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Abstract: To fabricate Al-Si—Fe—Mg—Cu alloys with superior comprehensive performances, Sr and Mn elements were
used to modify secondary phases, i.e., eutectic Si and Fe-rich phases. As the Sr element content increases from 0 to
0.02 wt.%, the morphology of eutectic Si phases changes from coarse lamellar to fine fibrous. However, due to the
increased porosity caused by Sr, the mechanical properties and thermal conductivity of the as-cast alloy with Sr content
of 0.03 wt.% are weakened. Under the optimized Sr content, Mn element was added to further tailor the properties of
the as-cast alloy. With the increase in Mn content from 0.2 to 0.6 wt.%, the needle-like f-AlsFeSi phases transform into
Chinese-script a-Al;s(Fe,Mn);Si, phases, and the mechanical properties of the alloy are initially enhanced, then
weakened. The thermal conductivity is decreased owing to the solution of Mn atoms in the alloy. In comparison,
Al-Si—Fe-Mg—Cu alloy with addition of 0.02 wt.% Sr and 0.4 wt.% Mn exhibits a satisfactory comprehensive
performance, with thermal conductivity of 168.5 W/(m-K), ultimate tensile strength of 201.9 MPa, yield strength of
115.3 MPa, and elongation of 9.0%.
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Extensive studies have been carried out on the
mechanical properties and thermal conductivity of
Al-Si—Fe alloys. Fe elements tend to form brittle
secondary phases with Si elements due to their low

1 Introduction

Al-Si—Fe alloys are broadly utilized in

automotive, aerospace, and communication fields
due to their low density, high specific strength, and
castability [1—4]. The focus has been turned on
improvements in mechanical properties and thermal
conductivity of the Al-Si—Fe alloys. The demand
for the combination of mechanical properties and
thermal conductivity of alloys has increased.
Therefore, the research on Al-Si—Fe alloys
with excellent performances has a significant
engineering and application value.

solid solubility in a(Al), which deteriorates the
mechanical properties [5]. SONG et al [6] reported
that a gravity-cast AlI-7Si—1.2Fe alloy possessed a
tensile strength of only 175 MPa and elongation
within 2%, which was related to the formation
of needle-like f-AlsFeSi phases. In addition, the
thermal conductivities of as-cast ADC12 and A380
alloys were smaller than 110 W/(m-K) owing to the
unmodified coarse eutectic Si phases [7]. CHEN
et al [8] reported that the thermal conductivities of

Corresponding author: Min-qiang GAO, Tel: +86-411-84109275, E-mail: mqgao@djtu.edu.cn;
Ren-guo GUAN, Tel: +86-411-84106382, E-mail: guanrenguo(@sina.cn

https://doi.org/10.1016/S1003-6326(25)66805-1

1003-6326/© 2025 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)



2136 Shuan-cheng MENG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 2135-2147

gravity-cast and die-cast Al-Si—Fe—Cu—Zn alloys
were 143 and 126 W/(m-K), respectively. After
T4 heat treatment, due to the occurrence of
spheroidized Si phases, the thermal conductivity
of the die-cast Al-Si—Fe—Cu—Zn alloy reached
151 W/(m-K). QIN et al [9] reported an as-cast
Al-8Si—0.1Cu—0.6Mg—0.7Fe—0.6V  alloy with
tensile strength of 225.6 MPa and thermal
conductivity of 132.2 W/(m-K). The comprehensive
properties of as-cast Al-Si—Fe alloys are still
unsatisfactory. There is often a contradictory
relationship between mechanical properties and
thermal conductivity of Al alloys, i.e., an increasing
strength accompanied by a decreasing thermal
conductivity [10]. There are no extensive studies on
enhancements in comprehensive performances of
Al—-Si—Fe alloys.

Alloying has an important role in the
determination of microstructures and properties of
Al alloys [11]. For example, LIU et al [12] reported
that Mg and Cu elements refined the secondary
dendrite arm spacing (SDAS) owing to constitutional
supercooling, thus enhancing the mechanical
properties of the Al-Si—Fe alloy. GAN et al [13]
reported that Sr element addition caused a change
in eutectic Si phases from a needle morphology to a
fibrous morphology, which was beneficial for an
increased thermal conductivity. In addition, the Fe
element effectively improves the demolding ability
for die casting [5]. However, the Fe elements tend
to form the needle f-AlsFeSi phases in Al-Si—Fe
alloys, which increases the stress concentration and
weakens the mechanical properties of the alloy [14].
GAO et al [15] and EIDHED [16] reported that Mn
and Cr elements modified S-AlsFeSi phases, and
enhanced the mechanical properties of the alloys.
Moreover, ZHOU et al [7] reported that Mn element
had a small effect on the thermal conductivity in
comparison to Cr element. QIN et al [9] developed
an as-cast Al-Si—Fe—-Mg—Cu alloy with a tensile
strength of 195.4 MPa and thermal conductivity of
172.7 W/(m-K). Therefore, based on the alloying
concept, further improvements in mechanical
properties and thermal conductivity of Al-Si—Fe
alloys are necessary.

In this study, an as-cast Al-Si—Fe-Mg—
Cu—Mn—Sr alloy with a good comprehensive
performance was fabricated. The effects of Sr and
Mn contents on the microstructure, mechanical
properties, and thermal conductivity of Al-Si—Fe—

Mg—Cu alloys were investigated. Furthermore,
the corresponding mechanisms for microstructure
evolution and performance improvement were
revealed. The aim of this study was to obtain high-
performance as-cast Al-Si—Fe alloys via alloying.

2 Experimental

Pure Al (99.99 wt.%), Al-30wt.%Si, Al-
10wt.%Fe, Al-20wt.%Mg, Al-50wt.%Cu, Al-
10wt.%Sr, and Al-20wt.%Mn master alloys were
used to prepare the Al-Si—Fe—Mg—Cu alloys with
various Sr and Mn contents. The alloys were melted
in a clay-graphite crucible using a resistance
furnace at 750 °C. As the melt temperature
decreased to 720 °C, degassing and deslagging
were performed. The melt was then poured into a
mold to form the ingots. The chemical compositions
of the alloys were determined by an inductively
coupled plasma-optical emission spectrometer
(ICP-OES, PerkinElmer Avio200, USA). The actual
compositions of the as-cast alloys are listed in
Table 1. Schematics of the mold and sampling
position for the microstructure observation and
performance testing are shown in Fig. 1.

Table 1 Actual compositions of designed as-cast alloys
(wt.%)

Alloy Si Fe Mg Cu Mn Sr Al
OMn-0Sr 8.08 0.43 0.56 0.15 0.00 0.00 Bal.
OMn-1Sr 820 0.42 0.56 0.15 0.00 0.01 Bal.
OMn-2Sr  7.97 042 0.58 0.17 0.00 0.02 Bal.
OMn-3Sr  7.92 0.44 0.59 0.15 0.00 0.03 Bal.
2Mn-2Sr  8.12 0.43 0.57 0.16 0.22 0.02 Bal.
4Mn-2Sr 821 0.45 0.55 0.18 0.39 0.02 Bal.
6Mn-2Sr 7.86 0.45 0.55 0.14 0.61 0.02 Bal

The specimens for microstructure observation
were etched using a Keller’s agent for 12 s after
grinding and polishing. To further observe the
morphology of eutectic Si phases after modification,
deep etching was conducted using a solution of
10 vol.% HCI and 90 vol.% ethanol for 40 min. The
microstructure was observed by optical microscopy
(OM, Leica DMi8A, Germany) and scanning
electron microscopy (SEM, Zeiss Ultra Plus,
Germany) equipped with energy-dispersive spectro-
scopy (EDS). The second dendritic arm spacing
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(SDAS) was measured by the linear intercept
method [17]. The crystallography of the phases was
analyzed using transmission electron microscopy
(TEM, JEM 2100F, Japan). Thin foils having a
diameter of 3 mm and height of 30 um for TEM
observation were prepared by ion milling using a
Gatan 695 precision ion polishing system.

Tensile tests were carried out at a strain rate
of 1x1073s™" using an electronic universal tensile
machine (UTM, CMT5305, China) at a room
temperature of 25 °C. The fracture surfaces of
tensile specimens were analyzed by SEM. The
thermal conductivities of the specimens were
determined by a laser flash diffusivity instrument
(FLD, NETZSCH LFA 427, Germany), and
calculated by [12]

130

Wall As-cast sample
40 ds0

A\ 4

2137
A=apcy (1)

where a is the thermal diffusivity, p is the density
and ¢, is the specific heat capacity. Moreover, the
electrical conductivity was measured using a digital
electrical instrument (Fischer SMP350, Germany).
To ensure reliability of the experimental data, each
sample was measured at least three times, and the
average value was presented.

3 Results

3.1 Effect of Sr element on microstructure

Figure 2 shows the microstructures of the
0Mn-0Sr, OMn-1Sr, OMn-2Sr and OMn-3Sr alloys.
The microstructures of the alloys consist of a(Al)
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Fig. 1 Schematics showing mold and sampling position for microstructure observation and performance testing (Unit: mm)
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dendrites and secondary phases. Furthermore, with
the increase in the Sr content from 0 to 0.03 wt.%,
the SDAS decreases from 30.2 to 23.2 pm.
Secondary phases are observed by SEM, as
shown in Fig. 3. When the Sr content is 0 wt.%,
secondary phases are composed of gray and white
phases with a needle morphology, as shown in
Fig. 3(a). With the increase in the Sr content from 0
to 0.03 wt.%, the eutectic Si phases exhibit a
fibrous morphology, while the Fe-rich phases do not
change, as shown in Figs. 3(b—d). The EDS result
for Point A in Fig. 3(c) shows that the gray phase
consists of Al, Si, and Sr elements, as shown in
Fig. 3(e). Al, Fe, and Si elements form the white
phase (Point B in Fig. 3(c)), as shown in Fig. 3(f).

Shuan-cheng MENG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 2135-2147

The results indicate that the gray and white phases
are eutectic Si and Fe-rich phases, respectively. In
addition, when the Sr content is 0.03 wt.%, pores
are observed, as shown in Fig. 3(d). The average
length of eutectic Si phases decreases with the
increase in the Sr content, as shown in Fig. 4. The
increase in the Sr content results in an increase in
the porosity.

Figure 5 shows the SEM images of eutectic Si
phases after deep-etching in the as-cast alloys with
various Sr contents. Coarse lamellar eutectic Si
phases are observed in the unmodified alloy, as
shown in Fig. 5(a). After the addition of 0.01 wt.%
Sr, the coarse lamellar eutectic Si phases are
modified, with an acicular characteristic, as shown

|

© A Point A
Element wt.% at.%
Al 58.71 59.94
Si 40.67 39.87
Sr 0.62 0.19

Si

Sr Sr

0 2.5 5.0 7.5 10.0
E/keV

® Al Point B
Element wt.% at.%
Al 83.83 87.79
Si 8.06 8.10
Sr 8.11 4.11
Lre B _ feke .
0 2.5 5.0 7.5 10.0
E/keV

Fig. 3 SEM images of secondary phases in as-cast Al-Si—Fe—Mg—Cu alloys with various Sr additions: (a) 0 wt.%;
(b) 0.01 wt.%; (c) 0.02 wt.%; (d) 0.03 wt.%; (e, f) EDS results of eutectic Si and Fe-rich phases marked by Points A and

B in (c), respectively
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Fig. 4 Average size of eutectic Si phases and porosity in
Al-Si—Fe—Mg—Cu alloy after Sr addition

in Fig. 5(b). With the increase in the Sr content to
0.02 and 0.03 wt.%, fine fibrous eutectic Si phases
in the alloy are observed, as shown in Figs. 5(c, d).
Figure 6 presents TEM images of the OMn-2Sr
alloy. A large number of twins and nanometer-sized
atom cluster at the edge of twins are observed in the
eutectic Si phase, as shown in Fig. 6(a). Figure 6(b)
shows the selected area electron diffraction (SAED)
pattern of the eutectic Si along the [011] zone axis.
The high-resolution TEM (HRTEM) image of the
marked area in Fig. 6(a) is presented in Fig. 6(c).

The angle of {111}s; twins is 109.5°. Furthermore,
an atom cluster at the edge of twins is observed.
According to the EDS result in Fig. 6(d), the atom
cluster consists of Al, Si, and Sr elements, which is
consistent with the previous study [18].

3.2 Effect of Mn element on microstructure

Figures 7(a—c) show the OM microstructures
of the 2Mn-2Sr, 4Mn-2Sr, and 6Mn-2Sr alloys,
respectively. With the increase in the Mn content
from 0.2 to 0.6 wt.%, refined dendritic structures
are obtained, and the SDAS decreases from 22.3 to
19.3 um. Fe-rich phases of the 2Mn—2Sr, 4Mn—2Sr
and 6Mn—2Sr alloys are found, as shown in
Figs. 7(d—f). When the Mn content is 0.2 wt.%, the
Fe-rich phases exhibit needle-like or Chinese-script
morphologies, as shown in Fig. 7(d).

With the increase in the Mn content to
0.4 wt.%, the needle phases disappear and the
number of Chinese-script phases increases, as
shown in Fig. 7(e). With the further increase in the
Mn content to 0.6 wt.%, large Chinese-script phases
are formed, as shown in Fig. 7(f). The EDS result in
Fig. 7(g) indicates that the needle-like phase mainly
consists of Al, Si, Mn, and Fe elements. A high Mn
content is found in the Chinese-script phases and

Fig. 5 Morphologies of eutectic Si phases after deep-etching in Al-Si—Fe—Mg—Cu alloys with different Sr contents:

(a) 0 wt.%; (b) 0.01 wt.%; (c) 0.02 wt.%; (d) 0.03 wt.%
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Fig. 6 TEM microstructure of eutectic Si in 0Mn-2Sr alloy: (a) Bright-field image; (b) SAED pattern of eutectic Si;
(c) HRTEM image of area marked by rectangle in (a); (d) EDS result of atom cluster in (a)

large phases (13.69 and 15.98 wt.%, respectively),
as shown in Figs. 7(h, 1). Figure 7(j) shows an SEM
image of the 4Mn-2Sr alloy, where Chinese-script
Fe-rich phases and fine fibrous eutectic Si phases
are observed. The corresponding element mapping
results in Fig. 7(k) show that the Sr element is
adsorbed on eutectic Si phases. The Mn element has
the same distribution as that of the Fe element. In
addition, Mg and Cu elements uniformly distribute
in the matrix.

To further analyze the Fe-rich phases, the
microstructures of the 0Mn-2Sr and 4Mn-2Sr alloys
are investigated using TEM, as shown in Fig. 8. A
needle-like phase is observed, as shown in Fig. 8(a).
The element mapping results in Figs. 8(ai—a3)
show that the needle-like phase consists of Al, Fe,
and Si elements. The corresponding SAED pattern
(Fig. 8(a4)) indicates that the phase is S-AlsFeSi.
The HRTEM image (Fig. 8(as)) shows that the
interplanar spacing of (017) of -AlsFeSi is 0.43 nm
[6]. The Fe-rich phase is also observed in the
4Mn-2Sr alloy, as shown in Fig. 8(b). The element
mapping results in Figs. 8(b;—bs) indicate that Si, Fe,
and Mn elements are uniformly distributed in the
Fe-rich phase. Moreover, the SAED pattern of the

Fe-rich phase in 4Mn-2Sr alloy in Fig. 8(bs) implies
that the phase is a-Alis(Fe,Mn);Si> [19]. The
HRTEM image in Fig. 8(bs) demonstrates that the
interplanar spacing of (11 1) of the a-Al;5(Fe,Mn);Si»
phase is 0.86 nm.
3.3 Mechanical and thermal
conductivities

Figure 9(a) shows the engineering stress—
strain curves of different alloys. The mechanical
properties of alloys are listed in Table 2. With the
increase in the Sr content from 0 to 0.03 wt.%, the
mechanical properties of the alloy are initially
enhanced, and then weakened. When the Sr content
is 0.02 wt.%, the mechanical properties of the alloy
reach the maximum. The ultimate tensile strength
(UTS), yield strength (YS) and elongation (EL)
of the alloy with 0.02 wt.% Sr are 182.3 MPa,
89.3 MPa and 6.8%, respectively. In addition, with
the increase in the Mn content from 0.2 to 0.6 wt.%,
the mechanical properties of the alloy have the
same variation tendency as those of the alloys with
various Sr contents. The 4Mn-2Sr alloy possesses
good mechanical properties, i.e., UTS of 201.9 MPa,
YS of 115.3 MPa and EL of 9.0%.

properties
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(g) (Al Point A (h) Point B i) (Al Point C
Element wt.% at.% Element wt.% at.% Element wt.% at%
Al 7231 7672 Al 6433 7468 AL 6165 7261
Si 1795 1830 Si 936 1044 Si 964 10.90
Mn 225 L17 Mn 1369 7.80 Mn 1598 9.24
Fe 732 375 Fe  12.62 7.08 Fe 1273 725
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Fig. 7 OM (a—c) and SEM (d—f) images of Al-Si—Fe—Mg—Cu alloys with 0.02 wt.% Sr and different Mn contents:

(a, d) 0.2 wt.% Mn; (b, e) 0.4 wt.% Mn; (c, f) 0.6 wt.% Mn; (g—i) Corresponding EDS results of Points A, B, and C,
respectively; (j) SEM image of 4Mn—2Sr alloy; (k) Element mapping results for (j)
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Fig. 8 TEM characterization for 0Mn-2Sr and 4Mn-2Sr alloys: (a) Bright-field image of S-AlsFeSi phase in OMn-2Sr
alloy; (ai—as) Element mapping results for (a); (a4, as) SAED pattern and HRTEM image of f-AlsFeSi phase;
(b) Bright-field image of a-Alis(Fe,Mn);Si, phase in 4Mn—2Sr alloy; (bi—b3) Element mapping results for (b);
(bs, bs) SAED pattern and HRTEM image of a-Alis(Fe,Mn)s;Si> phase
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Fig. 9 Engineering stress—strain curves (a) and thermal conductivities (b) of optimized as-cast alloys; Comparison of
mechanical properties [9,20—26] (c) and thermal conductivities [5,27—32] (d) with those of other as-cast Al-Si based

alloys

Table 2 Mechanical properties of as-cast Al-Si—Fe—Mg—
Cu alloys with different Sr and Mn contents

Alloy UTS/MPa YS/MPa EL/%
OMn-0Sr 139.1+2.4 72.1+£5.1 34422
OMn-1Sr 163.1+£3.1 76.7+2.4 5.1£1.4
OMn-2Sr 182.3+3.9 89.3£1.3 6.8+£2.7
OMn-3Sr 173.4+6.5 87.7£2.5 6.1£2.5
2Mn-2Sr 195.3+2.9 102.9+3.4 7.51.3
4Mn-2Sr 201.9+3.8 115.3£2.3 9.0+£2.2
6Mn-2Sr 185.4+4.3 114.3+£2.5 7.4£3.1

Figure 9(b) shows the thermal conductivities
of different alloys. The thermal diffusivities,
densities and specific heats are listed in Table 3.
With the increase in the Sr content from 0 to
0.03 wt.%, the thermal conductivity of the alloy
initially increases, and then decreases. When the Sr

content is 0.02 wt.%, the thermal conductivity of
the alloy reaches the maximum (187.5 W/(m-K)).
However, the thermal conductivity significantly
decreases with the addition of Mn elements.
Notably, an extreme value (168.5 W/(m-K)) appears
when the Mn content is 0.4 wt.%. The electrical
conductivities of the alloys are summarized in
Table 4. The variation tendency of the electrical
conductivity is consistent with the thermal
conductivity. Therefore, the 4Mn-2Sr alloy is
confirmed to be an optimized alloy with good
comprehensive properties. Figures 9(c, d) compare
the mechanical properties and thermal conductivity
of the 4Mn—2Sr alloy fabricated in this study and
other as-cast Al-Si alloys. The 4Mn-2Sr alloy
possesses a better comprehensive performance.

In addition, the SEM images of the tensile
fractographs of the OMn-0Sr, OMn-2Sr, and
4Mn-28r alloys are presented in Fig. 10. Cleavage
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Table 3 Thermal conductivities of as-cast Al-Si—Fe— Mg—Cu alloys with various Sr and Mn additions

Alloy . .Thermal ) Density/ Speci{ic ) Thermal ccinduf:tivity/
diffusivity/(mm?>s™) (grem™) heat/(W-g 'K (W-m K™
OMn-0Sr 71.36 2.64 0.93 175.2
OMn-1Sr 72.48 2.63 0.95 181.1
OMn-2Sr 75.05 2.63 0.95 187.5
OMn-3Sr 75.19 2.62 0.94 185.2
2Mn-2Sr 68.45 2.66 0.91 165.7
4Mn-2Sr 69.62 2.66 0.91 168.5
6Mn-2Sr 64.41 2.67 0.89 153.1

Table 4 Electrical conductivities of as-cast Al-Si—Fe— Mg—Cu alloys with different Sr and Mn additions (% (IACS))

OMn-0Sr OMn-1Sr OMn-2Sr

OMn-3Sr

2Mn-2Sr 4Mn-2Sr 6Mn-2Sr

42.67+0.06 44.31+0.09 46.15+0.06

45.42+0.03

38.33+£0.04 39.56+0.06 36.86+0.10

<

LR

Fig. 10 SEM images of tensile fractographs of as-cast alloys: (a, d) OMn-0Sr alloy; (b, €) 0Mn-2Sr alloy; (c, f) 4Mn-2Sr

alloy

planes are observed in the 0Mn-0Sr alloy, as shown
in Figs. 10(a, d). As the Sr content increases to
0.02 wt.%, the OMn-2Sr alloy exhibits an obvious
ductile fracture, and some dimples are observed in
Figs. 10(b, ). With the further increase in the Mn
content to 0.4 wt.%, the area of the cleavage plane
considerably decreases, and more dimples are
observed, as shown in Figs. 10(c,f). This is
consistent with the results of the tensile test on the
alloys with various Sr and Mn contents.

4 Discussion

4.1 Microstructure evolution
The SDAS of a(Al) in the as-cast Al-Si—Fe—

Mg—Cu alloy is refined because of the enhancement
in undercooling caused by alloying elements. The
total undercooling (A7) of the dendrite tip of the
alloy during solidification is expressed as [33]

AT=ATAHATAAT, 2)

where ATi, AT, and AT: are the thermal
undercooling, composition undercooling, and
curvature undercooling, respectively. AT; and AT;
are assumed to be constants because of the same
experimental conditions. The addition of Sr and Mn
elements leads to redistribution of solutes at the
front of the solid/liquid interface, resulting in an
increment in AT.. Therefore, the enhanced AT
promotes nucleation of a(Al), and thus the refined
SDAS is obtained.
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For secondary phases, the addition of Sr
elements results in the formation of fibrous eutectic
Si phases due to the twin plane reentrant edge
(TPRE) mechanism [34]. Sr atoms are attached to
the twin boundaries of two {111}s; growth planes
to inhibit the optimal growth of Si, which leads to
the change in the direction of Si growth, resulting
in the high-density twins [35]. In addition, the
Mn element modifies the Fe-rich phases from
[-AlsFeSi phases with a needle-like morphology
to a-Al;s(Fe,Mn);Si, phases with a Chinese-script
morphology due to the variation in solidification
sequence [36]. The addition of Mn elements
increases the solidification temperature of Fe-rich
phases (close to or higher than that of the a(Al)
phase), which promotes the precipitation and
changes the morphology of the Fe-rich phase
because of the large growth space. However, the
further increase in the Mn content causes the
formation of large a-Alis(Fe,Mn);Si; phases due to
the excessive nucleation temperature [6].

4.2 Enhanced mechanical properties

After Sr and Mn alloying, there is an obvious
increase in strength of the as-cast Al-Si—Fe—Mg—
Cu alloys. The yield strength (oys) is expressed
by [37]

O'ys:AO'i+AO-gb+A0-eutectic+A0_ss+Ao-ppt (3)

where Ag; is the intrinsic strength, Aoy, is the grain
boundary strengthening, Aceuecic 1S the eutectic
phases strengthening, Acss is the solute solution
strengthening, and Agp, is the precipitation
hardening. In this study, the alloys without heat
treatment possess the same processing parameters,
which indicates that Agy and Adeuecic are major
factors. As the contents of Sr and Mn increase, the
SDAS of a(Al) grains decreases and the dislocation
movement during plastic deformation is hindered
by the increased number of dendrite boundaries
thus increasing the Acg [38]. With the increase
in the Sr content from 0 to 0.02 wt.%, the size of
the eutectic Si phases decreases, which weakens
the fragmentation effect of eutectic Si phases on
the a(Al) matrix and improves Aceutecic [39,40].
Although the eutectic Si phases of the alloy with
0.03 wt.% Sr are refined, the tendency of hydrogen
absorption increases, which increases the crack
propagation rate and weakens the mechanical
properties [41]. In addition, as the Mn content

increases from 0.2 to 0.4 wt.%, the number of
[-AlsFeSi phases decreases and the number of
o-Al;s(Fe,Mn);Si, phases increases, which weakens
the stress concentration and improves the
mechanical properties. However, when the Mn
content reaches 0.6 wt.%, the formation of large
a-Alis(Fe,Mn);Si, phases weakens the mechanical
properties of the alloy.

4.3 Improved thermal conductivity

The thermal conductivities of the alloys are
related to phonons and electrons. In Al alloys, the
electron is a major factor affecting the thermal
conductivity, which is attributed to the electron
movement [31]. The relationship between the
movement of electrons and resistivity (prowml) 1S
expressed by [12]

Proal=potpsstpptpitpes %)

where po is the basic resistivity of the alloy related
to the temperature, and pss, pp, pd, and pg, are the
resistivities caused by the solution atoms, secondary
phase, dislocations and grain boundaries,
respectively. In this study, Cu and Mg elements are
dissolved in the matrix and do not form phases with
other elements. Sr element is adsorbed on Si phases,
which indicates that pss is identical in the alloy
containing Sr. The effect of pq on the resistivity is
ignored at room temperature [13]. The small grain
diameter results in an increase in electron scattering
and a decrease in thermal conductivity [42].
Therefore, the resistivity caused by secondary
phases is a dominant factor affecting the thermal
conductivity, which is estimated by [5]

P H )

where m" is the electron mass, vr is the average
velocity of the electron near the Fermi surface, u
is the scattering coefficient, ne is the number of
electrons per unit volume, and e is the electron
charge. A smaller x corresponds to a smaller p,,
resulting in an improved thermal conductivity. As
the Sr content increases from 0 to 0.02 wt.%, the
refined eutectic Si phases are obtained, which
decreases ¢ and improves the thermal conductivity.
When the Sr content further increases to 0.03 wt.%,
the increased porosity decreases the -effective
thermal conduction area, leading to a decrease
in thermal conductivity [8]. The addition of Mn
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elements increases the degree of lattice distortion,
which increases pss. The thermal conductivity
decreases sharply when the Mn content is 0.2 wt.%.
The thermal conductivity is controlled by the
Mn solution and the morphology and distribution
of Fe-rich phases. The connectivity of Fe-rich
phases is weakened owing to the formation of
o-Alis(Fe,Mn);Si, phases, which decreases the
electron scattering in comparison to pS-AlsFeSi
phases. The thermal conductivity increases slightly
with the increase in the Mn content from 0.2 to
0.4 wt.%. However, when the Mn content is further
increased to 0.6 wt.%, the high content of
solid-solution Mn atoms has a detrimental effect
on the thermal conductivity due to the lattice
distortion, which decreases the thermal conductivity.
Therefore, the as-cast Al-Si—Fe—Mg—Cu alloy with
the addition of 0.02 wt.% Sr and 0.4 wt.% Mn
possesses a good combination of mechanical
properties and thermal conductivity.

5 Conclusions

(1) As the Sr content increases from 0 to
0.03 wt.%, the SDAS of a(Al) decreases and the
morphology of eutectic Si phases changes from
long strips to fine fibers in the as-cast Al-Si—Fe—
Mg—Cu alloy.

(2) With the increase in the Mn content from
0.2 to 0.4 wt.%, the needle-like f-AlsFeSi phases
are replaced by a-Alis(Fe,Mn);Si, phases. The
further increase in the Mn content leads to the
formation of large a-Al;s(Fe,Mn);Si, phases.

(3) Owing to the refined SDAS and formation
of fine fibrous eutectic Si phases and Chinese-script
o-Fe phases, the 4Mn—2Sr alloy possesses an
excellent mechanical performance, with UTS of
201.9 MPa, YS of 115.3 MPa, and EL of 9.0%.

(4) Owing to the change in morphology of
eutectic Si phases, the OMn—2Sr alloy has a
superior thermal conductivity of 187.5 W/(m-K),
but there is a negative effect on the thermal
conductivity due to the lattice distortion caused by
solid solution Mn atoms.
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