-2Fe to 84.5 W/
(m/K) in Al-12Fe alloy. At 100°C, the CTE decreases
from 20.6 x 107%/K to 17.6 x 1075/K as the Fe content
increases from 2 to 12 wt%, showing an improved ther-
mal expansion property.

(3) The structural stability, elasticity, and thermodynamic
properties of Al ;Fe, were investigated by employing
first-principles calculations, which reveal that Al,;Fe,
demonstrates outstanding thermal expansion charac-
teristics with a linear CTE of 9.88 x 107%/K (at 100°C).

(4) Through an integration of experiments and theoretical
calculations, TC and CTE models were employed to
establish a quantitative correlation between micro-
structural evolution and thermo-physical properties.
By utilizing the GEMT and modified Turner models,
accurate predictions of TC and CTE for Al-xFe alloys
were achieved.

Material and methods

By utilizing pure Al (Al1>99.8, wt%, the same below) and an
Al-20Fe master alloy, the Al-xFe alloys (where x=2,4, 7, 10, 12)
were fabricated. The raw materials were carefully positioned in a
crucible and subjected to heating in a resistance furnace, raising
the temperature to over 50 °C above the liquidus temperature
of the Al-xFe alloys. The liquidus temperature was predicted
by the JMatPro software, as listed in Table S2. After the raw
materials were completely melted, the melt was stirred with a
ceramic rod for 2 ~ 5 min, then held for 10 ~ 30 min. Next, the
refining agent and slag removal agent (commercial products of
YT-J-1 and YT-D-4, respectively) were added to the melt, hold-
ing for 2 ~ 5 min and removing the slag at the top of the crucible.
Finally, the molten alloy was poured into a preheated steel mold
with a size of 100 x 60 x 15 mm”.

Samples for microstructure observation and thermal-physical,
mechanical properties testing were sectioned from the ingot and
then prepared using standard metallographic techniques, followed
by an etching treatment with 0.5 wt% HE The microstructure
analysis was conducted utilizing optical microscope (Leica DMI
3000, Leica, Germany) and scanning electron microscope (SEM,
Zeiss Gemini 300, Carl Zeiss, Germany). The phase constitution
was determined by the X-ray diffraction (X ’PertPro MRD). To
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quantify the chemical composition of phases, an energy dispersive
spectrometer (EDS, Oxford X-MaxN, Oxford, UK) was employed.
The thermal conductivity was assessed at room temperature, where
a sample with a size of @12.7 mm x 3 mm was placed in a thermal
conductivity meter (Netzsch LFA457) to obtain the thermal dif-
fusivity («). The Neumann-Kopp rule was used to calculate the
constant pressure heat capacity (Cp) [49]. The density (p) was deter-
mined by Archimedes drainage method through a precision den-
sity balance (XHB-3000Z II). Then the TC A was obtained using the
formula: A= a-p-Cp [50]. The CTE was measured using TMA Q400,
with the sample subjected to heating from 25 to 200°C with a heat-
ing rate of 5°C/min in the nitrogen atmosphere. Vickers hardness
was assessed with a load and holding time of 1000 and 10 s by an
HVS-10 A digital display Vickers hardness tester. Ten points were
tested on each sample, and the average value was taken.

Theoretical calculation details

The calculations were conducted using the Vienna ab-initio
Simulation Package (VASP), with the interaction between ions
and electrons described through the projector augmented wave
(PAW) method [51]. The exchange-correlation energy of elec-
trons was calculated using the Perdew-Burke-Ernzerhof (PBE)
function within the generalized gradient approximation (GGA)
[52]. A cutoft energy of 400 eV was chosen based on convergence
tests. The Monkhorst-Pack scheme was applied for Brillouin
zone sampling by employing a k-point grid of 10x 10 x 10. For
structural optimization, the energy and force convergence crite-
ria were set as 1 x 107 eV and less than 0.01 eV/A. The thermal
properties of intermetallic compounds were analyzed by the
density functional perturbation theory (DFPT) and the quasi-
harmonic approximation (QHA) method, based on the VASP
and Phonopy packages [53-55]. For calculating the force con-

stants, a supercell of dimensions 2 x 2 x 1 was employed.
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