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The effects of Sr modification on the microstructure, mechanical properties, and thermal conductivity of the
hypoeutectic Al-13.6Cu-6Si alloy were thoroughly investigated in the past using techniques such as optical
microscopy, scanning electron microscopy, x-ray diffraction, cooling curve thermal analysis (CA-CCTA),
universal testing machine, and laser thermal conductivity analyzer. The findings showed that the intro-
duction of an appropriate amount of Sr into the alloy resulted in additional undercooling, enhancing the
rate of non-uniform nucleation and significantly refining the a-Al grains. Furthermore, it effectively
modified the morphology of eutectic silicon phases, transforming the plate-like structure into a fine and
uniform coral-like appearance. Notably, the optimal modification effect was achieved with the addition of
0.3% Sr. Compared to the alloy without Sr modification, the secondary dendrite arm spacing of a-Al in the
alloy was reduced from 14.26 to 9.23 um. Additionally, the thermal conductivity, ultimate tensile strength,
and elongation were significantly of the alloy increased to 130.1 W/(m K), 322 MPa, and 4.6%, respectively,
representing an improvement of 10, 19, and 53%, respectively.

Keywords hypoeutectic Al-Cu-Si alloys, mechanical properties,
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1. Introduction

High thermal conductivity alloy with acceptable strength has
generated widespread interest due to the rising demand for heat
dissipation of electronic devices (Ref 1-4). It is necessary to
search for materials that are lightweight, good processing
properties, low-cost, and suitable corrosion resistance under
humid environment (Ref 5-7). Undoubtedly, Al-Si alloys are
excellent materials for the aforementioned applications due to
their favorable mechanical properties, exceptional castability,
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and cost-effectiveness (Ref 8-14). However, the relatively low
thermal conductivity (e.g., the limited thermal conductivity of
ADCI12 is 96 W/(m K) (Ref 15)) hinders their use in electronic
communication, particularly in the advanced integration of
fifth-generation (5G) mobile network (Ref 16, 17). In the past
few years, there has been an increasing fascination with Al-Cu-
Si alloys because of their distinct performance (Ref 18-22).
Numerous research studies have indicated that Al-Cu-Si alloys
exhibit superior corrosion resistance in comparison with Al-Cu
alloys, and they also possess greater strength than Al-Si alloys
(Ref 23). Furthermore, Al-Cu-Si ternary alloys are suitable for
cost-effective mass production of castings through low-cost
high-pressure die casting (HPDC) methods, owing to their
exceptional fluidity (Ref 24, 25). Despite this, there remains
room for enhancing the thermal conductivity and mechanical
characteristics of AI-Cu-Si ternary alloys. Concerning the
microstructure, the presence of a flake-like eutectic Si phase
adversely affects the mechanical properties and thermal con-
ductivity of Al-Cu-Si alloys. It is widely acknowledged that
these alloys tend to exhibit relatively poor tensile ductility and
thermal conductivity due to this microstructural characteristic.
In order to tackle this problem, the alloy undergoes Sr
modification, which is a widely used technique in the industry,
to improve its strength, elongation, and thermal conductivity
(Ref 26-28). Previous studies have solely concentrated on
improving the physical characteristics of the Al-Cu-Si alloy by
means of Sr modification (Ref 29-31). However, limited studies
have delved into the correlation between Sr modification and
thermal conductivity properties. It is worth mentioning that
morphological changes of the eutectic Si phase offer a viable
strategy for enhancing both thermal conductivity and mechan-
ical characteristics simultaneously.

The primary objective of this study is to design a high
thermal conductivity Al-Cu-Si alloy while maintaining accept-
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able mechanical properties. To achieve this, the Al-Cu-Si alloy
was modified using the Sr element to enhance both its thermal
conductivity and tensile properties simultaneously. This study
will investigate how the Sr content affects the evolution of
microstructure, thermal conductivity, and mechanical properties
in Al-Cu-Si eutectic alloys. Through Sr modification, valuable
insights will be gained into the mechanisms that contribute to
the improvement of thermal conductivity and mechanical
properties. Ultimately, the goal is to offer novel process and
theoretical guidance for the advancement of aluminum alloys
with high thermal conductivity.

2. Materials and Methods

2.1 Preparation of Samples

Al-13.6Cu-6Si-based alloys with varying Sr contents were
synthesized using commercially pure Al (99.98%, Long plate),
Al-50Cu (Cast waffle), Al-20Si (Cast waffle), and Al-10Sr
(Cast waffle) master alloys (mass ratio, as indicated below
unless specified otherwise). The measured compositions of
hypoeutectic Al-13.6Cu-6Si-xSr (x = 0.1%, 0.3%, 0.5%) alloys
are shown in Table 1. To begin with, aluminum ingots were
melted at 750 °Cin the graphite clay crucible by electric
resistance furnace. Following that, the Al-50Cu and AI-20Si
master alloys were added in order to produce the Al-13.6Cu-
6Si alloy. To achieve thorough homogenization, the liquid
metal was agitated with a magnesium oxide rod for about 5
minutes. After modifying the Al-13.6Cu-6Si alloy by adding
different amounts of Al-10Sr master alloy, the molten alloys
were poured into a preheated steel mold at 200 °C, forming
rectangular alloy ingots with dimensions of 100 mm x 60
mm x 15 mm. It is important to note that the Al-13.6Cu-6Si
alloy without Sr modification is referred to as the “Sr-free
alloy,” while the alloys with Sr addition are termed Sr-
containing alloys.” The cooling rate observed during the
process of solidification was around 35 °C/s. Electrical dis-
charge machining (EDM) was used to machine the as-cast alloy
ingots into samples for tensile and thermal conductivity testing.

2.2 Measurements

In order to examine the microstructure of the alloys, the
utilization of optical microscopy (OM) with a Leica DMI3000
microscope and scanning electron microscopy (SEM) with a
JEOL JSM-6610A microscope operating at 20 kV was
implemented. The alloys’ phase composition was determined
by employing energy-dispersive x-ray spectroscopy (EDS)
through the Oxford x-Max system. Furthermore, x-ray diffrac-
tion (XRD) analysis was conducted using a Bruker D8

Advance device that had a Cu-Ko radiation source (AKo =
0.154 nm) and a scanning speed of 5°/min. An Instron 5982
testing machine was utilized to perform the tensile tests at room
temperature, employing a strain rate of 0.5 mm/min. For the
purpose of thermal analysis, a computer-assisted technique
called cooling curve thermal analysis (CA-CCTA) was utilized.
This involved continuously recording the temperature—time
data of the melts using a K-type thermocouple. To guarantee
the consistency of the experimental outcomes, the thermal
examination of every alloy was repeated a minimum of three
times using the NI 9212 rapid data acquisition system,
connected to a computer operating LabView 2015, to record
data at a dynamic frequency of 80 Hz/ch.

In order to determine the thermal diffusivity, disks with
dimensions of ¢/2.7 x 3 mm? were created from the as-cast
Al-13.6Cu-6Si-xSr alloys for measurement purposes. Thermal
diffusivity was measured at ambient temperature (20 °C) using
a Netzsch LFA457 apparatus employing the laser flash method.
The Archimedes method was employed to determine the
sample densities, while the Neumann—Kopp rule was utilized to
calculate the specific heat capacities of the Al-13.6Cu-6Si-xSr
alloys (Ref 32-34). Thus, the thermal conductivity (1) can be
determined by utilizing the subsequent equation.

(Eq 1)

In the formula, o denotes the thermal diffusivity (cm?/s), p
represents the density (g/cm?), and C,, stands for the specific
heat capacity (J/(g K)). The estimated uncertainty for the
thermal conductivity was below 5%. In order to guarantee the
replicability of the experiment, three repetitions were conducted
for each sample in every test. The mean was subsequently
computed based on these various measurements. This approach
helps to minimize potential errors or variations in the exper-
imental results. Furthermore, the sample’s conductivity was
evaluated at room temperature (20 °C) using eddy current
technology (PZ-60A). To ensure data accuracy, 10 measure-
ment points were uniformly selected on both sides of the
sample, and their average value was calculated.

A= o-p-Cp

3. Results and Discussion

3.1 Microstructure

Figure 1 illustrates the typical microstructures of as-cast Al-
13.6Cu-6Si alloys with varying Sr contents. Figure la shows
that the microstructure of the Al-13.6Cu-6Si alloy in its as-cast
state is composed of dendritic «-Al, a large plate-like eutectic Si
phase, and a continuous reticulated Al,Cu phase. Image Pro
Plus software was utilized to determine the secondary dendrite

Table 1 The measured compositions of hypoeutectic AI-Cu-Si alloys with varied Sr contents

Alloy compositions, wt.%

Alloy name Cu Si Sr Fe Mg Others Al
Al-13.6Cu-6Si 13.49 6.05 0.04 0.02 < 0.01 Bal
Al-13.6Cu-6Si-0.1Sr 13.58 5.99 0.09 0.03 0.03 < 0.01 Bal
Al-13.6Cu-6Si-0.3Sr 13.66 5.97 0.32 0.05 0.02 < 0.01 Bal
Al-13.6Cu-6Si-0.5Sr 13.56 6.13 0.46 0.04 0.01 < 0.01 Bal
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arm spacing (SDAS) of a-Al. For the Sr-free alloy, the (SDAS)
value was approximately 14.26 um. As Fig. 1(b-d) demon-
strates, there is a notable difference in microstructure upon the
addition of Sr. The introduction of Sr leads to a refined and
more uniform dendritic «-Al structure. With the increase in Sr
content to 0.3%, the SDAS value experiences a gradual
decrease from 14.26 to 9.23 um, which proves advantageous in
improving mechanical characteristics. However, when the Sr
content is further elevated to 0.5%, the secondary dendrites
become coarser and the SDAS value rises to 11.95 um.

Moreover, the presence of Sr in the Al-13.6Cu-6Si alloy
results in a metamorphosis of the eutectic Si phase, causing it to
transition from a coarse slab to a comparatively delicate slab or
coral-like formation. These discoveries suggest that Sr exerts a
substantial transformative influence on the eutectic Si phase.
These findings indicate that Sr has a notable modifying
influence on the eutectic Si phase. Nevertheless, when the Sr
content rises to 0.5%, the influence of Sr on modification
appears to decrease. There are no significant morphological
differences observed in the reticulated Al,Cu phase between Sr-
free and Sr-containing alloys. In conclusion, the findings
mentioned above indicate that the optimal microstructure is
attained when the Sr content in the Al-13.6Cu-6Si alloy is
0.3%.

Figure 2a displays the XRD patterns, indicating that the Al-
13.6Cu-6Si alloys, whether Sr-free or Sr-containing, comprise
a-Al, Al,Cu, and Si phases. However, due to the low amount of
Sr added, it is difficult to identify any Sr-bearing intermetallic
compounds. An enlarged perspective of the most prominent
peak in the o-Al phase is shown in Fig. 2b. Notably, the
diffraction peak shifts toward the left and approaches the
standard diffraction peak of pure Al (as depicted by the red
dotted line in Fig. 2b). The presence of the AI2Si2Sr phase (Ref
28, 29) and Al8Sil5Sr4 phase may contribute to this phe-

nomenon, leading to a decrease in the silicon solid solution and
purification of the z-Al matrix. Consequently, the addition of Sr
diminishes lattice distortion and enhances the thermal conduc-
tivity of hypoeutectic Al-13.6Cu-6Si alloy.

Figure 3 illustrates the SEM morphologies of the as-cast Sr-
free and Sr-containing alloys. The x-ray diffraction (XRD) and
energy-dispersive x-ray spectroscopy (EDS) findings validate
that the black matrix, plate-like black phase, and continuous
network white phase observed in the Sr-free alloy correspond to
the existence of a-Al, Si, and Al,Cu, respectively. In the Sr-free
alloy, the eutectic Si phase is mainly distributed along the grain
boundary, with a length varying from 20 to 45 um (as seen in
Fig. 3a and identified as Point B). The addition of 0.1% Sr
effectively reduces the length of the Si phase to 15-25 um (see
specifics in Fig. 3b and Point C). When the Sr content reaches
0.3%, the Si phase experiences a change in its morphology,
transitioning from a rough plate-like form to a delicate and
consistent coral-like structure (refer to details in Fig. 3c and
Point E). When the Sr content reaches 0.5%, although the
number of coral-like Si phases in the alloy increases, a small
amount of plate-like Si phases reappear, and their volume is
much higher than that of coral-like Si phases (see details in
Fig. 3d). Figure 3(e-h) displays the mapping outcomes of EDS.
The observation indicates that the Copper element not just
forms the Al,Cu phase at the grain boundary but also dissolves
within the «-Al matrix (refer to details in Fig. 3f). Significantly,
the spatial arrangement of Sr bears a striking resemblance to
that of Si, suggesting that Sr atoms adhere to the surface where
Si grows, aiding in the creation of Si twins (Ref 35-37).
Furthermore, the inclusion of Sr element has negligible
influence on the shape and dispersion of the Al,Cu phase
(refer to Fig. 3(a-d) for more information).

In Fig. 4a, the solidification curves and the corresponding
first derivative curves of Al-13.6Cu-6Si and Al-13.6Cu-6Si-

Fig. 1 The microstructures of as-cast Al-13.6Cu-6Si alloys with various Sr contents: (a) Sr-free alloy; (b) alloy with 0.1% Sr; (c) alloy with

0.3% Sr; (d) alloy with 0.5% Sr
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Fig. 2 (a) XRD patterns of the Sr-free and Sr-containing Al-13.6Cu-6Si alloys, (b) magnified XRD spectra in the angular range of 38°-39°

0.3Sr melts are depicted. Figure 4(b-d) illustrates enlarged
pictures of the a-Al, Al-Si eutectic composition, and Al-Al,Cu
eutectic composition. Table 2 presents the solidification char-
acteristic parameters of phase transformation for the examined
alloys. Furthermore, Table 3 displays the solidification charac-
teristics of the «-Al, Al-Si, and Al-Al,Cu eutectic phases
obtained from the solidification curves.

Figure 4a displays three peaks, each linked to distinct phase
reactions in the Al-13.6 Cu-6Si alloy. In order to further
examine the alloy’s solidification path, JmatPro software was
utilized, and Fig. 5 shows the obtained outcomes. The
computed results reveal three phase reactions occurring
throughout the solidification procedure, as outlined below.

L — o — Al (at 576.9 °C)
L —a—Al +Si(at 546.7°C)

L — a— Al + ALCu (at 522.7 °C)

According to the forecasted solidification path of the base
alloy by JmatPro (Fig. 5), it can be inferred that the initial peak
signifies the formation of the primary o-Al phase. The
subsequent peak represents the eutectic reaction of Al-Si, and
the final phase reaction is the formation of the Al-AlLCu
eutectic structure. These phase evolutions are also observed in
the Al-13.6Cu-6Si alloy containing 0.3% Sr in the present
work. Furthermore, it is apparent from the curves in Fig. 4(b-d)
that the cooling behavior associated with the reaction areas of
a-Al, Al-Si, and Al-Al,Cu phases is influenced by the addition
of Sr. The variations of the solidification parameters are
determined for the investigated alloys shown in Table 3.

The characteristic parameters of o-Al, obtained from the
recorded solidification curves and first derivative curves, are
displayed in Table 3. As for the based alloy, the temperatures
for the a-Al phases, denoted as T¢ A T¢iA and T4 A are
571.6, 569.2, and 570.9 °C, correspondingly. It is worthy to
mention that the Sr addition decreases the above parameters at
the same time. In the context of heterogeneous nucleation, the
nucleation rate (N) can be formulated as:

N =fiCy exp <A£;02)> (Eq2)
f(0)2273cos£)+cos30 (Eq 3)

The value of f| represents the rate at which atoms are
transferred from the liquid phase to the solid crystal nucleus. C;
represents the density of atoms in the liquid that come into
contact with regions of heterogeneous nucleation per unit
volume. 0 represents the angle of contact between the solid
phase and the substrate for nucleation. 4 is the area between
solid phase and nucleation substrate. AT is the undercooling for
nucleation. Based on the above equation, we can understand
that the greater the undercooling, the greater the heterogeneous
nucleation rate. Regarding the nucleation of o-Al, AT repre-
sents the disparity between the theoretical and experimental
nucleation temperatures of o-Al. The CA-CCTA results indicate
that the nucleation undercooling (A7) of Sr-free and Al-
13.6Cu-6Si-0.3Sr alloys are 5.3 and 6.5 °C, respectively.

The increasing undercooling is provided by the constituent
overcooling due to the high active Sr element. The growing
decrease in temperature below the freezing point leads to an
increase in the rate at which particles form in heterogeneous
nucleation. In other words, the augmentation of undercooling
aids in the nucleation of o-Al and leads to a finer grain size of
a-Al. This conclusion aligns with the observed microstructure
evolution (refer to Fig. 1 for further details).

The enlarged figure of the Al-Si structure can be seen in
Fig. 4c, which is obtained from the solidification curves and
first derivative curves. Significantly, the inclusion of Sr results
in a remarkable decrease in the nucleation temperature of the
Al-Si eutectic formation, plummeting from 543.6 to 533.8 °C.
The estimated nucleation temperature of the Al-Si eutectic
structure is roughly 546.7 °C. The temperature difference (AT)
of the Al-Si eutectic formation rises significantly from 3.1 to
12.9 °C, resulting in the Si phase morphology in the eutectic
structure breaking from coarse plate-like to small coral-like
structures, with a more uniform and dispersed distribution (refer
to Fig. 3(a-d) for more information). It should be emphasized
that the temperature at which the Sr-free alloy reaches the
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Fig. 3 SEM images and corresponding EDS analysis at various points of the as-cast alloys: (a) Al-13.6Cu-6Si, (b) Al-13.6Cu-6Si-0.1Sr, (c) Al-
13.6Cu-6Si-0.3Sr, as well as EDS mappings of (d) as-cast Al-13.6Cu-6Si-0.5Sr, (e-h) Al, Cu, Si, Sr element mapping image, respectively
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Fig. 4 (a) The solidification curves of Al-13.6Cu-6Si and Al-13.6Cu-6Si-0.3Sr melts, (b) the enlarge figure of «-Al, (c) the enlarge figure of
Al-Si eutectic structure, and (d) the enlarge figure of Al-Al,Cu eutectic structure

Table 2 List of the solidification characteristic

parameters identified during solidification by CA-CCTA.

Symbol Description

Ta-Al Nucleation temperature of o-Al

TaA Minimum nucleation temperature
of o-Al

Ta-Al Growth temperature of a-Al

Tr’?]’Si Nucleation temperature of Al-Si
eutectic structure

Tf/lli;Si Minimum nucleation temperature
of Al-Si eutectic structure

Tél’Si Growth temperature of Al-Si
eutectic structure

TAI-Cu Nucleation temperature of Al-
Al,Cu eutectic structure

T-Cu Minimum nucleation temperature
of Al-Al,Cu eutectic structure

TACu Growth temperature of Al-Al,Cu
eutectic structure

Ts Solidus temperature

TAS! (AL-Si) value is 542.4 °C, significantly surpassing the
corresponding value for the Al-13.6Cu-6Si-0.3Sr alloy. The
main reason for the notable decrease in the growth temperature
of the AI-Si eutectic structure is the absorption of the Sr
element. Furthermore, there are no significant changes in the
temperature of growth, the lowest temperature for nucleation,
and the temperature of growth for the Al-AL,Cu eutectic
structure. The aforementioned observation suggests that the
inclusion of Sr has negligible influence on the shape and
arrangement of the AL Cu phase, aligning with the SEM
findings depicted in Fig. 3.

3.2 Thermal Conductivity

The electrical and thermal conductivity of as-cast Al-
13.6Cu-6Si-xSr alloys is depicted in Fig. 6. The related values
are summarized in Table 4. According to the experimental
results, it can be observed that the densities of these samples
decrease in a linear manner as the Sr content increases.
Meanwhile, the calculated heat capacities linearly decrease at
the same time. It is noteworthy that the thermal diffusivities of
Al-13.6Cu-6Si-xSr alloys firstly elevate from 0.392 £ 0.005 to
0.432 + 0.005 cm?s and then slightly decline to
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Table 3

Solidification parameters of a-Al, Al-Si, and Al-Al,Cu eutectic phases extracted from cooling curves (unit: °C).

a-Al

Withour Sr 0.3 wt.% Sr

Al-Si eutectic Al-Al,Cu eutectic

Withour Sr 0.3 wt.% Sr Withour Sr 0.3 wt.% Sr

Ty 571.6 5704
Twin 569.2 568.0
Tg 570.9 570.2

543.6 533.8 5194 520.1
542.2 532.7 518.6 519.2
5424 533.5 5194 519.7

2.5

—-a- a-Al
20F -© -Si
.5-ALCu oAl _y
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15} P
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Fig. 5 Simulated solidification path of hypoeutectic Al-13.6Cu-6Si
alloy predicted by JmatPro

0.407 £ 0.003 cm*/s. Al-13.6Cu-6Si-0.3Sr alloy shows the
highest thermal diffusivity.

From the data presented in Fig. 6, it is evident that the
variation in electrical conductivity mirrors that of thermal
conductivity. According to Wiedemann—Franz law (namely, 1/
o = LoT,) the ratio between thermal conductivity and electrical
conductivity can be regarded as a constant, where L, is constant
(2.45 x 10 ®V? K~ ?) and T represents the absolute tempera-
ture. With an increase in Sr content from 0 to 0.3%, the
electrical and thermal conductivity experience a rise from
17.01 £ 0.23 MS/m and 118.2 £ 1.6 W/(m K) to
18.32 4+ 0.33 MS/m and 130.1 4+ 1.5 W/(m K), respectively.
Nevertheless, as the Sr content rises to 0.5%, the electrical and
thermal conductivities experience a gradual decline, reaching
17.65 4+ 0.13 MS/m and 122.4 4+ 1.0 W/(m'K), respectively.
Therefore, it can be concluded that the Al-13.6Cu-6Si alloy
containing 0.3% Sr exhibits excellent electrical and thermal
conductivity.

Electrons and lattice waves are the main carriers of thermal
energy transfer in the thermal conductivity process of metal
materials. Therefore, the thermal conductivity of the Al alloy is
considered to be the combination of the electronic and lattice
components, with the electronic component having a dominant
influence. The equality of relaxation times for heat and electron
transport connects the electronic thermal conductivity to
electrical conductivity through the Wiedemann—Franz law
(Ref 38). The Mattissen-Flemming rule states that the electrical
resistivity of alloys is primarily affected by solid solute atoms,
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Fig 6 The electrical and thermal conductivity of as-cast Al-13.6Cu-
6Si alloys with different Sr contents

impurities, defects, and similar factors (Ref 34, 39). The
corresponding expression is formulated as:

p= pAlpure + pprecipitates + SGBAPGB + LdisloApdislo + CVApvac
+ Z[ CéoluAplsolu
(Eq 4)

The value of pAPUe js 2.665 x 10°° Q m. The term
prrecipitates refor to the resistivity caused by precipitates, which
can be disregarded because the small Sr addition has minimal
impact on the precipitates’ volume fraction. The constants
ApSB, Ap¥e Ap¥* and Ap',, represent the effects of grain
boundaries, dislocations, vacancies, and solid solute atoms on
the electrical resistivity. The grain boundary fraction per unit
volume is denoted as Sgg, while Lgig), represents the dislocation
density. Additionally, C, signifies the vacancy concentration,
and C. , indicates the concentration of solid solute atom i.

Based on the microstructure evolution shown in Fig. 3, the
refinement of a-Al grains and the transformation of eutectic Si
phase morphology lead to an increase in the Sgg value (the
proportion of grain boundaries per unit volume), but this has
minimal impact on the electrical resistivity of hypoeutectic Al-
13.6Cu-6Si (Ref 40). Significantly, after the addition of 0.3%
Sr, the Si phase underwent a remarkable morphological
transformation, transitioning from a plate-like structure to a
coral-like one. This change effectively broadened the pathways
for electron movement, reducing the obstacles encountered
during electron motion and decreasing the probability of



Table 4 The thermal diffusivity, density, heat capacity, and thermal conductivity of as-cast Al-13.6Cu-6Si alloys with

different Sr contents

Property

Density, g/cm3

Heat capacity, J/(g K) Thermal conductivity, W/(m K)

Alloy name Thermal diffusivity, cm?/s

Al-13.6Cu-6Si 0.392 £ 0.005 3.525
Al-13.6Cu-6Si-0.1Sr 0.416 £ 0.003 3.524
Al-13.6Cu-6Si-0.3Sr 0.432 £ 0.005 3.524
Al-13.6Cu-6Si-0.5Sr 0.407 £ 0.003 3.522

0.8559 1182 £ 1.6
0.8557 1255 £ 1.1
0.8552 130.1 &= 1.5
0.8548 1224 £ 1.0

electron scattering (as shown in Fig. 7). Additionally, it
improves the interconnection among grains, consequently
decreasing the dispersion of unbound electrons. Enhanced
connectivity between the grains leads to a higher average
distance traveled by conducting electrons, ultimately enhancing
the thermal conductivity of the as-cast Al-13.6Cu-6Si from
118.2 to 130.1 W/(m K). Furthermore, the addition of Sr
strategically reduces the Si solid solution in the ¢-Al matrix, as
verified by wavelength dispersion spectrometer (WDS) analysis
according to Wang et al. (Ref 36). The decrease in Si
concentration in the -Al matrix results in a reduction in lattice
distortion, thereby enhancing the thermal conductivity of these
alloys. However, when the Sr content reaches 0.5%, the thermal
conductivity experiences a slight decrease to 122.4 W/(m K).
This decline is partly attributed to the transformation of Si
phase, and the reformation of block like Si phase reduces the
connectivity between alloy grains, leading to an increase in
obstacles encountered during electron movement. On the other
hand, it is attributed to the increase in alloy porosity, which
diminishes the effective heat transfer area during the thermal
conduction process.

3.3 Mechanical Properties

In Fig. 8a, the engineering stress—strain curves of as-cast Al-
13.6Cu-6Si-xSr alloys are shown, along with a small image
showing a standard tensile test sample. Figure 8b displays the
mechanical properties associated with these alloys. The Al-
13.6Cu-6Si alloy, which is hypoeutectic, demonstrates out-
standing tensile characteristics, showcasing a yield strength of
approximately 150 £ 3.5 MPa and an ultimate tensile strength
of around 270 £ 5.0 MPa. However, the ductility of this alloy
is relatively poor, amounting to only 3.0 £ 0.25%. Simultane-
ously, the inclusion of Sr improves the alloy’s strength and
ductility. At a Sr content of 0.3%, the alloy attains its maximum
ultimate tensile strength of 322 + 6.2MPa and a 4.6 £ 0.2%
elongation. In comparison with the original alloy, the enhance-
ments in maximum tensile strength and elongation reach 20.8%
and 53.3%, correspondingly. However, when the Sr content
rises to 0.5%, the alloy experiences a notable decline in its
mechanical characteristics. This includes a decrease in both
ultimate tensile strength and elongation, which reach values of
approximately 230 £ 4.8MPa and 2.2 4 0.3%, respectively.
These values are lower compared to the base alloy.

In this study, the comprehensive quality index Q is used to
evaluate the comprehensive mechanical properties of materials.
The Q value includes the strength and elongation is defined as
follows:

O = UTS + a x log(elongation%) (Eq 5)
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Fig. 7 Schematic diagram of the influence of different eutectic Si
phase morphologies on electron motion: (a) coral-like, (b) plate-like

where a is 150 MPa for aluminum alloys (Ref 41-44). The
calculated results show that the O value of Al-13.6Cu-6Si alloy
is only 341.57 MPa. According to the given date, incorporating
0.3% Sr into the base alloy results in a notable rise in the Q
value, peaking at 421.41 MPa, which is approximately 23.3%
greater than the Q value of the base alloy. Nevertheless, the
inclusion of additional Sr (specifically, 0.5%) leads to a
notable reduction in the @ value, which drops to 281.36
MPa. This decrease in performance is likely due to the negative
effect of excessive Sr content on the alloy’s microstructure or
mechanical properties.

Figure 9 shows the fracture surfaces of the Al-13.6Cu-6Si
alloys with different levels of Sr addition. The point-scanning
EDS (energy-dispersive spectroscopy) results, corresponding to
the fracture surfaces spanning from Point A to Point F, are
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Fig. 8 (a) The tensile engineering stress—strain curves and (b) the corresponding mechanical properties of as-cast Al-13.6Cu-6Si alloys with
different Sr contents

Fig. 9 The fracture surfaces of the hypoeutectic Al-13.6Cu-6Si alloys with various Sr addition levels: (a) and (b) 0 wt.%, (c) and (d) 0.3 wt.%,
as well as (e) and (f) 0.5 wt.%
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Fig. 10 The corresponding point-scanning EDS results of fracture surfaces: (a) Point A, (b) Point B, (c) Point C, (d) Point D, (e) Point E, (f)

Point F

graphically represented in Fig. 10. From Fig. 9(a) and (b)
ombination of typical cleavage fracture of o-Al and eutectic
separation can be observed. The microstructure morphology of
fracture surfaces exhibits rock candy shape. The above
appearance suggests that the Al-13.6Cu-6Si is brittle, which
is in agreement with the tensile results. The based alloy presents
poor ductility. Furthermore, the eutectic Si and Al,Cu phases
are observed to align along the phase boundaries, forming a
contiguous network structure. The arrangement of this network
is not conducive to the tensile characteristics of the underlying
alloy. However, the introduction of the Sr element results in a
transformation of the fracture mechanism. In particular, the Al-
13.6Cu-6Si-0.3Sr alloy displays a limited number of dimple
ruptures within the o-Al regions, which aids in improving its
ductility. These details can be observed in Fig. 9d. The tensile
results also indicate a notable elongation to failure in Al-
13.6Cu-6Si alloy with 0.3% Sr addition.

When the Sr content rises to 0.5%, porosities start to appear
on the surfaces subjected to tension. The «-Al in the porosity
regions exhibits a dendritic shape, indicating the formation of
more gas holes during the solidification process due to the
excessive addition of Sr. According to reports, Sr is an element
with high activity that improves the absorption of gas in the
molten alloy (Ref 45). The enhanced gas absorption diminishes
the Sr alteration and facilitates the creation of gas voids,
ultimately leading to a substantial reduction in tensile charac-
teristics.

4. Conclusions

This study delves into the influence of Sr addition on the
microstructures, thermal conductivities, and mechanical prop-
erties of hypoeutectic Al-13.6Cu-6Si alloys, shedding light on
the effect mechanisms of the alkaline-earth element Sr. The
main findings are as follows:

1. The inclusion of Sr improves the o-Al dendrites in
hypoeutectic Al-13.6Cu-6Si alloys, converting the eutec-
tic Si phase from a plate-like structure to a delicate and
consistent coral-like form. Moreover, the inclusion of Sr
has a negligible effect on the structure and dispersion of
the Al,Cu phase.

2. The incorporation of small amounts of Sr leads to con-
current enhancements in the tensile properties and ther-
mal conductivity of Al-Cu-Si alloys. The improvements
in strength, plasticity, and thermal conductivity can be
primarily attributed to the grain refinement and modifica-
tion of the Si phase.

3. The presence of Sr elements causes extra cooling within
the components, resulting in a higher rate of nucleation
for heterogeneous nucleation and a reduction in the size
of a-Al grains.

4. The alloy treated with 0.3% Sr exhibits a thermal con-
ductivity of 130.1 W/(m'K), an ultimate tensile
strength of 322 MPa, and an elongation of 4.6%.
Compared to the hypoeutectic Al-13.6Cu-6Si, these
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properties are improved by 10%, 19%, and 53%,
respectively.
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