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Abstract: Three kinds of Al−5Sr−5Sb modifiers were prepared by permanent mold casting (PMC), controlled diffusion 
solidification (CDS), and rolling. The influence of the preparation method on Al−5Sr−5Sb was examined by assessing 
the melting enthalpy from DSC curves and conducting first-principles calculations. Al−5Sr−5Sb was incorporated into 
AlSi10MnMg alloy to examine the modification effect and mechanism. It is found that the AlSi10MnMg alloy modified 
with CDS-prepared Al−5Sr−5Sb shows significant improvement in its microstructure, changing the eutectic Si phase 
from lamellar to coral-like or fiber-like structures. This modification leads to enhanced macroscopic properties: the  
thermal conductivity is increased by 24.14% to 189.63 W/(m·K), elongation is increased by 59.15% to 10.87%, and 
tensile strength is increased by 66.9% to 254.98 MPa compared to the unmodified alloy. 
Key words: controlled diffusion solidification; modification; AlSi10MnMg; first-principles; thermal conductivity; 
mechanical properties 
                                                                                                             
 
 
1 Introduction 
 

Al−Si alloys, extensively used in the 
petrochemical, medical, aviation, construction, and 
military fields, are renowned for their superior 
casting performance, high specific strength, and 
low cost [1,2]. The application of Al−Si alloys in 
electric vehicles has garnered renewed interest, 
especially with the introduction of concepts such as 
“integration of automotive structural parts” and 
“lightweight electric vehicles” [3,4]. Common 
Al−Si alloys such as A356 and ADC12, known for 
their excellent mechanical properties and casting 
performance, are limited by their thermal 
conductivity, which ranges 120−140 W/(m·K) at 

room temperature [5,6].  
AlSi10MnMg, a hypoeutectic Al−Si alloy, is 

widely used in electric vehicle production due    
to its narrow solidification temperature range, high 
latent solidification heat, and low linear shrinkage 
coefficient [7]. However, the typically disordered 
eutectic Si phases, characterized by thick needles, 
serve as stress points under load, resulting in cracks 
and adversely impacting the mechanical properties 
of the alloy [8,9]. Moreover, the Si phase in Al−Si 
alloys significantly obstructs free electron transfer, 
impacting the thermal conductivity of alloy [10]. 

Modifying the alloy by adding single or 
multiple elements to refine the α(Al) and Si  
phases is an established method for preparing Al−Si 
alloys [11]. Common aluminum modifiers include 
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B, Sr, Na, P, Ti, and RE, with combinations such as 
Sr+ RE, Ti+ B, Na+ Sr, and P+B used in composite 
modifications [12,13]. Composite modification 
generally surpasses single-modification treatment in 
Al−Si alloys. Nevertheless, composite modification 
treatment typically involves incorporating multiple 
modifying elements into the alloy, along with 
complex temperature control during the process, 
which can result in issues such as increased 
preparation costs. Composite modifiers, however, 
effectively mitigate these challenges [14]. 

Sr can effectively transform eutectic Si from a 
thick needle-like structure to a fiber-like structure 
and enhance the mechanical properties of the alloy. 
However, Sr tends to increase the inspiratory 
tendency of the melt, leading to defects such as 
shrinkage porosity [15]. Moreover, some studies 
have indicated that adding Sr can improve the 
thermal conductivity of hypoeutectic Al−Si   
alloys, with the refinement of eutectic Si being the 
primary contributing factor [16,17]. Additionally, 
introducing an appropriate amount of Sb to the 
alloy melt can reduce its inspiratory tendency, 
increase its densification, and enhance its 
mechanical properties [18]. However, Sb addition 
has minimal impact on the thermal conductivity of 
aluminum [19]. Consequently, Sr and Sb were used 
to prepare the modifier, each compensating for the 
limitations of the other, thereby achieving a more 
effective modification. 

The most commonly employed methods for 
preparing modifiers include infiltration, thermal 
reduction, and fused salt electrolysis [20,21]. These 
methods necessitate complex equipment and stringent 
process control for composite modifier preparation. 

Permanent mold casting (PMC) produces 
castings characterized by a high surface finish, 

simple processing, and rapid cooling, making it 
suitable for modifier preparation. Controlled 
diffusion solidification (CDS) involves mixing two 
alloy melts (parent alloys) of different compositions 
and temperatures to obtain a target alloy melt 
slightly below the liquidus temperature [22,23]. 
CDS offer a fine, uniform product structure, high 
melt purity, and minimal equipment investment, 
making it suitable for preparing composite 
modifiers [24]. Rolling, which is crucial for refining 
grain size and improving alloy microstructure [25], 
effectively enhances the modifying effect of the 
Al−Sr−Sb modifier through microstructure and 
phase improvement. 

Considering the inverse relationship between 
thermal conductivity and mechanical properties in 
aluminum alloys, it is crucial to develop a 
composite modifier through various preparation 
processes. This approach aims to enhance the 
thermal conductivity and mechanical properties of 
Al−Si alloys while minimizing costs associated 
with alloying structural defects and preparation 
procedures. 
 
2 Experimental 
 

The Al−Sr−Sb modifier was prepared using 
Al−10Sr and Al−10Sb master alloys, and the 
Al−5Sr−5Sb modifier was produced through 
permanent mold casting (PMC), controlled 
diffusion solidification (CDS), and rolling. 

Based on previous research [26], 4 wt.% 
Al−5Sr−5Sb modifier was added to commercial 
AlSi10MnMg alloys to assess the effectiveness of 
the modification using the PMC process. The 
chemical composition of the alloy was analyzed 
using ICP−AES, as detailed in Table 1. 

 
Table 1 Chemical composition of experimental alloys (wt.%) 

Alloy Si Mn Mg Ti Fe Sr Sb Al 

AlSi10MnMg 10.41 0.58 0.337 0.14 0.076   Bal. 

Al−10Sr      10.46  Bal. 

Al−10Sb       9.87 Bal. 

Al−5Sr−5Sb (PMC)      4.88 5.43 Bal. 

Al−5Sr−5Sb (CDS)      4.79 5.19 Bal. 

Al−5Sr−5Sb (rolled)      4.92 5.32 Bal. 
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2.1 Material preparation 
2.1.1 Al−5Sr−5Sb preparation by PMC 

During the PMC process, the Al−10Sr and 
Al−10Sb master alloys were first placed in a 
resistance furnace and melted at 790 °C. Once fully 
melted, the mixture was stirred with a graphite rod, 
and 1 wt.% covering agent (0.5 wt.% NaCl + 
0.5 wt.% KCl) was evenly distributed over the 
surface of the melt. The temperature of the melt was 
then adjusted to 760 °C and held steady for 30 min. 
After insulation, the melt was poured into a 
preheated metal-type mold at 250 °C to obtain an 
alloy test bar of d18 mm×150 mm. 
2.1.2 Al−5Sr−5Sb preparation by CDS 

As illustrated in Fig. 1(a), the CDS process 
involves two SRJX-4−12 resistance furnaces to 
melt the Al−10Sr and Al−10Sb master alloys. 
Furnace No. 1 was heated to 720 °C, and Furnace 
No. 2 was heated to 820 °C. Al−10Sb low- 
temperature melt was prepared in Furnace No. 1.  
In contrast, Al−10Sr high-temperature melt was 
prepared in Furnace No. 2. After the master alloys 
were melted and maintained warm for 15−20 min, 
the high-temperature melt from Furnace No. 1 was 
quickly poured into Furnace No. 2 and stirred. Once 
the mixed melt temperature reached 740−750 °C, it 
was cast into a preheated 250 °C permanent mold to 
form samples of the same size as those prepared by 
PMC. 
2.1.3 Al−5Sr−5Sb preparation by rolling 

Figure 1(b) shows a schematic of the rolling 
process. A cut steel plate was polished, cleaned, and 
brushed with a release agent during this process. 
The Al−10Sr and Al−10Sb master alloys were 
melted in a resistance furnace, reaching and 
maintaining a temperature of 770 °C for 30 min. 
Once the insulation was complete, the roll gap was 
set to be 7 mm, and the roll speed was set to be 
50 r/min. The rolling mill was initiated at room 
temperature, and the alloy melt was poured onto the 
prepared steel plate and passed through the rolls for 
rolling, followed by air cooling. The alloy specimen 
was then removed from the steel plate. 
2.1.4 Modification of AlSi10MnMg 

Three Al−5Sr−5Sb modifiers were added to 
the AlSi10MnMg alloy by PMC, each constituting 
4 wt.% of the alloy. During the melting, the 
AlSi10MnMg alloy was first placed in a graphite 
crucible inside a resistance furnace and heated to 
730 °C to melt the alloy. The Al−5Sr−5Sb modifier 

was introduced into the AlSi10MnMg melt upon 
reaching 740 °C. Once the modifier was completely 
dissolved, it was uniformly dispersed using a 
graphite rod and held for 30 min. Following this, 
the melt temperature was adjusted to 720 °C, and 
C2Cl6 was introduced for refining and slag removal. 
Following refining, the melt temperature was 
adjusted to 690 °C, and the sample was poured into 
a preheated 250 °C metal mold to cast an alloy test 
bar with dimensions of d18 mm×150 mm. 
 

 
Fig. 1 Schematic of preparation of Al−5Sr−5Sb: (a) CDS; 
(b) Rolling 
 
2.2 Material characterization and property 

testing 
The Archimedes drainage method was utilized 

to measure the density of the alloy samples. An 
LFA457 laser thermal conductivity instrument was 
used to assess the thermal diffusivity of the  
samples, and an STA449C simultaneous thermal 
analyzer was used to measure the specific heat 
capacity and DSC curves. Three specimens for each 
experimental parameter were selected, with the 
average value considered as the final result. The 
thermal conductivity (λ) is calculated using the 
following formula:  
λ=ραcp                                                    (1)  
where ρ is the density (g/cm3), α is the thermal 
diffusion coefficient (mm2/s), and cp is the specific 
heat capacity (J/g·K). 

The DK7−725 EDM CNC cutting machine 
was used to sample the center of the alloy test bar 
(d12.7 mm × 3 mm) for microstructure observation 
and thermal conductivity testing. The mechanical 



Wen-jing LIU, et al/Trans. Nonferrous Met. Soc. China 35(2025) 2164−2182 

 

2167 

properties were tested on a WDW−100D electronic 
universal material testing machine with a tensile 
rate of 0.5 mm/min and a measurement length of 
20 mm. The dimensions of the tensile specimen  
are shown in Fig. 2; three specimens for each 
experimental parameter were selected, and the 
average value was calculated as the result. 
 

 
Fig. 2 Dimensions of tensile specimen (Unit: mm) 
 
2.3 Microstructure characterization 

The specimens for microstructure analysis 
were extracted from the central region of the 
cross-section of the cast aluminum alloy bar. X-ray 
diffraction (XRD, D8−ADVANCE) was employed 
to analyze the alloy phases under the following test 
conditions: an operating voltage and current of 
40 kV and 40 mA, respectively, a scanning speed of 
2 (°)/min, and a scanning angle range from 20° to 
90°. Optical microscopy (OM, Axio Scope A1) was 
utilized to examine the grain distribution and size 
within the alloys. Scanning electron microscopy 
(SEM, QUANTA FEG−450) was used to examine 
the morphology and distribution of some second 
phases, such as intermetallics and primary 
precipitates. Energy dispersive spectroscopy (EDS) 
was used to analyze the concentration of alloying 
elements and intermetallic compounds in the 
microzone as well as the phase composition. The 
OM and SEM specimens were ground and polished 
using a series of SiC grinding papers (400−2000 
grit) followed by a diamond polishing agent (5 μm). 
The OM and SEM testing specimens were also 
etched after polishing with Keller’s reagent (95 mL 
water, 2.5 mL HNO3, 1.5 mL HCl, and 1 mL HF). 
 
2.4 Computational details 

First-principles calculations were performed 
using the Cambridge Sequential Total Energy 
Package (CASTEP) code, based on density 
functional theory (DFT) [27]. The Kohn–Sham 
equations were solved using the plane-wave 
pseudopotential technique [28], with the exchange− 
correlation function in the electron–electron 
interaction treated using the Perdew–Burke–

Ernzerhof (PBE) function [29] and the generalized 
gradient approximation (GGA) [30,31]. The crystal 
structure was geometrically optimized using    
the Broyden−Fletcher−Goldfarb−Shanno (BFGS) 
method [32]. Various cutoff energies were tested: 
550 eV for the Al−5Sr−5Sb calculations and 440 eV 
for the Al4Sr, AlSb, and Sr2Sb calculations. The   
7×7×7 and 6×6×6 k-point meshes produced an 
irreducible Brillouin zone in cubic Al−5Sr−5Sb and 
AlSb, while a 10×10×4 (7×7×2) k-point mesh was 
used for the tetragonal Al4Sr (Sr2Sb) phases. The 
Hellman–Feynman force per atom was minimized 
to less than 0.01 eV/Å. The calculated equilibrium 
unit cell volume is used to determine other 
properties. 
 
3 Results and discussion 
 
3.1 Microstructures of Al−5Sr−5Sb modifier 

prepared by different methods 
The microstructures of the Al−5Sr−5Sb 

modifiers prepared by different processes are shown 
in Fig. 3. Compared to PMC (Fig. 3(a)), CDS 
(Fig. 3(b)) and rolling (Fig. 3(c)) more effectively 
refine the α(Al) grains (Fig. 4). In the CDS process, 
the rapid mixing of high-temperature and low- 
temperature melts near liquid conditions results in 
supercooling and temperature variance in certain 
regions. Mixing melts with different solute 
concentrations results in atomic clusters in the 
mixed melt, leading to temperature and 
concentration fluctuations in the alloy melt, 
providing two primary conditions for nucleation. 
Hence, numerous critical nuclei is formed in the 
mixed melt instantly, refining the grains [33,34]. 
During the rolling process, plastic deformation 
during rolling refines the grains [35]. Consequently, 
the microstructure of the Al−5Sr−5Sb modifier 
prepared from CDS is more pronouncedly refined 
than that of PMC. 

The XRD patterns of Al−5Sr−5Sb prepared 
through various methods are illustrated in Fig. 5. 
The analysis reveals consistent phases in the 
Al−5Sr−5Sb modifier, primarily Al, Al4Sr, AlSb, 
and Sr2Sb, regardless of the preparation method 
employed. The presence of Al4Sr and AlSb is 
critical to the efficacy of the Al−5Sr−5Sb modifier, 
with Al4Sr aiding in the diffusion of Sr atoms 
within the Al−Si alloy melt. However, the impact  
of this change becomes evident only when the Sr  
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Fig. 3 Microstructures of Al−5Sr−5Sb modifiers with 
different preparation processes: (a) PMC; (b) CDS;    
(c) Rolling 
 

 
Fig. 4 Average area of α(Al) of Al−5Sr−5Sb modifiers 
with different preparation processes 
 
atoms reach adsorption equilibrium with the crystal 
embryos of Si phase [36]. Thus, the effectiveness of 
the modifier is contingent upon the capacity of 
Al4Sr to dissociate Sr atoms, with the extent of 
dissociation influenced by the morphology and size 

of Al4Sr [37]. In AlSb, the presence of Sb alters the 
liquid phase structure, promoting Si atom clustering 
and forming the eutectic Si phase, thereby 
enhancing its stability. However, it does not 
transform the morphology of the eutectic Si phase 
into a fiber-like structure [38]. 
 

 
Fig. 5 XRD patterns of Al−5Sr−5Sb modifiers prepared 
by different processes 
 

The SEM images (Fig. 6) reveal that the 
preparation method significantly affects the 
morphology and size of the precipitates in the alloy. 
The EDS point scanning results (Fig. 7), combined 
with the Al−Sr and Al−Sb phase diagrams and   
the XRD pattern (Fig. 5), confirm that the main 
precipitated phases in the Al−5Sr−5Sb modifier are 
Al4Sr and AlSb. In PMC-prepared Al−5Sr−5Sb 
(Fig. 6(a)), Al4Sr is distributed in α(Al) in long  
strip shapes, and AlSb aggregates around grain 
boundaries in irregular granular or spherical shapes. 
In the CDS-prepared modifier (Fig. 6(b)), Al4Sr is 
significantly refined, transforming from strip to 
finer, smaller fiber-like shapes; AlSb appears as 
long needle-like and irregular block-like structures, 
with some clustering at grain boundaries. The 
rolling process (Fig. 6(c)) results in smaller Al4Sr 
than PMC, maintaining a strip-like shape and a 
prevalence of granular AlSb compared to the 
needle-like structures in the CDS-prepared alloy. 

In general, the size and morphology of Al4Sr 
and AlSb significantly affect the modification 
performance, which is also affected by the 
preparation process. For example, according to 
industrial practices, the modification efficiency 
depends upon the dissolution and diffusion rates of 
the phases, which are related to their morphology, 
size, and defects [39]. 
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Fig. 6 SEM images of Al−5Sr−5Sb modifiers after different preparation processes: (a) PMC; (b) CDS; (c) Rolling 
 

 

Fig. 7 EDS point scanning results of Al−5Sr−5Sb in Fig. 6: (a) Point 1; (b) Point 2; (c) Point 3; (d) Point 4; (e) Point 5 
 

Image-Pro Plus 6.0 software was used to 
measure the lengths of Al4Sr and AlSb in 10 SEM 
images from different experiments, and the results 
are presented in Fig. 8. 

The average sizes of Al4Sr and AlSb in 
Al−5Sr−5Sb, which were prepared through CDS 
and rolling, are smaller than those in the modifier 
prepared via PMC. Specifically, the average size of 
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Al4Sr prepared through CDS is 107.89 µm, while 
that of AlSb is 52.43 µm. Therefore, CDS is proven 
to be a more suitable method for preparing the 
Al−5Sr−5Sb modifier. 
 

 
Fig. 8 Average length of Al4Sr and AlSb in Al−5Sr−5Sb 
with different preparation processes 
 

In Fig. 9(a), the DSC curves illustrate the 
behavior of the Al−5Sr−5Sb modifier with different 
preparation processes at a heating rate of 20 K/min. 
To determine the melting enthalpy of the 
Al−5Sr−5Sb modifier, the heat absorption peaks in 
the DSC patterns were integrated over time for 
three preparation processes. The results are depicted 
in Fig. 9(b). Notably, the Al−5Sr−5Sb modifier 
prepared through PMC exhibits the highest melting 
enthalpy, reaching 410.6 J/g. In contrast, the 
Al−5Sr−5Sb alloy achieves a melting enthalpy of 
356.1 J/g after rolling, while the Al−5Sr−5Sb alloy 
prepared via CDS has the lowest melting enthalpy 
of 308.9 J/g. 

The variations in alloy structure reflect the 
differences in the melting enthalpy of the 
Al−5Sr−5Sb alloy with different preparation 
processes. Notably, intergranular structures, such  
as Al4Sr, produced through CDS exhibit finer 
characteristics than the modifiers prepared via PMC 
and rolling. This finer structure increases the 
surface free energy of Al4Sr and AlSb, thereby 
elevating the energy of the alloy system and 
resulting in the lowest melting enthalpy. 

When Al−5Sr−5Sb modifiers are introduced 
into the Al−Si alloy melt through various processes, 
the one with the lowest melting enthalpy, as seen 
with Al−5Sr−5Sb prepared through CDS, generates 
the most energy within the entire melt [40]. This 
phenomenon accelerates the decomposition of the 

Al4Sr and AlSb phases into Sr and Sb atoms, which 
subsequently diffuse extensively throughout the 
eutectic Si, influencing its growth pattern. 
Moreover, Sb contributes to more thorough 
refinement of the eutectic Si phase. 
 

 
Fig. 9 DSC curves and melting enthalpy of Al−5Sr−5Sb 
prepared by different processes: (a) DSC curves;      
(b) Melting enthalpy 
 

In the EDS point scan of the Al−5Sr−5Sb 
modifier, a minimal presence of a round particle 
phase is observed, as depicted in Fig. 10. Analysis 
of the EDS point scanning results, XRD patterns 
(Fig. 5), and the Sr−Sb phase diagram identifies this 
circular particle phase as Sr2Sb. IVANOV et al [41] 
determined the mixing enthalpy of a Sr−Sb melt 
using isoperibolic calorimetry, revealing a melting 
enthalpy, ΔHmin, of (−70.1±4.8) kJ/mol. This 
indicates a significant exothermic mixing effect in 
the Sr−Sb system, suggesting a strong interaction 
between the Sr−Sb components, in alignment with 
the Sr−Sb phase diagram. 
 
3.2 First-principles study 

A 2×2×2 FCC supercell model containing 32 
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Al atoms was constructed. To replicate the chemical 
composition, 6 Sr atoms and 4 Sb atoms replaced 
10 Al atoms, forming an Al−5Sr−5Sb (Al22Sr6Sb4) 
alloy supercell model, as shown in Fig. 11(a).   
The Debye temperature of Al−5Sr−5Sb, ranging 
from 0 to 1400 K, is presented in Fig. 11(b). This 
temperature increases between 0 and 1400 K, 
following the T3 law of the Debye model. The 
Debye temperature at room temperature, 367.8 K, 
suggests weak interatomic forces within the 
material. 

The electronic properties of Al−5Sr−5Sb were 
deduced from the electronic band structure, along 

with the total and partial density of states. These 
findings provide insights into the conductivity and 
bonding characteristics of the materials. The band 
structure, observed in Fig. 11(c), shows an overlap 
of the valence and conduction bands at the Fermi 
level, indicating metallic characteristics with Ef=0. 
The predominance of Al S-electrons in Al−5Sr−5Sb 
is evident, as shown in Fig. 11(d). 

The Fermi level, indicated by a dotted line, 
intersects the aluminum s-like and p-like states, Sr 
s-like states, and Sb s-like and p-like states, 
demonstrating the conducting nature of the  
material. The calculated total density of states for 

 

 
Fig. 10 EDS point scanning results of Sr2Sb: (a) SEM image of Sr2Sb; (b) Point scanning spectrum of Sr2Sb 
 

 
Fig. 11 Calculations results of Al−Sr−Sb: (a) Al−5Sr−5Sb structure (Al22Sr6Sb4); (b) Debye temperature of Al−Sr−Sb; 
(c) Electronic band structure of Al−Sr−Sb; (d) Total and partial density of states of Al−Sr−Sb 
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Al−5Sr−5Sb reveals a significant contribution  
from the s-electrons of Al, which is crucial to 
determining the conductivity and bonding 
properties of the alloy. 

Conventional experimental methods are 
efficient at evaluating the specific phase 
performance of alloys. To understand the effect   
of the AlSb, Al4Sr, and Sr2Sb phases on the 
Al−5Sr−5Sb properties (Fig. 12), XRD patterns 
(Fig. 5) were analyzed. Table 2 lists the crystal 
structures and lattice constants of each phase 
derived from these calculations. 
 

 
Fig. 12 Optimized geometry models: (a) AlSb; (b) Sr2Sb; 
(c) Al4Sr 
 
Table 2 Lattice structure and lattice constants of Al4Sr, 
AlSb, and Sr2Sb 

Phase 
Space 
group 

Crystal 
system 

Lattice constant 

a/Å b/Å c/Å 

Al4Sr I4/mmm Tetragonal 4.44 4.44 11.21 

AlSb 43F m   Cubic 6.19 6.19 6.19 

Sr2Sb I4/mmm Tetragonal 5.05 5.05 17.83 
 

The Debye temperature (θD) is integral for 
assessing a material’s structural stability and 
bonding strength. A high θD typically signifies 
strong chemical bonds and superior thermal 
conductivity [42]. The Debye temperature can 
usually be calculated by the average acoustic 
velocity (Vm) [43]:  

1/3
A

D m
B

3=
4π

N ρh nθ V
k M

  ⋅     
                 (2) 

 
where h is Planck’s constant, kB is Boltzmann’s 
constant, NA is Avogadro’s constant, ρ represents 

the density of the compound, M indicates the molar 
mass of the compound, and n represents the total 
number of atoms in each chemical formula. The 
average bulk modulus (BH) and average shear 
modulus (GH) of the intermetallic compound were 
determined using CASTEP. The transverse and 
longitudinal velocities of the material phonons, Vt 
and V1, respectively, and the average acoustic wave 
velocity, Vm, can be approximated by the following 
equation:  

1/3

m 3 3
l t

1 1 2=
3

V
V V

−
  

⋅ +  
   

                   (3) 

 
1/2

l
4 /
3

V B G ρ  = +    
                     (4) 

 
1/2

t [ / ]V G ρ=                              (5) 
 

Table 3 presents the BH, GH, and B/G values, 
Poisson’s ratio, and θD for each phase. The B/G 
values, according to Pugh’s empirical criterion [44], 
indicate material ductility. A higher B/G value 
implies better plastic toughness, while a lower 
value indicates fragility, with a critical boundary of 
1.75. The Poisson’s ratio (v) reflects the ductility 
strength of the material [45]:  

H H

H H

3 2
6 +2
B Gv
B G

−
=                           (6) 

 
The B/G values of Al4Sr and Sr2Sb, which are 

close to 1.75, suggest their brittle nature. The B/G 
value of AlSb is 1.36, which is the smallest for 
Al−5Sr−5Sb and below Pugh’s critical value, 
indicating fragility and resistance to deformation. 
 
Table 3 CASTEP calculation results 

Phase BH/GPa GH/GPa B/G v ρ/cm–3 

Al4Sr 53.21 31.65 1.68 0.264 2.93 

AlSb 26.91 19.77 1.36 0.197 4.33 

Sr2Sb 49.74 30.32 1.64 0.255 4.18 

 
The Debye temperature is pivotal for 

determining the thermophysical properties of the 
materials. This is associated with the lattice thermal 
conductivity of a solid, where a higher Debye 
temperature usually indicates superior thermal 
conductivity at room temperature [46]. The 
calculated Debye temperature (θD), as presented in 
Fig. 13, reveals an increase in Debye temperature of 
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Fig. 13 Debye temperature of phases 

the studied compounds with increasing the 
temperature. In the Al−5Sr−5Sb alloy, the Debye 
temperatures of the phases, Al4Sr, Sr2Sb, and  
AlSb, are in descending order. The highest Debye 
temperature at room temperature is observed for 
Al4Sr, at 494.27 K, whereas AlSb and Sr2Sb exhibit 
lower temperatures of 296.46 K and 351.11 K, 
respectively. Lower Debye temperature in AlSb 
adversely affects the thermal conductivity of 
modified Al−Si alloys [47]. 

This study examines the electrical properties 
and bonding characteristics of Al4Sr, AlSb, and 
Sr2Sb. Figure 14 illustrates their electronic band 
structures and density of states. The energy band 

 

 
Fig. 14 Electronic band structure (a, c, e) and density of states (b, d, f) of Al4Sr (a, b), AlSb (c, d), and Sr2Sb (e, f) 
phases 
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profiles in Figs. 14(a, e) indicate an overlap of 
valence and conduction bands of Al4Sr and Sr2Sb at 
the Fermi energy level, suggesting their metallic 
properties. Figure 14(c) depicts the energy band 
structure of AlSb, showing a direct band gap and  
its semiconductor nature. These band structures 
correspond to the Debye temperatures (Fig. 13). In 
Al4Sr and Sr2Sb, the dominance of Al s-electrons 
and Sr s-electrons is evident, as indicated in 
Figs. 14(b, f). Moreover, the Fermi level in Al4Sr, 
indicated by a dotted line, intersects the s-like and 
p-like states of Al and the s-like state of Sr. In Sr2Sb, 
the Fermi level engages with the s-like states of Sr 
and s-like and p-like states of Sb, reflecting the 
metallic and conducting characteristics of both 
compounds. Notably, AlSb displays a DOS value of 
0 near the Fermi level, as depicted in Fig. 14(d). 
This characteristic, in combination with the AlSb 
energy band structure, reveals a semiconducting 
nature due to a band gap. 

Whether compounds exhibit a ductile or brittle 
nature can be determined by analyzing the electron 
density of states at the Fermi level [48]. The 
computational findings indicate that both the Al4Sr 
and Sr2Sb compounds exhibit a DOS value at the 
Fermi level, in contrast to AlSb (Fig. 14). Based on 
these results, it can be confidently concluded that 
both Al4Sr and Sr2Sb possess a brittle nature, which 

aligns with the results obtained from the B/G ratio, 
as shown in Table 3. 
 
3.3 Effect of Al−5Sr−5Sb modifier prepared with 

different methods on AlSi10MnMg alloy 
The effectiveness of the PMC-, CDS-, and 

rolling-prepared Al−5Sr−5Sb modifiers in the 
AlSi10MnMg alloys was assessed. Figure 15 
compares the microstructures of the unmodified and 
modified AlSi10MnMg alloys. The primary features 
of the unmodified alloy include α(Al) and eutectic 
Si, with the former appearing light-colored and the 
latter appearing dark-colored in the figure. The 
needle-like, disorderly distributed eutectic Si in the 
unmodified alloy (Fig. 15(a)) contrasts sharply with 
that in the modified alloy, where α(Al) is refined, 
eutectic Si is diffused, and the continuity of the 
alloy matrix is enhanced. 

The size of the α-Al was evaluated through  
the secondary dendrite arm spacing (SDAS) 
characterization utilizing Image-Pro Plus 6.0 
software (Fig. 16). The SDAS measurements were 
calculated in a vertical cross section, exhibiting a 
uniform arrangement consistent with the orientation 
of dendrites. This arrangement facilitates the 
attachment of a second dendritic crystal to the same 
dendrite, with the gap between secondary dendrite 
arms indicated by λ2. 

 

 
Fig. 15 Microstructures of AlSi10MnMg alloys unmodified (a) and modified with Al−5Sr−5Sb prepared by different 
processes: (b) PMC; (c) CDS; (d) Rolling 
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Fig. 16 Secondary dendrite arm spacing (λ2) of α(Al) 
phase unmodified and after addition of Al−5Sr−5Sb 
modifier prepared by different processes 
 

Figure 15 illustrates the impact of three  
kinds of Al−5Sr−5Sb modifiers on α(Al) in the 
AlSi10MnMg alloy. Compared to the SDAS of the 
unmodified AlSi10MnMg alloy, the SDAS of the 
modified sample shows improvement. Particularly, 
the Al−5Sr−5Sb modifier prepared using CDS 
demonstrates the most effective refinement, with an 
SDAS of 14.2 µm, which represents a reduction of 

 22.83% compared to the unmodified alloy. Under 
normal solidification conditions, the diffusion 
kinetics indicates that the Sr and Sb distribution 
coefficients in Al−5Sr−5Sb-modified AlSi10MnMg 
alloy melt are low. Consequently, these elements 
accumulate at the solid−liquid interface front, 
altering the solute distribution and enhancing the 
subcooling of the alloy. This results in increased 
α(Al) branching and reduced SDAS size [49,50]. 
Additionally, the size of the Al4Sr in the Al−5Sr− 
5Sb prepared with CDS decreases, facilitating the 
dissolution of Sr atoms and thereby enhancing the 
refinement process and reducing the SDAS size of 
α(Al). 

Figure 17 shows the three-dimensional 
morphology of the eutectic Si phase in the 
AlSi10MnMg alloys unmodified and after adding 
the three kinds of Al−5Sr−5Sb modifiers. In the 
unmodified AlSi10MnMg alloy (Fig. 17(a)), the 
eutectic Si phase exhibits a lamellar structure   
with sharp edges, interposed within α(Al). This 
morphology of the eutectic Si phase is prone to 
fracture or crack along the edges under stress, 
leading to compromised mechanical properties of 
the alloy [51]. In contrast, the eutectic Si phase in 

 

 
Fig. 17 Morphologies of eutectic Si phase in AlSi10MnMg alloy unmodified (a) and modified by Al−5Sr−5Sb prepared 
with different processes: (b) PMC; (c) CDS; (d) Rolling 
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the Al−5Sr−5Sb-modified AlSi10MnMg alloy 
undergoes significant alteration. The previously 
sharp lamellar structure is largely replaced by a fine 
eutectic Si phase, characterized by coral-like and 
fiber-like features. 

Notably, a blocky eutectic Si phase is evident 
in alloys modified with Al−5Sr−5Sb prepared using 
PMC (Fig. 17(b)) and rolling (Fig. 17(d)). However, 
the alloy prepared using CDS exhibits a superior 
modification, with the eutectic Si phase in the 
AlSi10MnMg alloy appearing predominantly    
fine and fiber-like. In summary, the Al−5Sr−5Sb 
modifier prepared via CDS demonstrates a 
marginally enhanced modification effect compared 
to that prepared by PMC and rolling. 

Figure 18 shows the EDS surface scanning 
results for the AlSi10MnMg alloy modified with 
Al−5Sr−5Sb. These results indicate that most Sr 
atoms in the modified alloy are adsorbed on the 
surface of the eutectic Si, thereby decelerating its 
growth. Regarding antimony, YANEVA et al [52] 
proposed that AlSb in the melt adsorbs on the 
eutectic Si surface, inhibiting its growth and 
consequently refining the eutectic Si. Additionally, 
AlSb serves as a core for heterogeneous nucleation 
and is effective when the mismatch degree (δ) is 
less than 12%, as described by the following 
equation:  

c N

N

α α
δ

α
−

=                             (7) 

where αc represents the atomic spacing of the 
heterogeneous nucleation masses and αN denotes 
the nuclear spacing of the eutectic Si nuclei. 

The calculated mismatch (δ) between the 
eutectic Si phase and AlSb is 13%, indicating that  
it is challenging for AlSb to act as an effective 
nucleation particle during cooling. Moreover, 
adding Sb lowers the eutectic nucleation 
temperature in the melt, diminishing the eutectic 
nucleation core [53]. This reduction in the 
heterogeneous nucleation and melt solidification 
permits faster growth of eutectic Si at increased 
subcooling rates, achieving a refining effect. 

In Al−5Sr−5Sb modifiers, the modifying effect 
principally stems from the Al4Sr and AlSb phases, 
with efficiency directly linked to the reduced size of 
these phases. Figure 19 shows a schematic of the 
modification of eutectic Si by three kinds of 
Al−5Sr−5Sb modifiers, emphasizing the influence 
of the size difference between Al4Sr and AlSb. 

The Al−Sr and Al−Si phase diagrams 
demonstrate that the eutectic transformation of 
L(Al)+Al4Sr occurs at 654 °C with a Sr content 
<20 wt.%. In addition, the eutectic transition 
temperature of Si in Al is 577 °C, and the eutectic 
composition is (12.2±0.1) wt.% Si. Thus, the 
precipitation of Al4Sr is preceded by the eutectic Si 
phase. In Al−5Sr−5Sb modifiers, Sr exists in the 
Al4Sr phase, with significant modification effects 
when free Sr dissolves from Al4Sr. The 
decomposition of the Al4Sr phase is expressed as 

 

 
Fig. 18 EDS surface scanning results of AlSi10MnMg alloy modified with Al−5Sr−5Sb 
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Fig. 19 Schematic diagram of modification of eutectic Si by Al−5Sr−5Sb with different preparation processes 
  
Al4Sr Sr+4Al                          (8)  

According to the reaction kinetics at the solid‒
liquid interface, the dissolution rate is given by [50]  

d
d

nmv kAC
t

′= − =                          (9) 
 
where v denotes the dissolution rate, m is the mass 
of the reactants, t is the reaction time, k is the 
surface reaction rate constant, A is the reactant 
interface area, C is the reactant concentration, and  
n′ is the reaction order. 

During modification with Al−5Sr−5Sb, the 
constants usually include k and C, implying that the 
interfacial area directly impacts the reaction rate, v, 
and time, t. Al4Sr in Al−5Sr−5Sb prepared via PMC 
has a large size, small specific surface area, and 
limited interfacial area (A), leading to slower 
dissolution of Al4Sr from free Sr atoms and a 
prolonged reaction time. Conversely, Al4Sr 
prepared by CDS and rolling, with smaller sizes and 
larger surface areas, facilitates rapid dissociation of 
Sr atoms from Al4Sr under identical conditions. 
Furthermore, the CDS-prepared Al−5Sr−5Sb 
modifier, which has the lowest melting enthalpy 
and highest system energy, enhances the diffusion 
of free Sr more rapidly than PMC and rolling. This 
rapid enrichment at the Si phase growth front 
restricts Si phase growth, encouraging branching. 

Additionally, Sb in Al forms a stable AlSb 
phase, adsorbing at the Si phase growth front 
interface and limiting its lateral growth. The 
modification size also influences the AlSb effect; 

larger AlSb phases reduce the involvement in Si 
phase growth. Consequently, a larger AlSb size 
indicates less effective inhibition of the Si phase 
and inferior modification effectiveness [50]. 

Figure 20 shows the properties of the 
AlSi10MnMg alloy modified by three kinds of 
Al−5Sr−5Sb modifiers. The improvements in 
various properties of the modified AlSi10MnMg 
alloy are observed. The best preparation methods 
for the Al−5Sr−5Sb modifiers are CDS, rolling, and 
PMC, which is consistent with the modification 
effects observed for the AlSi10MnMg alloys. The 
thermal conductivity of the AlSi10MnMg alloy 
modified with Al−5Sr−5Sb prepared by CDS 
reaches 189.63 W/(m·K), with 24.14% increase 
compared to 152.77 W/(m·K) for the unmodified 
alloy. The elongation increases to 10.87%, with 
59.15% enhancement, and the tensile strength 
reaches 254.98 MPa, with 66.9% improvement. 

The stress‒strain curves reveal that the 
different preparation processes of Al−5Sr−5Sb  
have minimal effects on the yield strength of 
AlSi10MnMg. Under tensile loading, the yield limit 
is a characteristic of the plastic and elastic strain 
regime boundary [54]. Given the low stresses 
involved and the eutectic Si phase in the alloys 
being significantly refined by the modification, the 
sources of fracture that diminish the mechanical 
properties are almost eliminated. Thus, the 
preparation method of Al−5Sr−5Sb does not appear 
to have a significant effect on this property. 

Figure 21 compares the properties of the 
AlSi10MnMg alloy prepared in this study with 
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those of other existing high-thermal-conductivity 
aluminum alloys, focusing on thermal conductivity, 
elongation, and tensile strength. The data show the 
superior thermal conductivity and mechanical 
properties of the aluminum alloy prepared in    
this study. The AlSi10MnMg alloy, modified using 
CDS-prepared Al−5Sr−5Sb, demonstrates a balance 
between the mechanical properties and thermal 
conductivity, enhancing various properties of the 
 

 

Fig. 20 Properties of AlSi10MnMg alloys modified by 
Al−5Sr−5Sb with different preparation processes 
 

 
Fig. 21 Properties of alloy in this work compared with 
those of other existing high thermal conductivity 
aluminum alloys 

alloy. Additionally, the AlSi10MnMg and Al−5Sr− 
5Sb modifiers offer broad market and application 
potential due to their simple preparation and low 
equipment requirements. 

The eutectic Si phase in the AlSi10MnMg 
alloy significantly influences the alloy’s properties. 
According to Griffith’s strength theory [55], the 
overall strength of an alloy is determined by the 
maximum stress the particles can endure, expressed 
as follows:  

1/2
c c=σ k d −                              (10)  

where σc denotes the maximum stress on the 
particle, kc is the fracture roughness of the particle, 
and d represents the particle diameter. In the 
AlSi10MnMg, kc is considered constant, so the 
eutectic Si size determines σc. A smaller eutectic Si 
size results in a higher maximum stress endurance, 
thereby enhancing the overall strength of the alloy. 
Additionally, transforming the thick lamellar 
eutectic Si in AlSi10MnMg, when modified with 
Al−5Sr−5Sb, into fine coral-like and fiber-like 
structures eliminates the microcracks, thus 
improving the strength. 

The thermal conductivity of an alloy is 
associated with free electron movement. Efficient 
electron transfer is correlated with better thermal 
conductivity. The Si phase morphology and size 
significantly affect electron movement in Al−Si 
alloys. According to Matthiessen’s law [56,57], the 
resistivity (ρ) of metallic materials is given by  
ρ=ρT+ρR                                                  (11)  
where ρ is the total resistivity, ρT is the base 
resistivity, and ρR is the resistivity affected by other 
factors. 

ρT is related to temperature, while ρR is 
associated with the microstructure of the material 
and is expressed as  
ρR=ρgb+ρp+ρd+ρss                                      (12)  
where ρgb represents the resistivity influenced by 
grain boundaries, ρp by the second phase of the 
alloy, ρd by electron scattering due to dislocations, 
and ρss by the resistivity effect of the solute atoms. 
In AlSi10MnMg, the thermal conductivity is mainly 
impacted by ρp, with other factors having less or 
negligible effects. 

In the AlSi10MnMg alloy, the thermal 
conductivity is primarily influenced by ρp, while 
other factors exert less impact, often negligible. 
Eutectic Si minimally affects the scattering of free 
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electrons, leading to an increase in the average free 
range of electrons and an increase in the thermal 
conductivity of the alloy. 

Figure 22 illustrates the impact of the eutectic 
Si boundary morphology on the electron scattering 
in the AlSi10MnMg alloy. In unmodified alloys, 
thick, needle-shaped, lamellar eutectic Si obstructs 
electron transport, resulting in poor thermal 
conductivity. The introduction of the Al−5Sr−5Sb 
modifier significantly reduces the eutectic Si   
size, and changes it to fine, coral-like, and fiber- 
like shape, thereby enhancing the electron transfer 
efficiency and thermal conductivity [58]. 

Figure 23 shows the fracture morphologies  
of the AlSi10MnMg alloy before and after      
the modification. Figure 23(a) shows the fracture 

 

 
Fig. 22 Effect of eutectic Si phase boundary morphology 
on electron scattering 

morphology of the unmodified alloy, characterized 
by quasi-cleavage platforms and a few dimples, 
which is indicative of a quasi-cleavage fracture 
mode. The cleavage platform area is small. 
Figures 23(b−d) reveal the fracture morphologies  
of the alloy after modification with various kinds  
of Al−5Sr−5Sb modifier. These images display 
numerous dimples with small size and uniformly 
distributed. A comparison indicates that the number 
and size of dimples in the alloy modified by 
CDS-prepared Al−5Sr−5Sb are smaller than those 
by PMC- and rolling-prepared Al−5Sr−5Sb, with 
the number of dimples following the order of CDS > 
rolling > PMC. 

In conclusion, the principal factor contributing 
to the improved elongation after modification with 
Al−5Sr−5Sb is the alteration in the shape and size 
of the eutectic Si phase. The thick lamellar Si phase 
transforms into coral-like and fiber-like phases,  
and the size of the modified Si phase decreases, 
reducing the likelihood of the lamellar Si phase 
severing through the Al matrix. Additionally, small 
and nearly granular Si provides dispersion 
strengthening to the alloy, thereby enhancing the 
mechanical properties, particularly the toughness. 

 

 
Fig. 23 Fracture morphologies of AlSi10MnMg alloy unmodified (a) and modified with Al−5Sr−5Sb by different 
preparation processes: (b) PMC; (c) CDS; (d) Rolling 
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4 Conclusions 
 

(1) CDS and rolling surpass PMC in the 
preparation of the Al−5Sr−5Sb modifier. The Al4Sr, 
AlSb, and Sr2Sb phases are present in the modifier. 
Both CDS and rolling refine the microstructure   
of the modifiers, with CDS being more effective. 
The Al−5Sr−5Sb prepared via the CDS exhibits  
the lowest melting enthalpy, ΔHm=308.9 J/g, as 
determined by the DSC curve. Consequently, the 
diffusion of free Sr in Al4Sr is more robust, and Sb 
more effectively refines the Si phase. 

(2) The crystal structure and elastic modulus of 
the phases in Al−5Sr−5Sb were computed using 
first principles, and the Debye temperature of these 
phases was calculated. The results reveal that Al4Sr 
and AlSb possess higher Debye temperatures and 
bonding strengths. Sr2Sb demonstrates superior 
brittleness and deformation resistance; however, its 
lower Debye temperature negatively impacts the 
overall thermal conductivity of the modified Al−Si 
alloy. 

(3) Al−5Sr−5Sb effectively refines the α(Al) in 
the AlSi10MnMg alloy and alters the eutectic Si 
phase from thick lamellar to coral-like or fiber-like. 
The CDS-prepared Al−5Sr−5Sb achieves the most 
effective modification, reducing the SDAS of α(Al) 
to 14.2 µm, with 22.83% decrease compared to that 
of the premodified alloy; the blocky eutectic Si is 
eliminated, enhancing the modification effect. 

(4) After modification with Al−5Sr−5Sb, the 
eutectic Si in the AlSi10MnMg alloy transforms 
into coral-like and fiber-like shape. The thermal 
conductivity and mechanical properties of the alloy 
are improved significantly. The CDS-prepared 
Al−5Sr−5Sb yields the most notable enhancement, 
increasing the thermal conductivity of the 
AlSi10MnMg alloy by 24.14% to 189.63 W/(m·K), 
enhancing the elongation by 59.15% to 10.87%, 
and improving the tensile strength by 66.9% to 
254.98 MPa. 
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不同工艺制备的 Al−5Sr−5Sb 变质剂对 
AlSi10MnMg 合金显微组织、热导率及力学性能的影响 
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摘  要：采用金属型铸造(PMC)、受控扩散凝固(CDS)和轧制制备了 3 种 Al−5Sr−5Sb 变质剂。通过 DSC 曲线评

估熔化焓和第一原理计算，研究制备方法对 Al−5Sr−5Sb 的影响。将 3 种 Al−5Sr−5Sb 添加至 AlSi10MnMg 合金

中，以研究变质效果和机理。结果表明，CDS 制备的 Al−5Sr−5Sb 是 AlSi10MnMg 合金中最有效的改性剂，可将

共晶 Si 相从片状结构转变为细小的珊瑚状或纤维状结构。与未变质的合金相比，经 CDS 制备的 Al−5Sr−5Sb 变

质后，AlSi10MnMg 合金的热导率提高了 24.14%，达到 189.63 W/(m·K)；伸长率提高了 59.15%，达到 10.87%；

抗拉强度提高了 66.9%，达到 254.98 MPa。 
关键词：受控扩散凝固；变质；AlSi10MnMg；第一性原理；热导率；力学性能 
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