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Abstract: Two- and three-layer Al-Si functionally graded materials (FGMs) for electronic packaging were prepared by
spray deposition. The results show that dense microstructure and good interlayer bonding are obtained in the FGMs.
The flexural strength of the three-layer FGMs is higher than that of the two-layer FGMs, and the flexural strength in the
H-L direction with high Si content layer as the bearing surface is higher than that in the L—H direction with low Si
content layer as the bearing surface. The thermal conductivity of all the FGMs exceeds 140 W/(m-K), and the
coefficient of thermal expansion (CTE) shows no significant difference. After thermal shock treatment, more and larger
cracks are found in the two-layer FGM than in the three-layer FGMs. This phenomenon is due to the high thermal stress
at the interfaces and the tendency of large Si particles to rupture as a result of stress concentration.
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1 Introduction

The rapid development of electronic
technology has led to the evolution of microwave
circuits and electronic components toward high
power, miniaturization and complexity, and the
resulting thermal management issues present a
challenge to the field of electronic packaging [1].
Therefore, the development of high-performance
electronic packaging materials is of great
importance to the electronics industry. In general,
ideal electronic packaging materials require low
coefficient of thermal expansion (CTE) and high
thermal conductivity, while maintaining good
mechanical properties, processability and laser
weldability [2—5].

Hypereutectic Al-Si alloys (12%—70%) have
been widely used in aerospace and electronics as

electronic packaging materials due to their excellent
properties, such as low density, high thermal
conductivity, and low CTE [6—9]. The CTE of Al-Si
alloys can be tailored by adjusting the content of Si.
For those AI-Si alloys with high Si content,
conventional casting methods usually lead to the
presence of coarse and brittle Si phase, resulting in
significant degradation in mechanical properties and
processability [10,11]. Therefore, several methods
have been developed to refine the microstructure,
including spray deposition [12,13], pressure
infiltration [14], selective laser melting [15], semi-
solid squeezing [7], and rapid solidification/powder
metallurgy (RS/PM) [6]. Among them, spray
deposition is considered as an effective technique
with high productivity, low oxidation and near-net
products [16,17].

Studies have been carried out
preparation of Al-Si alloys for improving the
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performance [18-20]. However, the researches
mainly focus on the mechanical and thermo-physical
properties of Al-Si alloys, while ignoring their
processability and laser weldability. When the Si
content is higher than 50%, Al—-Si alloys acquire a
low CTE but become hard and brittle [21]. The
excessive Si phases make machining and welding
highly difficult, resulting in poor gas tightness and
increased costs. When the Si content is low, Al-Si
alloys possess high thermal conductivity and are more
suitable for surface plating or laser welding, but
their CTE hardly meets the requirements [22]. The
contradiction between CTE and processability is
unlikely to be solved by improving preparation
methods.

Functionally graded materials (FGMs) offer a
promising solution to this problem. FGMs are
multiphase systems in which the composition varies
spatially to obtain unusual combinations of the
mechanical, thermal or electrical properties [23,24].
In this way, the respective advantages of high Si
content and low Si content Al—Si alloys can be well
combined. The layers with high Si content are
suitable for chip integration, while the layers with
low Si content are suitable for machining and welding.
Consequently, Al-Si FGMs can simultaneously
meet the requirements of electronic packaging for
low CTE, high thermal conductivity, and excellent
processability and laser weldability. ZHOU et al [25]
prepared a gradient packaging shell made of
hypereutectic Al-Si alloy using liquid—solid separation
technology, stating its performance meets the need
for different parts. HUO et al [26] used laser melting
deposition technology to prepare a gradient Al—Si

(a) = Coverplate
= X Chip

Wei ZHOU, et al/Trans. Nonferrous Met. Soc. China 33(2023) 3583—-3596

alloy that was proved to be qualified for use in an
aerospace environment. Although a few studies have
been conducted, these have failed to systematically
investigate the effects of layer number and
composition on the performance of Al-Si FGMs.

In the present work, two- and three-layer
Al-Si FGMs were prepared by spray deposition.
Their microstructure, mechanical and thermo-
physical properties were investigated. Considering
that the FGMs may undergo
heating/cooling during service, their thermal shock
resistance was examined by thermal shock
treatment. Finite element analysis was employed to
calculate the stress distribution under mechanical
and thermal loads.

severe cyclic

2 Experimental

2.1 Materials preparation

According to the requirements of electronic
packaging, the Si content distribution in an ideal
packaging shell is shown in Fig. 1(a). In the present
work, the Al-22wt.%Si and Al-70wt.%Si alloys
were selected as the top layer for sealing and the
bottom layer for chip integration, respectively. The
two alloys were combined to form a two-layer
FGM. To moderate the gradient, Al-42wt.%Si alloy
or Al-50wt.%Si alloy was designed as a transition
layer in the two-layer FGM to form three-layer
FGMs, as shown in Fig. 1(b). In summary, three
types of Al-Si FGMs were designed, namely
Al-22/708i, Al-22/42/70Si and Al-22/50/70Si
FGMs. The gradient structures of these FGMs are
listed in Table 1.

(b) — TFwo-layer FGM——
|AI-22Si

—— Top layer

AETOSTIE - Bottom layer

1} Al-42Si or AI-50Si
Three-layer FGM

ey Middle layer

Fig. 1 Schematic diagrams of Si content distribution in ideal packaging shell (a), and two- and three-layer FGMs (b)

Table 1 Gradient structures of Al-Si FGMs for electronic packaging

Alloy composition/wt.%

Layer thickness/mm

Number ; -
Top layer Middle layer Bottom layer Top layer Middle layer Bottom layer
1 Al-22Si - Al-70Si 5 - 5
2 Al-22Si Al-42Si Al-70Si 5 1 4
3 Al-22Si Al-50Si Al-70Si 5 1 4
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Based on the designed gradient structures, the
two- and three-layer Al-Si FGMs were prepared by
spray deposition. The raw materials including pure
Al (99.9%) and polycrystalline pure Si (99.9%)
were prepared according to the mass fraction and
melted in an induction melting furnace, and then the
molten metal was poured into the preheated
crucible of the spray deposition equipment. After
the first layer of the alloy was deposited using
nitrogen as the atomization gas, the deposited
surface was machined to obtain the desired
thickness of the layer. The post-sintering density of
each layer was taken into account to control the
thickness. Subsequently, the second layer of alloy
was deposited on the machined surface of the first
layer, and the previous steps were repeated until the
desired number of layers was obtained. Finally, the
green billet was hot pressed in a graphite die at
550°C and 120 MPa with a holding time of
240 min. For subsequent characterization and testing,
three-layer FGMs with a transition layer thickness
of 5 mm were prepared by the same method.

2.2 Characterization and testing

The microstructure of the Al-Si FGMs was
observed under a field-emission scanning electron
microscope (SEM, FEI Quanta 200). Samples for
microstructure observation were prepared by
grinding on SiC abrasive papers and then polishing
with a 1 pm-diamond paste, followed by etching
with Keller’s reagent (1% HF + 1.5% HCl +
2.5% HNOs; + 95% H>0, in volume fraction) for
20 s. Each constituent layer was examined using an
energy dispersive spectrometer (EDS, EDAX
Genesis), as well as an X-ray diffractometer (XRD,
Rigaku D/Max 2500) in a 26 range of 20°—80°,
with a scanning rate of 2 (°)/min. The density of the
constituent layers and the FGMs was determined by
the Archimedes method.

The Brinell hardness of the constituent layers
of the AI-Si FGMs was determined using a
hardness tester (HBS—3000B) under a load of 9.8 N
for 30 s, and the Vickers hardness across the layers
was determined using a microhardness meter
(Buehler 5140) under a load of 9.8 N for 155s. At
least, three measurements were taken for each case.
The flexural strength of the constituent layers of the
FGMs were measured. Samples of 3 mm % 10 mm X
50 mm were prepared for the three-point bending
test, and tested on a servo-hydraulic materials

testing system (MTS 858) with a span of 30 mm.
The effective flexural strength of the FGMs was
measured using multilayer samples with each layer
being close to the same thickness. There are two
placement directions for the multilayer samples as
shown in Fig. 2, including the L—H (low Si—high Si)
direction with low Si content layer as the bearing
surface, and the H-L (high Si—low Si) direction
with high Si content layer as the bearing surface.
The flexural strength of the samples (o) was
calculated by

3PL
0’:
2bh*?

(1

where P is the load, L is the span, and b and /4 are
the width and thickness of the sample, respectively.
Three nominally identical samples were used in
each case to obtain the average value of the flexural
strength.

( /
L-H direction f_\

il (b)

»

H-L direction
Fig. 2 Schematic diagrams of three-point bending test in
L—H direction (a) and H-L direction (b)

The thermo-physical properties of the
constituent layers of the Al-Si FGMs were
measured. Samples of d12.6 mm x 3 mm were
ground and polished, and subsequently measured on
a thermal diffusivity analyzer (NETZSCH LFA 427)
at room temperature. The thermal diffusivity and
the specific heat were evaluated using the laser
flash method at room temperature. The thermal
conductivity of the samples (1) was thus calculated
by

A=paC, 2)

where p is the density, a is the thermal diffusivity,
and C, is the specific heat capacity. The results
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were averaged over three measurements. The
dilatometric measurements were performed in an
argon atmosphere from 25 to 300 °C at a heating
rate of 5 °C/min on a dilatometer (NETZSCH DIL
402C), wusing bar samples of 5 mm X5 mm X
25 mm. In addition, multilayer samples were used
in the thermal diffusivity measurements to
determine the effect of the interface on thermal
conductivity, as well as the dilatometric
measurements in the direction shown in Fig. 3.

(@)

4 A-2si
AI-70Si

Al-22Si

- " /A Al-428i

| 4 or Al-50Si
Al-70Si1

Fig. 3 Schematic diagram of two- (a) and three-layer (b)
samples for CTE measurements

Thermal shock treatment was carried out to
investigate the thermal shock resistance of the
Al-Si FGMs. The dimensions of the samples were
3mm X 10 mm X 10 mm, with the same thickness
of each layer. During thermal shock treatment, the
samples were heated in air inside a furnace to
300 °C, immersed for 10 min and then cooled in
water at 25°C for 2 min. The treatment was
repeated up to 100 times under continuous heating
and cooling, after which the microstructure of the
FGMs was studied.

2.3 Finite element analysis

Three-dimensional finite element models were
constructed based on the dimensions of the samples
in the three-point bending test and thermal shock
treatment, respectively, and then solved using the
ANSYS software. It was assumed that the layers

were all isotropic and well bonded. In the case of
mechanical loading, a force of 300 N was applied to
the center of the FGM beam, with a 30 mm span
support, as shown in Fig. 2. In the case of thermal
loading, the ambient temperature was set to cycle
from 25 to 300°C, as in the thermal shock
treatment. Table 2 lists some basic properties of
the constituents in the Al-Si FGMs, including
density (p), elastic modulus (E), Poisson’s ratio (u),
specific heat capacity (C,), thermal conductivity (1),
and CTE (a).

3 Results and discussion

3.1 Microstructure

Figure 4 shows the back-scattered electron
images of the Al-Si FGMs. The Al matrix appears
dark and the Si phase appears light. As shown in
Fig. 4, crack-free Al-Si FGMs with no apparent
defects are obtained under the experimental
conditions. The interface between the Al-22Si
and AI-70Si layers is shown approximately as a
straight line in Fig. 4(a), which is beneficial to the
subsequent machining. As a result of spray
deposition and hot pressing, a smooth transition
from one layer to the other is observed at higher
magnification in Fig. 4(b), with no obvious
separation lines. There are two parts in Figs. 4(c)
and (d) divided by the white lines, with the
Al-22Si/A1-42Si (briefly 22/42) and Al-22Si/
Al-50Si (22/50) interfaces on the left, and the
Al—-42Si/Al-70Si (42/70) and Al-50Si/Al-70Si
(50/70) interfaces on the right. The interfaces in the
Al-22/42/70Si and Al-22/50/70Si FGMs show
similar features to the 22/70 interface, with a
smoother transition due to the close Si content of
their adjacent layers. It can be concluded from the
microstructure of Al-Si FGMs that good interlayer
bonding is obtained.

As shown in Fig.4, the evolution of
microstructure of each layer is mainly seen as the
changes of the Si phase morphology, leading to the
performance difference in different spatial locations.
The inherent rapid cooling rate of spray deposition

Table 2 Material properties of constituents in AI-Si FGMs [27,28]

Constituent  p/(g-cm™) E/GPa u C)/(J-g 'K AM(W-m™- K™ a/107°K!
Al 2.70 70 0.33 0.90 221 23.6
Si 2.33 113 0.22 0.70 135 4.1
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Fig. 4 Microstructures of A1-22/70Si (a, b), Al1-22/42/70Si (c), and A1-22/50/70Si (d) FGMs

results in refined microstructures of the FGMs.
Although the Si content of each layer is different,
the Si phase is uniformly distributed in the Al
matrix. When the Si content is low, the Si particles
are fine and disperse in the matrix, which is
beneficial to plating and welding, and maintain
high thermal conductivity of the FGMs. As the Si
content increases, the Si phase gradually increases
while the Al matrix remains continuous. When
the Si content is higher than 50%, the particle
agglomeration becomes prevalent. The Si phase
gradually develops an interconnected network-like
structure, which helps to reduce the CTE.

Figure 5 shows the EDS spectra and element
distribution maps of the Al-Si FGMs. The layers of
the same composition in different FGMs show
similar EDS profiles, one of which is selected for
demonstration. It is seen that no impurity elements
are detected. Since the scattering effect of impurity
elements on electrons can cause hindrance to
electrical and thermal conduction, this facilitates the
acquisition of excellent physical properties such as
high thermal conductivity of the FGMs [29]. All the
layers maintain the designed composition in general,

indicating that the composition distribution of the
FGMs can be well controlled by adopting the
layer-by-layer preparation method.

Figure 6 shows the XRD patterns of the
constituent layers of the Al-Si FGMs. The XRD
patterns of the layers with the same composition are
similar in different FGMs. It is seen that all the
diffraction peaks in the patterns belong to Al and Si.
With the increase of Si content in the layers, the
intensity of the Si diffraction peaks increases, while
that of the Al diffraction peaks decreases. No
additional intermetallic compounds or interfacial
reaction products are found, indicating that the
phases of each layer remain consistent during the
preparation of the FGMs, or the amount of new
phase is extremely small and undetectable.

The theoretical densities of the constituent
layers and the Al-Si FGMs are calculated by the
rule of mixtures using the densities of the
constituents, and the relative densities are the ratio
of the measured densities to the theoretical densities.
The results are listed in Table 3. All the samples
possess high relative densities, indicating that
densification has been achieved through hot-pressing.
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Fig. 5 EDS spectra and element distribution maps of Al-22/70Si (a), A1-22/42/70Si (b), and Al-22/50/70Si (c) FGMs
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Fig. 6 XRD patterns of Al-22Si (a), Al-42Si (b),
Al-50Si (c), and Al-70Si (d) layers

This will contribute to maintaining high strength
and thermal conductivity, as these properties are
largely influenced by density. The densities of the
constituent layers are slightly higher than those of
the FGMs. In multilayer materials, the interfaces
with discontinuity in composition are usually a
source of additional pore formation [30]. Therefore,
compared with the layers, the FGMs exhibit lower
relative densities. In addition, the relative density of
three-layer FGMs is expected to be lower than that
of the two-layer FGM. However, it is observed that

the relative densities of the FGMs increase
marginally with increasing the number of layers.
This phenomenon is ascribed to the fact that the
properties of two adjacent layers become closer to
each other to allow better bonding between the
layers.

Table 3 Densities of constituent layers and Al-Si FGMs

Experimental Theoretical .

. . Relative

Sample density/ density/ density/%

(grem™) (grem™) yo
Al-228i 2.608 2.619 99.6
Al-428i 2.531 2.545 99.4
Al-50Si 2.503 2.515 99.5
Al-70Si 2.428 2.441 99.5
Al-22/70Si 2.497 2.530 98.7
Al-22/42/70Si 2.515 2.535 99.2
Al-22/50/70Si 2.502 2.525 99.1

3.2 Mechanical properties

Figure 7 shows the Brinell and Vickers
hardness distribution on the cross section of the
Al-Si FGMs, from top to bottom along the
thickness direction. The Brinell and Vickers
hardnesses of the FGMs increase with the increase
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of the hard Si phase in the constituent layer, i.e.,
with increasing Si content. The Brinell hardness
within each layer remains almost consistent,
indicating the uniform distribution of the Si phase
in the Al matrix observed in the SEM images. The
two-layer FGM exhibits a greater variation in
Vickers hardness than the three-layer FGMs. The
Vickers hardness values at the interfaces are
between those of the adjacent layers on both sides,
close to their average value.

(a)
200 - 195
Brinell hardness (HB)
* Vickers hardness (HV)
2 1501
o]
S §126
S
= 100t
ko3 Al-22/70Si
sob Si
Top layer Interface  Bottom layer
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b
200 -( ) 192
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5175
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2 150} s f1s5
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<
T L 105
100 % 0
66 >+ Brinell hardness (HB)
# 64 *> + Vickers hardness (HV)
501 > o Al-22/42/70Si
>+ Al=22/50/70Si

Top Interface Middle Interface Bottom
layer 1 layer 2 layer

Spatial location
Fig. 7 Brinell and Vickers hardness distribution on cross-
section of Al-22/70Si (a), and Al-22/42/70Si and
Al-22/50/70Si (b) FGMs

Table 4 shows the mechanical properties of
the constituent layers of the Al-Si FGMs. With the
increase of Si content, the flexural strength of the
alloys first increases and then decreases. Among
them, the Al—42Si alloy has the highest flexural
strength of 313 MPa. When the Si content is
low, the dispersed Si phase in the Al matrix
can effectively impede crack expansion, thus
strengthening the alloy. However, when the Si
content reaches above 50%, the strengthening effect
of the brittle Si phase is substantially reduced. Most
of the load is carried by the Si particles that break

when the load exceeds their fracture strength,
leading to premature failure of the material [31].
Therefore, the alloys with 42% and 50% Si
achieve relatively high flexural strength. The elastic
modulus of the alloys increases with increasing the
Si content.

Table 4 Mechanical properties of constituent layers of
Al-Si FGMs

Sample Flexural strength/MPa Elastic modulus/GPa
Al-22Si 258+8 78+3
Al-42Si 31345 94+2
Al-50Si 303+4 102+1
Al-70Si 21449 11742

Table 5 shows the mechanical properties of the
Al-Si FGMs, and Fig.8 shows the bending
stress—strain curves of the constituent layers and
Al-Si FGMs. Compared with the two-layer FGM,
the flexural strength of the three-layer FGMs is
improved by at least 12% in both directions.
Despite the difference in transition layer
composition, the difference in flexural strength
between the two types of three-layer FGMs is slight.
For the same FGM, its flexural strength in the L—H
direction is significantly lower than that in the H-L
direction, while the elastic modulus shows no
significant difference in both directions. As seen in
Fig. 8(b), the bending stress—strain curves of the
samples in the L—H and H—L directions are highly
similar, while the former breaks sooner than the
latter. Compared with the flexural strength of the
constituent layers, the flexural strength of the
FGMs in the L—H direction is lower than that of
any of the constituent layers, while the flexural
strength of the FGMs in the H-L direction is higher
than that of any of the constituent layers.

Table 5 Mechanical properties of AI-Si FGMs

Flexural strength/MPa
Sample E/GPa
L-H H-L
Al—22/70Si 121+£7 283+5 98+1
Al—22/42/70Si 139+4 326+8 96+1
Al—22/50/70Si 136+6 33046 99+2

According to the ultimate loads in the
three-point bending tests, the axial stress (ox) of the
Al-Si FGMs under a load of 300 N is calculated
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using finite element analysis. The stress distribution
in the central cross-section of the FGMs is shown in
Fig. 9. The differences of axial stresses in all the
FGMs are small with the same placement direction.
In the L—H direction, the maximum axial stresses in
the three-layer FGMs are even slightly increased
compared with the two-layer FGM. This seems to
be contrary to the experimental result that the
flexural strength of the three-layer FGMs is higher
than that of the two-layer FGM. An important factor
may be the residual stress generated during the
preparation process. High residual stresses lead to
microcracks yielded ahead of macrocracks by
weakening the interface between Al and Si grains,
which is detrimental to the mechanical properties of
the FGMs [30,32]. By introducing the transition
layer, the residual stresses are reduced in the FGMs
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after cooling and the bonding between the layers is
strengthened, which outweigh the adverse effects of
the increased axial stresses. As a result, the flexural
strength of the FGMs increases as the number of
layers increases.

Comparing Figs. 9(b) and (c), it is seen that
the stress distribution of the Al—22/42/70Si and
Al-22/50/70Si FGMs is similar under the same
load. There are only negligible differences in the
maximum axial stresses in both the L—H and H-L
directions for these two FGMs, and the A1—42Si and
Al—-50Si layers are actually of comparable flexural
strengths, which are 313 and 303 MPa, respectively.
Therefore, as the experimental results shown, the
effect of transition layer composition on the flexural
strength of the three-layer FGMs is small. In
other words, the addition of transition layers of both

® A
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Z 200
8
)
100 +
....... — Al-22/70Si
—— Al-22/42/70Si
— Al-22/50/70Si
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Fig. 8 Bending stress—strain curves of constituent layers (a) and Al-Si (b) FGMs
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Fig. 9 Stress distribution in central cross-section of Al-22/70Si (a), Al-22/42/70Si (b), and Al-22/50/70Si (c) FGMs
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compositions is effective in reducing residual
stresses and improving interlayer bonding.

In addition, the placement direction has a
significant effect on the axial stress. In the H-L
direction, the maximum axial stress of the FGMs is
approximately 46 MPa, which is about 20% lower
than that in the L—H direction (57 MPa). Both the
two- and three-layer samples reach the maximum
stress at the bottom surface, implying that cracks
are most likely to initiate in this plane. Therefore,
the load-bearing capacity of the samples depends
more on the properties of the bottom surface. For
the layers with different Si contents, their behavior
in the three-point bending test is different. The
layers with low Si content contribute to the
resistance to tensile stress due to their ductility,
while the layers with high Si content are hard
enough to resist the compressive stress and
provide a certain bending moment tolerance for the
FGMs [33]. When the low Si content layer is loaded
under tensile conditions, the FGMs are prone to
crack formation and fracture. In contrast, when the
high Si content layer is loaded under such
conditions, the FGMs are able to bear more load
before fracture. Consequently, the flexural strength
of the FGMs in the H-L direction with the Al-22Si
layer as the bottom surface is higher than that in the
L—H direction with the Al-70Si layer as the bottom
surface.

3.3 Thermo-physical properties

Table 6 shows the thermo-physical properties
of the constituent layers of the Al-Si FGMs. As
expected, the thermal conductivity of the samples
decreases with the increase of Si content, and their
CTE (from room temperature to 100, 200 and
300 °C, respectively) decreases as well. In the Al-
Si FGMs, the CTE of the bottom layer reaches
8.7x107° K™!, matching well with chip materials;
the CTE of the top layer is 18.9x10° K™, close
to that of the cover plate. Compared with other

Table 7 Thermo-physical properties of AI-Si FGMs

methods such as liquid—solid separation [25], the
Al-Si alloys prepared by spray deposition have
higher thermal conductivity at the same CTE. The
CTE of all the layers exhibits a trend of increase
with increasing temperature, which is determined
by the microstructure of each layer. When the
temperature increases, the Si network in the high Si
content layer exerts a stronger constraining effect
on the Al matrix, resulting in a lower CTE than the
low Si content layer. However, the presence of
more Si phases affects the heat transfer in the Al
matrix. This is due to the reduced thermal
conductivity of Si compared with Al, as well as the
interfacial thermal resistance generated between the
Si phase and the Al matrix.

Table 6 Thermo-physical properties of constituent layers
of Al-Si FGMs

CTE/10°K™!
Sample A/(W-m K™
100 °C 200°C 300 °C
Al-22Si 180+2 16.2 17.9 18.9
Al-42Si 153+1 11.4 12.8 13.6
Al-50Si 142+2 9.8 11.0 11.7
Al-70Si 115+1 7.5 8.2 8.7

Table 7 lists the thermo-physical properties of
the Al-Si FGMs, including the thermal conductivity,
the CTE from room temperature to 100, 200 and
300 °C, respectively and the CTE mismatch
between adjacent layers at 300 °C. The CTE of the
three FGMs shows no significant difference. As
expected, the CTE of the two-layer FGM is
between that of the two constituent layers.
Compared with the Al-22/70Si FGM, the CTE of
the Al-22/42/70Si FGM is slightly increased,
while that of the AI-22/50/70Si FGM is slightly
decreased. Damage to multilayer materials exposed
to thermal shock usually occurs in the form of
delamination, cracking and bending deformation,

CTE/107°K ! CTE mismatch at 300 °C/%
Sample M/(W-m™ K™
100 °C 200 °C 300 °C o1 0
Al-22/70S1 14343 11.0 12.1 12.8 117 -
Al-22/42/70Si 15344 11.1 12.3 13.0 40 56
Al-22/50/70S1 14643 10.8 11.9 12.6 62 34

Or=(ou—au+1)/ak+1, where ax is the CTE of the kth layer from top
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and thermal stress is the main cause of these
problems [1]. As the difference in CTE inevitably
leads to thermal stress, electronic packaging
materials require a CTE that matches the chip [34].
Provided that the Al-70Si layer can meet this
requirement, the compatibility between adjacent
layers of the FGMs needs to be considered. The
different compositions of each layer lead to
different degrees of CTE mismatch. Compared with
the two-layer FGM, the CTE mismatch of the three-
layer FGMs is substantially reduced. Therefore,
increasing the number of layer is beneficial to
reducing the thermal stress of the FGMs.

As listed in Table 7, all the FGMs achieve
high thermal conductivity exceeding 140 W/(m-K).
Compared with the two-layer FGM, the thermal
conductivity of the three-layer FGMs shows no
decrease with the addition of the transition layer.
This indicates that the FGMs have good interlayer
bonding, and there is no noticeable adverse effect
with more interfaces on the thermal conductivity of
the FGMs. Since the thermal conductivity of the
Al-50Si alloy is higher than that of the Al-42Si
alloy, the thermal conductivity of the Al1-22/50/70Si
FGM is higher than that of the Al-22/42/70Si FGM.
Therefore, the thermal conductivity of the FGMs is
highly related to that of the constituent layers.

3.4 Thermal shock resistance

Figure 10 shows the secondary electron
images of the Al-Si FGMs after thermal shock
treatment. No visible macroscopic cracks are
observed in any of the three FGMs after 100
thermal shocks. However, the generation of coarse
continuous cracks is observed near the interface of
the two-layer FGM, while only fine cracks near the
interface with high Si content are observed in the
three-layer FGMs, i.e., the 42/70 and 50/70
interfaces. The cracks appear mainly in the
continuous Si phase, hence more cracks in the
constituent layers with high Si content. For the
two-layer FGM, the cracks appear mostly in the
Al-70S8i layer; for the three-layer FGMs, the cracks
appear in both the transition layers and the AI-70Si
layer. This phenomenon is ascribed to the fact that
the Si particles of large size are prone to stress
concentration and rupture [35]. Within each layer,
the microstructures show no significant changes,
while the Si phase at the interface shows signs of
fragmentation.

The crack length near the interface of the
Al-Si FGMs is measured by avoiding the edge
cracks at both ends of the samples. In the vicinity of
the interface within 100 um, the crack length per
unit thickness in the cross-section of the FGMs is
shown in Fig. 11. The one with the largest crack
length among these FGMs is the Al-22/70Si FGM,
and the one with the smallest length is the
Al-22/50/70Si FGM. Additionally, more cracks are

oo b LY - A
Fig. 10 SEM images of Al-22/70Si (a), and Al-42/70Si

and Al-50/70Si (b) interfaces after thermal shock
treatment

1.0
0.79

0.54

0.5r

Specific length

Al-22/70Si Al-22/42/70Si Al-22/50/70Si
Sample
Fig. 11 Crack length per unit thickness in cross-section

of Al-Si FGMs
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observed in the two-layer FGM than in the
three-layer FGMs, and near the 42/70 interface than
near the 50/70 interface. Accordingly, the thermal
shock resistance of the three FGMs can be
evaluated.

To better understand the difference in thermal
shock resistance among these samples, the axial
stresses of the Al-Si FGMs from 25 to 300 °C are
calculated using finite element analysis. The stress
distribution in the central cross-section of the FGMs
is shown in Fig. 12, and the axial stress as a
function of thickness is shown in Fig. 13. During
thermal shock treatment, stresses with different
directions are generated at the interface of FGMs

(a)

163.4  84.60

5.849

-72.91 -151.7

Stress/
MPa

-191.0

%

124.0

45.23

—

-33.53 -1123

(b

79.74  39.69 -0.356 -40.40 -80.45

Stress/
MPa

-100.5

%

59.71  19.67 -20.38 -60.42

()

118.6 6337 8.142 -47.09 -102.3

Stress/
MPa

-129.9

%

90.99 3576 —-19.47 -74.70

Fig. 12 Stress distribution in central cross-section of
Al-22/70Si (a), Al1-22/42/70S:i (b), and Al-22/50/70Si (c)
FGMs from 25 to 300 °C

200 Al-22/70Si
—o— Al-22/42/70Si1
Al1-22/50/70Si

s 100
[aW}
=
g 0
=
Z -100f

=200 |

0 1 2 3
Thickness/mm
Fig. 13 Axial stress in central cross-section of Al-Si
FGMs from 25 to 300 °C as function of thickness

due to the CTE mismatch between the layers,
resulting in a jump in stress when the thickness
reaches the interface thickness. Therefore, cracks
and broken Si phase are found near the interface.
Compared with the three-layer FGMs, the two-layer
FGM shows a larger jump and a higher thermal
stress at the interface. This result explains the
phenomenon that coarse cracks are observed in the
two-layer FGM but not in the three-layer FGMs.
Among the three-layer FGMs, the maximum
thermal stress of the Al-22/50/70Si FGM is
119 MPa, higher than that of the Al-22/42/70Si
FGM, which is 80 MPa. For the Al-22/42/70Si
FGM, the maximum thermal stress occurs at the
lower interface, while for the Al-22/50/70Si FGM
it is the upper interface, which is consistent with the
CTE mismatch between the layers. From this
perspective, Al—42Si alloy seems to be a more
suitable composition for the transition layer than
Al-50Si alloy. However, more cracks are observed
near the Al-42/70Si interface than near the
Al-50/70Si interface. This phenomenon is due to
the higher thermal stress of the A1-22/42/70Si FGM
than the Al-22/50/70Si FGM, at the interface with
high Si content that is prone to cracking, i.e., the
Al—42/70S1 and AIl-50/70Si interfaces. The CTE
mismatch of the lower interface plays a critical
role here. As a result, the Al-22/50/70Si FGM
exhibits better thermal shock resistance than the
Al-22/42/70Si FGM. It can be concluded that
increasing the number of layers, as well as selecting
the appropriate transition layer composition,
contributes to improving the thermal shock resistance
of the Al-Si FGMs. However, more layers also



3594

imply more complicated fabrication processes and
higher costs. Although increasing the number of
layers seems to enhance the performance of the
FGMs in all aspects, this needs to be taken into
consideration.

4 Conclusions

(1) The two- and three-layer Al-Si FGMs with
dense microstructure and good interlayer bonding
are obtained by spray deposition. A smooth
transition is observed at the interface of the FGMs,
and the Si phase is uniformly distributed within
each layer, with its morphology changing as the
layer change.

(2) The Vickers hardness values at the
interfaces are between those of the adjacent layers
on both sides. The flexural strength of the
three-layer FGMs is higher than that of the
two-layer FGM, and the flexural strength in the
H-L direction is higher than that in the L-H
direction.

(3) The thermal conductivity and CTE of the
constituent layers decrease as the Si content
increases. The thermal conductivity of all the FGMs
exceeds 140 W/(m-K), while the CTE shows no
significant difference. Compared with the two-layer
FGM, the three-layer FGMs significantly improve
CTE matching while maintaining high thermal
conductivity.

(4) After thermal shock treatment, more cracks
are found in the two-layer FGM than in the
three-layer FGMs, and near the 42/70 interface than
near the 50/70 interface. This phenomenon is due to
the high thermal stresses at the interfaces and the
tendency of large Si particles to rupture as a result
of stress concentration.
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