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Abstract: Al-high Si alloys were designed by the addition of Cu or Mg alloying elements to improve the mechanical
properties. It is found that the addition of 1 wt.% Cu or 1 wt.% Mg as strengthening elements significantly improves the
tensile strength by 27.2% and 24.5%, respectively. This phenomenon is attributed to the formation of uniformly
dispersed fine particles (Al,Cu and Mg,Si secondary phases) in the Al matrix during hot press sintering of the rapidly
solidified (gas atomization) powder. The thermal conductivity of the AI-50Si alloys is reduced with the addition of Cu
or Mg, by only 7.3% and 6.8%, respectively. Therefore, the strength of the Al-50Si alloys is enhanced while
maintaining their excellent thermo-physical properties by adding 1% Cu(Mg).
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1 Introduction

Al-Si alloys containing high Si contents, also
called as Al-high Si alloys or Si/Al composites,
exhibit an excellent combination of thermo-physical
properties and mechanical properties, such as low
density, excellent thermal conductivity, tailorable
coefficient of thermal expansion, and high specific
strength [1—4]. Additionally, Al-high Si alloys also
have good plating ability and laser weldability.
There characteristics make Al—high Si alloys
attractive for electronic packaging applications in
the field of thermal management, especially for chip
boxes to protect electronic devices from outdoor
environments [5].

It is well known that the properties of Al—high
Si alloys are determined by the size, shape and
distribution of Si phase, including primary Si and
eutectic Si phase [6,7]. The application of ingot
metallurgy (IM) Al-high Si alloys is highly limited

by the formation of the coarse and irregular primary
Si phase as well as the lager needle-like eutectic Si
phase. These microstructural characteristics lead
to stress concentration and are detrimental to
the mechanical properties and laser weldability.
Therefore, a simple and effective route to refine and
modify the Si phase is essential to the wide
application of Al-high Si alloys.

Lots of methods have been employed in the
preparation of Al—high Si alloys, such as semi-solid
forming [8], melt infiltration [9], ingot metallurgy
with modifiers [10,11], powder metallurgy [12],
rapid solidification [13] and the recently developed
selective laser melting [14,15]. According to the
literatures, the rapid solidification route is more
feasible for mass manufacturing of Al-high Si
alloys for thermal management due to the
advantages of high efficiency, remarkable
refinement effect and ingots with large size. JIA
et al [13] reported that the spray deposited Al-50Si
alloy can be completely densified by hot isostatic
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pressing (HIP) at 570 °C. Al alloys with Si content
of 22%—-50% were prepared by gas atomization
followed by hot pressing, and near fully dense
microstructure and excellent properties
obtained [16]. Al-30Si alloy prepared by spray
deposition can also be densified by hot pressing,
and a continuous network of globular Si phase and
an interpenetrating Al matrix were achieved [17].

The Al-50Si alloy is widely used as electronic
packaging boxes, which has a high volume fraction
of Si and approximately pure Al matrix. However,
its strength should be improved in order to expand
its application [5]. The previous works of Al—high
Si alloys for thermal management have been
focused on the manufacturing technologies,
parameters, and the subsequent properties.
Generally, the properties of ingot metallurgy
Al-high Si alloys can be modified through alloying,
such as the A356, A380, and A390 alloys [18].
BEFFORT et al [19] reported that mechanical
properties of the squeeze cast 60vol.%SiC,/Al
composites were also highly determined by the Zn,
Cu and Mg elements in the Al matrix. However,
less attention has been paid to the alloy composition
and the relationship between microstructural
evolution and properties of the A1-50Si alloy.

Accordingly, in this work, Al-50Si, AI-50Si—
ICu and Al-50Si—1Mg alloys for electronic
packaging in thermal management were
successfully fabricated by rapid solidification (gas
atomization) and powder metallurgy (hot pressing)
route, and the microstructural characteristics,
mechanical properties (tensile and bending
strength) and thermo-physical properties were
studied. Comparisons between the effect of Cu and
Mg addition on the AI-50Si alloys were analyzed
based on the microstructural observations and
macro-property tests.

Were

2 Experimental

Polycrystalline pure Si (99.9%, all the alloy
compositions are in mass fraction unless otherwise
mentioned) and pure Al (99.95%) were inductively
melted at approximately 1250 °C. Then, Al-50Si
pre-alloy powder was fabricated through a nitrogen
gas atomization process, and the morphology of the
powder particles is shown in Fig. 1(a). After
mechanical sieving, the Al—50Si pre-alloy powder
with particle size less than 74 pm was mixed with

Fig. 1 SEM morphologies of gas-atomized Al—50Si

u' N ~ 3 # "
% -~ & PA
. = PR, )
A % i R
1 3 i 0 ¥
y 3
- _
& . b 153 B
s VS, >
7 . —

pre-alloy powder (a), electrolytic Cu powder (b) and
inert gas-atomized Mg powder (c) with different shapes

1 wt.% electrolytic Cu powder and 1 wt.% inert
gas-atomized Mg powder, respectively. Mechanical
mixing was applied for 6 h in the atmosphere of Ar
with the mass ratio of ball to powder of 4:1. The Cu
and Mg powders having dendritic and spherical
shapes are displayed in Figs. I(b) and 1(c),
respectively. The mixed powder was cold
compacted at 300 MPa and hold for 20 s, and billets
with relative density of approximately 78% were
obtained. Hot press sintering was employed on the
cold compacted billets and held at 560 °C for
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60 min at 45 MPa. Finally, the samples with
dimensions of d50 mm x 10 mm were obtained.
The hot-pressed alloys were solid solutionized at
500 °C for 4 h and then aged at 160 °C for 24 h.
Details of the fabrication process is reported in the
previous work [16].

Chemical compositions of the as-fabricated
Al-50Si—-X (X=0, Cu, and Mg) alloys were
detected using an inductively coupled plasma
optical emission spectrometer (IC-OES), and the
results are illustrated in Table 1. Morphologies of
the Al-50Si pre-alloy powders, Cu powder and Mg
powder were detected using a scanning electron
microscope (SEM, Quanta—200). Hot-pressed
samples for microstructural characterization were
cut, ground, polished, and etched with Keller’s
reagent. Field emission scanning electron
microscope (FESEM, Sirion 200) equipped with an
energy dispersive spectroscopy (EDS) detector was
used in the observation of microstructural details.
The sizes of Si phase and secondary phases were
measured using Image] software. The phases
present in the Al-high Si alloys were further
analyzed using X-ray diffraction (XRD) at a
scanning angle of 25°—80°.

The room temperature tensile and three-point
bending tests of samples were carried out on
an electronic universal material testing machine
(MTS 850). The tensile specimens were made
into a dumbbell shape according to the standard
GB T228—2010 with a gauge diameter of 6 mm.
The dimensions of the three-point bending
specimen are 3 mm X 10 mm x 50 mm. The tensile
fractured surfaces of the specimens were observed
using SEM. The Brinell hardness test of the alloy
was performed at a load of 7.35 kN for 30 s on the
polished samples. All the tensile and bending tests
repeated three times to obtain good
reproducibility of data.

Under the argon atmosphere, coefficient of
thermal expansion of the AI-50Si—X alloys was

WEre

measured in the temperature range of 25-300 °C
using laser flash and calorimetric methods
(NETZSCH LFA427/3/G). The sample has a size of
20mm x 5 mm x 5 mm and was required to be
parallel and smooth at both ends. Thermal
conductivity of the three kinds of alloys was
performed on cylindrical slice specimens with
dimensions of d10 mm X 3 mm using NETZSCH
DIL 402 C. Density of the alloys was measured by
Archimedes method using a balance with the
accuracy of 0.1 mg.

3 Results

3.1 Microstructural characteristics

Typical microstructures of the as-atomized
Al-50Si pre-alloy powder and the hot-pressed
Al-50Si—X alloys are shown in Fig. 2. It can be
seen from Fig. 2(a) that the primary Si phase is
highly refined to have a block-like morphology due
to the large solidification rate and undercooling
nature of gas atomization. The eutectic Si phase is
also refined remarkably and its shape changes from
needle-like with large aspect ratio in the as-cast
alloy to bar-like with a low aspect ratio in the
as-atomized powder. However, the primary Si
seems to distribute mostly at the periphery of
powder particles owing to the
sequence [20].

After hot press, the gas-atomized Al-50Si
pre-alloy powder is well densified and a pore-free
microstructure is obtained, as shown in Figs. 2(b—d).
High density of defects, such as pores and cracks
were observed in the AI-50Si alloy prepared by
ingot metallurgy [21]. Consequently, the measured
density of the hot-pressed samples is near to the
theoretical value. As the density of Cu (8.9 g/cm’)
is higher than that of Al (2.7 g/lem®) while the
density of Mg (1.7 g/lem’) is lower than that of Al,
the addition of Cu or Mg leads to a slight variation
of density in the Al1-50Si—X alloys.

solidification

Table 1 Compositions of rapidly solidified (gas-atomized) and hot-pressed Al-50Si—X alloys measured by ICP-OES

(wt.%)
Material Si Mg Cu Zn Fe Mn Ti Al
Al-50Si 50.5 <0.01 <0.01 <0.01 0.04 0.02 <0.01 Bal.
Al-50Si—1Cu 50.3 0.05 1.03 <0.01 0.03 0.01 <0.01 Bal.
Al-50Si—-1Mg 49.7 1.03 0.02 <0.01 0.05 0.01 <0.01 Bal.
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It is seen that a semi-continuous network
structure with smooth surface of the Si phase is
formed in the Al matrix, as seen in Figs. 2(b—d).
The distribution of Si phase is quite homogeneous
as compared with that of the as-atomized powder.
Such characteristics of Si phase are highly different
from those of the as-cast Al—high Si alloys which
have coarse and irregular (bar-like, plate-like,
star-like, etc) primary Si with sharp corners as well
as needle-like eutectic Si with a large aspect
ratio [11,21]. Furthermore, it is interesting to find
that the eutectic Si is completely absent in the
hot-pressed samples due to the diffusion-controlled
growth of Si phase and the Si—Si phase clustering in
the solid-state sintering. There is no obvious change
of the Si phase in the fabricated Al-50Si alloys with
and without Cu(Mg) addition besides a little lower
degree of the semi-continuous structure.

X-ray diffractions were performed to detect the
phases presented in the hot-pressed Al-50Si—X
alloys, and the results are displayed in Fig. 3. It is
seen that the diffraction peaks of a(Al) and Si phase
are clearly observed in the samples. With the
addition of Cu or Mg, small amounts of Al,Cu and
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Fig. 2 SEM morphologies of gas-atomized Al—50Si pre-alloy powder (a) and as-fabricated Al-50Si alloy (b),
Al-50Si—1Cu alloy (c) and Al-50Si—1Mg alloy (d) having similar characteristics of Si phase
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Fig. 3 XRD patterns of as-fabricated Al-50Si—X alloys
showing Al,Cu and Mg,Si secondary phases formed in
Al-50Si—Cu/(Mg) alloys: (a) Al-50Si; (b) AlI-50Si—1Cu;
(c) AI-50Si—1Mg

Mg,Si secondary phases are formed in the
Al-50Si—Cu(Mg) alloys. It is noted that, different
from the Al-50Si—1Cu alloy, no AlMg secondary
phases are formed in the Al-50Si—1Mg alloy.
However, as the content of Cu or Mg is only 1%,
the diffraction peaks of the Al,Cu and Mg,Si phases
are not remarkable.
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To further investigate the secondary phases
formed in the AI-50Si—Cu(Mg) alloys, magnified
SEM observations were conducted and the results
are shown in Fig. 4. Other than the large Si particles,
small needle-like Al,Cu phase and bar-like Mg,Si
phase are present in the Al-50Si—Cu(Mg) alloys.
This result is in consistent with the XRD patterns
presented in Fig. 3. Although the average sizes of
the Al,Cu and Mg,Si secondary phases are less than
1 um, most of the Mg,Si phase is larger than the
ALCu phase. Additionally, most of the ALCu
phases are dispersed in the center of the Al matrix.
However, the Mg,Si phase seems to distribute
mostly near the surface of Si particles. This
phenomenon can be attributed to the larger
diffusion rate and supersaturation of Mg than those
of Si in the Al matrix.

. Yy VS
Fig. 4 SEM morphologies and distribution of Al,Cu (a)
and Mg,Si (b) secondary phases present in Al-50Si—
Cu(Mg) alloys

3.2 Mechanical properties

The room temperature tensile tests were
performed on the hot-pressed Al—50Si alloys with
and without Cu(Mg) addition, and the tensile
curves are depicted in Fig. 5. The stress—strain
response of the Al-50Si alloy is different from that
containing Cu and Mg. A very slight plastic
deformation of approximately 0.5% strain is

observed in the AIl-50Si alloy. Remarkably
enhanced ultimate tensile strength (UTS) is
achieved in the Al-50Si—1Cu and Al-50Si—1Mg
alloys. The plastic behavior is less evident,
approximately 0.3% strain to fracture, with the
addition of Cu or Mg. This phenomenon indicates
that the addition of Cu(Mg) is beneficial to
improving the strength of AI-50Si alloy but
detrimental to the plasticity of the alloy.
Additionally, the slope of the tensile stress—strain
response of the Cu(Mg)-contained alloys becomes
flatter and higher than that of the AI-50Si alloy,
suggesting that the addition of Cu(Mg) also
enhances the elastic modulus of the alloy.

300
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Al-50Si-1Cu
200 |

150 | Al-50Si
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100 -
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Fig. 5 Tensile stress—strain response of rapidly solidified

Al-50Si—X alloys at room temperature

Average values of the tensile strength, bending
strength and hardness of the AI-50Si—X alloys were
obtained from five parallel tests, and the results are
shown in Fig. 6. The strength of the Al-50Si alloy
is significantly improved with the addition of
Cu(Mg). Compared with the reference sample, the
addition of 1% Cu raises the tensile and bending
strength from 185.7 and 288.6 MPa to 236.2 and
390.5 MPa, with increments of 27.2% and 35.3%,
respectively. Similarly, the addition of 1% Mg
results in an enhancement of tensile and bending
strength by 24.5% and 29.0%, respectively. At the
same time, the addition of alloying elements also
increases the hardness of the Al matrix. From
Fig. 6, it is also found that the strengthening effect
of Cu is slightly higher than that of Mg. This
phenomenon can be attributed to the fine and
homogeneous distribution of the Al,Cu secondary
phase at the center of the Al matrix. Additionally,
according to the image analysis from SEM results,
the average size of Al,Cu phase is a little smaller



Jun FANG, et al/Trans. Nonferrous Met. Soc. China 31(2021) 586—594 591

400 - mm A1-50Si 1400
[ Al-50Si-1Cu
350 mm Al-50Si-1Mg 1350
300 300 &
£ Z
% 250 250 3
=) 2
: 200 200 g
@ 150 150 =
100 100
50 50
0
Tensile Bending Hardness
strength strength

Mechanical properties

Fig. 6 Tensile strength, bending strength and hardness of
rapidly solidified AI-50Si—X alloys

than that of the Mg,Si phase, which may also
contribute to the higher strength of the Al-50Si—
1Cu alloy.

Tensile fractured morphologies of AlI-50Si—X

A Ao

(10 |

alloys are displayed in Fig. 7. All samples show a
clear brittle fracture feature. It is seen that the
fracture planes of the alloys are vertical to the
tensile direction and no visible macro-ductility
fracture is observed. As seen from Fig. 7(a), the
crack source of the alloy with rather flat
morphology is clearly observed. The crack
progresses rapidly in a linear way through the
sample when external pressure is applied. Figures
7(b—d) show that the Al matrix fractures by ductile
rupture with tearing ridge while the Si phase
fractures by cleavage surface. As there is a high
volume fracture of Si phase (approximately 53.7%)
with semi-continuous structure, the Si particle
dominated brittle fracture is the main mode of the
Al-50Si alloys. The previous observation suggests
that the crack tip moves through brittle fracture of
the Si particles and finishes by ductile fracture
of the Al matrix [22]. Generally, metal matrix
composites (MMCs) reinforced with high volume
of reinforcement fracture in such particle dominated

e

Fig. 7 Low magnification micrograph showing crack source of Al-50Si alloy (a) and high magnification micrographs
of Al-50S:i alloy (b), AI-50Si—1Cu alloy (c¢) and Al1-50Si—1Mg alloy (d)
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mode [23,24]. Additionally, dimples with small size
are observed in the alloys due to the refined
microstructure as a result of rapid solidification and
solid-state sintering. However, three kinds of alloys
show typical brittle fracture, and the difference
among fractured morphologies is less visible.

3.3 Thermo-physical properties

Variations of coefficient of thermal expansion
(CTE) of the Al-50Si—X alloys as a function of
temperature in the range of 25—300 °C are shown in
Fig. 8. It is observed that the coefficient of thermal
expansion increases linearly with the increase of
testing temperature. The Al—-high Si alloys can be
regarded as Si particle reinforced Al matrix
composites (Si/Al) and the coefficient of thermal
expansion of the alloy is mainly determined by the
properties of the Al matrix and Si phase and the
volume fraction of the Si phase according to the
rule of mixture (ROM). As seen from Fig. 2, there
1s little deviation of the volume fraction, size,
and morphology of Si phase. Consequently, the
coefficients of thermal expansion of the AI-50Si—X
alloys are determined mainly by the properties of Al
matrix. Owing to the presence of Al,Cu and Mg,Si
secondary phase having lower coefficient of
thermal expansion, the total thermal expansion of
Al-50Si alloys is reduced. JIA et al [13] reported
that no plastic deformation occurs in the Al matrix
at low temperatures. The expansion of the alloys is
caused by the combined expansion of the Al matrix
and Si phase and results in the linearly increased
coefficient of thermal expansion with increasing
temperature.
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Fig. 8 Coefficient of thermal expansion of rapidly
solidified Al-50Si—X alloys in temperature range of
25-300 °C

Thermal conductivity of the Al1-50Si—X alloys
is illustrated in Fig. 9. Owing to the rapid
solidification nature of gas atomization and the
diffusion-controlled growth of Si phase during hot
pressing, the Si phase has a semi-continuous
structure with smooth surface, which contributes to
the excellent thermal conductivity of the Al-50Si
alloy, 146.2 W-m "K', At the same time, Si has
low solid solubility in the Al matrix with
equilibrium state, and a near pure Al matrix after
hot pressing may also help for achieving high
thermal conductivity of the alloy. However, the
formation of the Al,Cu and Mg,Si secondary phases
in the Al-50Si—Cu(Mg) alloys has a scattering
effect on the free electron motion and hinders the
thermal conduction [25]. Consequently, the
thermal conductivities of the Al-50Si alloy
containing 1% Cu and 1% Mg are reduced by 7.3%
and 6.8%, respectively. In comparison with the
exceptionally improved strength of the AI-50Si
alloy, this reduction of thermal conductivity is
within the acceptable limit (>120 W-m "-K™").
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Fig. 9 Thermal conductivity of rapidly solidified and

hot-pressed Al-50Si—X alloys at room temperature

Al-50Si-1Mg

4 Conclusions

(1) Gas atomization endows the pre-alloyed
Al-50Si alloy powder with highly refined primary
and eutectic Si phase, and in combination with the
subsequent solid-state hot-pressing, the Si phase
with semi-continuous network structure is obtained.
By adding 1% Cu or 1% Mg, AlL,Cu or Mg,Si
secondary phases are observed, respectively, but the
influence on the Si phase characteristics is limited.

(2) Tensile strength, bending strength and
hardness of the Al-50Si alloys are significantly
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improved with the addition of Cu or Mg,
respectively, which is attributed to the strengthening
effect of the fine secondary phases. The effect of Cu
on mechanical properties is more remarkable
compared with that of Mg. All the Al-50Si—X
alloys show typical brittle fracture features having a
clear cleavage surface.

(3) The addition of Cu(Mg) is helpful for

reducing the coefficient of thermal expansion of the
Al-50Si—X alloys, but detrimental to the thermal
conductivity. However, negligible difference in

thermo-physical properties

1S observed in the

Al-50Si—Cu(Mg) alloys.
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TR BRI R E Al—50$1—Cu(Mg)A§ZE,]
FIFEFRANIR S gE

7, BAKAE, BN, KA
hE PR E RSB U+ =R, AT 230088

# E: B Cudl Mg A&t Ritm iR G &M R, SRERW, A 1% Cu 5 1% Mg(R 5140
A mumma&rﬁm 27.2%H1 24.5%, X & H T HUs SR E (SR FZ )M RAE RS 2, Al ZER TR
SI5ER B4/ INBIRL(ALCu 1 Mg,Si 85 — ). ¥l Cu B Mg 1V FEA% Al-50Si &4 SR 73%F 6.8%. Hit,
IR 1% Cu(Mg), T LATERRER AI-50Si & 448 53 S BRI A 1R R I H2 s FL R .
KR AI-50Si G4 PROHEIE; HGEEARL S MkRE; S ERE
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