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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 β-Al5FeSi phases transform into 
Chinese-script α-Al15(Fe,Mn)3Si2 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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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. 

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 
solid solubility in α(Al), which deteriorates the 
mechanical properties [5]. SONG et al [6] reported 
that a gravity-cast Al−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 β-Al5FeSi 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  
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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 β-Al5FeSi 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 β-Al5FeSi 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 

0Mn-0Sr 8.08 0.43 0.56 0.15 0.00 0.00 Bal. 

0Mn-1Sr 8.20 0.42 0.56 0.15 0.00 0.01 Bal. 

0Mn-2Sr 7.97 0.42 0.58 0.17 0.00 0.02 Bal. 

0Mn-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 8.21 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.% HCl 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 μm 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 1×10−3 s−1 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] 

λ=αρcp                                                     (1) 
 
where α is the thermal diffusivity, ρ is the density 
and cp 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, 0Mn-1Sr, 0Mn-2Sr and 0Mn-3Sr alloys. 
The microstructures of the alloys consist of α(Al)  

 

 
Fig. 1 Schematics showing mold and sampling position for microstructure observation and performance testing (Unit: mm) 
 

 
Fig. 2 OM images of Al−Si−Fe−Mg−Cu alloys with various Sr contents: (a) 0 wt.%; (b) 0.01 wt.%; (c) 0.02 wt.%;    
(d) 0.03 wt.% 
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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 μm. 

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). 

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 

 

 
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 0Mn-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}Si 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 μm. 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, i). 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(a1–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 β-Al5FeSi. 
The HRTEM image (Fig. 8(a5)) shows that the 
interplanar spacing of (017�) of β-Al5FeSi 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(b1–b3) 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(b4) implies 
that the phase is α-Al15(Fe,Mn)3Si2 [19]. The 
HRTEM image in Fig. 8(b5) demonstrates that the 
interplanar spacing of (111) of the α-Al15(Fe,Mn)3Si2 
phase is 0.86 nm. 
 
3.3 Mechanical properties 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%. 
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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) 
 

 
Fig. 8 TEM characterization for 0Mn-2Sr and 4Mn-2Sr alloys: (a) Bright-field image of β-Al5FeSi phase in 0Mn-2Sr 
alloy; (a1–a3) Element mapping results for (a); (a4, a5) SAED pattern and HRTEM image of β-Al5FeSi phase;        
(b) Bright-field image of α-Al15(Fe,Mn)3Si2 phase in 4Mn−2Sr alloy; (b1–b3) Element mapping results for (b);       
(b4, b5) SAED pattern and HRTEM image of α-Al15(Fe,Mn)3Si2 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/% 

0Mn-0Sr 139.1±2.4 72.1±5.1 3.4±2.2 

0Mn-1Sr 163.1±3.1 76.7±2.4 5.1±1.4 

0Mn-2Sr 182.3±3.9 89.3±1.3 6.8±2.7 

0Mn-3Sr 173.4±6.5 87.7±2.5 6.1±2.5 

2Mn-2Sr 195.3±2.9 102.9±3.4 7.5±1.3 

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 0Mn-0Sr, 0Mn-2Sr, and 
4Mn-2Sr 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 

diffusivity/(mm2·s−1) 
Density/ 
(g·cm−3) 

Specific 
heat/(W·g−1·K−1) 

Thermal conductivity/ 
(W·m−1·K−1) 

0Mn-0Sr 71.36 2.64 0.93 175.2 

0Mn-1Sr 72.48 2.63 0.95 181.1 

0Mn-2Sr 75.05 2.63 0.95 187.5 

0Mn-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)) 

0Mn-0Sr 0Mn-1Sr 0Mn-2Sr 0Mn-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 
 

 
Fig. 10 SEM images of tensile fractographs of as-cast alloys: (a, d) 0Mn-0Sr alloy; (b, e) 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 0Mn-2Sr alloy exhibits an obvious 
ductile fracture, and some dimples are observed in 
Figs. 10(b, e). 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 α(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 (ΔT) of the dendrite tip of the 
alloy during solidification is expressed as [33]  
∆T=∆Tt+∆Tc+∆Tr                                        (2)  
where ∆Tt, ∆Tc, and ∆Tr are the thermal 
undercooling, composition undercooling, and 
curvature undercooling, respectively. ∆Tt and ∆Tr 
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 ∆Tc. Therefore, the enhanced ∆Tc 
promotes nucleation of α(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}Si 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 
β-Al5FeSi phases with a needle-like morphology  
to α-Al15(Fe,Mn)3Si2 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 α(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 α-Al15(Fe,Mn)3Si2 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 (σys) is expressed   
by [37]  
σys=∆σi+∆σgb+∆σeutectic+∆σss+∆σppt                   (3) 
 
where ∆σi is the intrinsic strength, ∆σgb is the grain 
boundary strengthening, ∆σeutectic is the eutectic 
phases strengthening, ∆σss is the solute solution 
strengthening, and ∆σppt is the precipitation 
hardening. In this study, the alloys without heat 
treatment possess the same processing parameters, 
which indicates that ∆σgb and ∆σeutectic are major 
factors. As the contents of Sr and Mn increase, the 
SDAS of α(Al) grains decreases and the dislocation 
movement during plastic deformation is hindered 
by the increased number of dendrite boundaries 
thus increasing the ∆σgb [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 α(Al) matrix and improves ∆σeutectic [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 
β-Al5FeSi phases decreases and the number of 
α-Al15(Fe,Mn)3Si2 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 
α-Al15(Fe,Mn)3Si2 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 (ρtotal) is 
expressed by [12]  
ρtotal=ρ0+ρSS+ρp+ρd+ρgb                                 (4)  
where ρ0 is the basic resistivity of the alloy related 
to the temperature, and ρSS, ρp, ρd, and ρgb 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 ρSS is identical in the alloy 
containing Sr. The effect of ρd 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]  

*
F

p 2
ef

= m v
n e

ρ µ                              (5) 
 
where m* is the electron mass, vF is the average 
velocity of the electron near the Fermi surface, μ  
is the scattering coefficient, nef is the number of 
electrons per unit volume, and e is the electron 
charge. A smaller μ corresponds to a smaller ρp, 
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 μ 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 ρSS. 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 
α-Al15(Fe,Mn)3Si2 phases, which decreases the 
electron scattering in comparison to β-Al5FeSi 
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 α(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 β-Al5FeSi phases 
are replaced by α-Al15(Fe,Mn)3Si2 phases. The 
further increase in the Mn content leads to the 
formation of large α-Al15(Fe,Mn)3Si2 phases. 

(3) Owing to the refined SDAS and formation 
of fine fibrous eutectic Si phases and Chinese-script 
α-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 0Mn−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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摘  要：为了制备综合性能优异的 Al−Si−Fe−Mg−Cu 合金，采用 Sr 和 Mn 元素对共晶 Si 和富 Fe 第二相进行改

性。结果表明，当 Sr 含量从 0 增加至 0.02%(质量分数)，共晶 Si 形貌由粗大片层状变为了细小纤维状。然而，由

于 Sr 添加易引起孔隙率上升，Sr 含量为 0.03%(质量分数)的铸态 Al−Si−Fe−Mg−Cu 合金的力学和热导率下降。在

优化 Sr 含量基础之上，加入 Mn 进一步调控铸态合金的性能。当 Mn 含量由 0.2%增加至 0.6%(质量分数)，针状

β-Al5FeSi 相转变为汉字状 α-Al15(Fe,Mn)3Si2 相，合金力学性能先升高后降低。由于 Mn 原子的固溶，合金热导率

降低。相比之下，添加 0.02% Sr 和 0.4% Mn(质量分数)的 Al−Si−Fe−Mg−Cu−Sr 合金表现出优异的综合性能，其

热导率为 168.5 W/(m·K)，抗拉强度为 201.9 MPa，屈服强度为 115.3 MPa，伸长率为 9.0%。 

关键词：Al−Si 合金；变质处理；第二相；力学性能；热导率 
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