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The Al-(22-50 wt.%) Si alloys are prepared by hot pressing of gas atomized Al-Si alloy powder. The microstruc-
tures, mechanical properties, physical properties, and fracture surfaces of the alloys are characterized as a func-
tion of the Si content. All the alloys are well densified with pore-free microstructure and homogeneously
dispersed Si phase that is refined in size and has smooth surface. The mechanical properties of the alloys are im-
proved gradually with increasing Si content, especially the bending strength. However, both the coefficient of
thermal expansion (CTE) and thermal conductivity of the alloy decrease at the same time. The average CTE
and thermal conductivity of the Al-Si alloys are 18.7-11.3 10~/K and 184-145 W/m K, respectively, indicating
excellent performance of these alloys. Theoretical models are used to predict the CTE and thermal conductivity of
the alloys. Moreover, the thermal boundary resistance at the interface of Al and Si is also calculated.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

For decades, the continuous progress of microelectronic systems
with high calculating speed and miniaturization leads to the rapid in-
crease of functional density. As a result, efficient heat management is
demanded in microelectronics to prevent overheating induced perfor-
mance degradation or even device failures [1,2]. Therefore, developing
materials with high thermal conductivity is imperative for heat sinks
and heat spreaders. Additionally, compatible coefficient of thermal
expansion (CTE) matching with those of semiconductor materials or ce-
ramic substrates is also demanded to minimize the thermal stress and
enhance the reliability of electronic components [3-5].

Particles reinforced Al matrix composites (AMCs) usually exhibit su-
perior mechanical and thermo-physical performances due to the combi-
nation of the excellent properties of Al matrix and reinforcement [6,7].
Al-Si alloys, also called Sip reinforced AMCs have received increasing in-
terest in the application of electronic packaging for thermal manage-
ment and high performance engines because Si is widely available,
low-cost, and environmental-friendly [8-11]. Meanwhile, the good ma-
chinability of Al-Si alloys compared with the Al-SiCp composites also
makes them attractive for precision machined components [12,13]. Ac-
cording to the Al-Si binary phase diagram, the solubility of Si in Al and
the absence of interfacial reactions at high temperatures promote the
consolidation process of the Al-Si alloys [12].

Al-Si alloys have been fabricated by various techniques,
e.g., pressure infiltration [12,14], squeeze casting [15], spray deposition
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[9,16], semi-solid process [17], and powder metallurgy (PM) [8,18]. Al-
though infiltration process can obtain the Al-Si alloys with high Si con-
tent (>60 wt.%), some closed pores cannot be completely filled and will
exist in the alloys, and the ratio of Si to Al is hard to be strictly controlled
[1]. Spray deposition technology is a form of rapid solidification, which
can effectively suppress the Si phase in size and morphology. However,
the high cost and complex processing parameters, such as melt flow
rate, melt atomization, and deposition rate, restrict the wide applica-
tions of spray deposition. Additionally, billets have to be further ma-
chined and densified in order to exclude the residual porosity [1,12].
The most effective and relatively simple route may be the PM technique
via cold pressing of mixed or pre-alloyed powder following pressure or
pressureless sintering. Moreover, the PM technique is valuable to add
the reinforcement with a wide range of amount [11,19]. In this respect,
the hot pressing process of AMCs is favorable because it involves com-
paratively high applied pressure, low sintering temperature (about
500-650 °C, depending on matrix alloy composition), near-full density,
and high productivity [13,20,21].

In this work, Al-Si alloys containing 22-50 wt.% Si were fabricated by
hot pressing of gas atomized Al-Si alloy powder. This work aims at provid-
ing a contribution to clarify the effect of Si content on the microstructure
and thermo-mechanical properties of Al-Si alloys. Therefore, the effect of
Si content on the microstructure characteristics, mechanical properties,
physical properties, and fracture mechanism of the alloys were evaluated.

2. Experimental procedure

Polycrystalline pure Si (99.9 wt.%) with the contents of 22, 27, 42,
and 50 wt.% were inductively melted with pure Al (99.9 wt.%) at 900,
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950, 1150, and 1250 °C, respectively. The molted alloy was poured into a
pre-heated graphite tundish with an inner diameter of 2.5-3.5 mm at
0.9 MPa. During atomization, a fine dispersion of droplets was formed
when the molten Al-Si alloy was impacted by a high energy nitrogen
gas. Irregular Al-Si alloy powder was obtained by gas atomization
with oxygen content less than 800 ppm. The as-atomized powder was
mechanically sieved to less than 74 um (200 mesh). The average micro-
hardness of the powder increases from 107 HV to 193 HV with increas-
ing Si content. The powder was subjected to double action axial
compaction in a steel die with an inner diameter of 50 mm under
400 MPa for 2 min. The relative densities of compacts are in the range
of 75-80%, depending on the Si content. Then the green billets were
sintered by hot pressing in a graphite die. The inner walls of die were
coated with BN slurry. The furnace was heated to 400 °C and held for
30 min at a pressure of 20 MPa in order to degas the powder compacts.
The maximum uniaxial pressure was 45 MPa. The selected sintering
temperature and holding time were 565 °C and 60 min, respectively.
The heating rate was 15 °C/min. The temperature during hot pressing
was monitored by a thermocouple inserted to the die. The indicated
temperature fluctuated by 42 °C around the set value. The pressure
on the specimens was not released until cooled down to 200 °C. After
sintering, the hot pressed specimens were cooled in furnace to the
room temperature. Hot pressed specimens were in the form of discs
with a diameter of 50 and a thickness of about 10 mm.

The oxygen contents of Al-Si alloy powder and hot pressed samples
were detected with a TCH600 analyzer. Specimens used for microstruc-
tural observations were prepared by standard metallurgical methods,
i.e., grinding on SiC abrasive papers and polishing with 1 um diamond
paste, followed by etching with Keller's reagent (a solution of 1 vol.%
HF-1.5 vol.% HCI-2.5 vol.% HNOs-95 vol.% H,0). The microstructures
of alloys and morphologies of Si reinforcement were observed using a
scanning electron microscope (SEM, FEI QUANTA-200). Image analysis
was carried out to measure the average size of Si phase. X-ray diffraction
(XRD) analysis was carried out with a Rigaku D/Max2500VB + diffrac-
tometer using Cu Ko radiation at a scan step of 0.08 (°)/s. The
fractographic examinations were carried out on the broken tensile spec-
imens using SEM.

The Vickers microhardness measurements were carried out on the
matrix of powder, and performed on a Vicker scale using a diamond in-
denter with 0.25 kN for 15 s (HDX-1000). Cylindrical disc specimens
with dimensions of 10 mm in diameter and 3 mm in thickness were
cut from the hot pressed samples for measuring the thermal conductiv-
ity, which was calculated as the product of density, thermal diffusivity
and specific heat. Thermal diffusivity and specific heat were measured
by laser flash method and calorimetric techniques (NETZSCH LFA427/
3/G), respectively. The densities of the alloys were measured using the
Archimedes method. CTE measurements were carried out on a
NETZSCH DIL 402C dilatometer. The specimens with a diameter of
3 mm and a length of 25 mm were heated from room temperature to
400 °C with a heating and cooling rate of 5 °C/min. The Brinell hardness
measurements were performed on the cross-section of the hot pressed
samples. Both tensile and three point bending tests were performed at
room temperature with an initial strain rate of 0.5 mm/min using an
Instron testing machine (MTS 850). Tensile specimens with dog bone-
shaped circular (a gauge diameter of 5 mm and gauge length of
10 mm) and bending specimens with square shape (thickness, width,
and length of 3, 10, and 50 mm, respectively) were used. Three or
more parallel tests were conducted to ensure good reproducibility of
the data.

3. Results and discussion
3.1. Microstructure characteristics

Fig. 1 shows the microstructures of the hot pressed Al-Si alloys. It
can be seen that the Si particles are refined in size and distribute

homogeneously in the Al matrix as a result of using Al-Si pre-alloyed
powder as raw material. The Al-Si eutectic phase is absent in these sam-
ples. For Al-22 wt.% Si and Al-27 wt.% Si alloy, as seen in Fig. 1a and b,
respectively, most of the Si particles are separated randomly in the ma-
trix. The Si particles are more interconnected with each other as the Si
content increases (Fig. 1c and d). This phenomenon is different to the
conventional AMCs reinforced with ceramic particles, such as Al-SiCp
composites [22,23]. Additionally, the microstructures of Al-42 wt.% Si
and Al-50 wt.% Si samples show a semi-continuous network of globular
Si phase dispersed in the Al matrix. The size of Si particles in the
Al-50 wt.% Si alloy is 5-18 um, which is comparable to that prepared
by spray deposition followed by hot isostatic pressing (HIP) [9]. The
globular Si phase is surrounded by an interpenetrating Al matrix. The
presence of semi-continuous Si phase is valuable to obtain alloys with
low CTE because the thermal expansion of Al matrix is more efficiently
inhibited. Moreover, the Si phase with globular morphology and
smooth surface can improve the mechanical properties and thermal cy-
cling resistance because cracks usually initiate at the phase with sharp
corners [24,25]. Despite the semi-continuous Si phase, the interpen-
etrating Al matrix exhibits no closed region. It is reported that a contin-
uous matrix is necessary for the alloys with excellent thermal properties
because the thermal conductivity of Al is higher than that of Si [8].

Fig. 2 shows the XRD patterns of the hot pressed Al-Si alloys with
various Si contents. All diffraction peaks are attributed to the a-Al or
-Si phase, and no additional intermetallic or compound can be ob-
served. Therefore, no detrimental reaction occurs during the fabrication
process. This result indicates that no thermal treatment will occur
during cyclic heating/cooling, thus resulting in excellent thermal cycling
resistance. Furthermore, the intensities of Si peaks increase with in-
creasing Si content.

3.2. Mechanical properties

Noticeable differences concerning the stress—strain response during
tensile testing are observed among the Al-Si alloys, as depicted in Fig. 3.
It is seen that the tensile response becomes increasingly brittle as the Si
content increases. The Al-22 wt.% Si and Al-27 wt.% Si alloys show pro-
nounced plastic deformation, i.e., deviation from the linear elastic be-
havior. This deviation begins at around 20% of the ultimate tensile
strength (UTS). Furthermore, the slope of the stress-strain curves be-
comes increasingly flatter until final failure [26]. The total strains to rup-
ture for these alloys are comparatively high, whereas they display
relatively lower UTS. For the Al-42 wt.% Si and Al-50 wt.% Si alloys, plas-
tic deformation starts later (approximately 40% of the UTS). These sam-
ples undergo pronounced strain hardening until final failure, leading to
the highest tensile strength but also clearly lower total strain compared
to the alloys with low Si content. The presence of semi-continuous Si
phase may contribute to the low ductility of the samples with high Si
contents. According to the rule of mixture (ROM), the addition of
more brittle Si phase significantly decreases the elongation to fracture.
Another reason for this is that at high content of reinforcement, the dis-
tance between the hard phase decreases; thus, the dislocation move-
ment is hindered. This is considered to be one of the most important
factors in decreasing the elongation of this alloy.

Acceptable mechanical properties is another requirement for the ap-
plication of Al-Si alloys in the electronic packaging industries to avoid
damage under external pressure, shake and impact during the process
of assembly and carriage. There is an obvious effect of Si content on
the mechanical properties of the Al-Si alloys, as seen in Fig. 4. The values
increase linearly with increasing Si content. Young's modulus primarily
depends on the elastic properties and the corresponding volume frac-
tion of reinforcement [26]; thus, it is expected to increase as the content
of Siincreases in the matrix. Neglecting the discrepancy of the reinforce-
ment morphology and size, Young's modulus mainly depends on the
content of Si phase for these alloys.
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Fig. 1. Microstructures of the alloy samples: (a) Al-22 wt.% Si, (b) Al-27 wt.% Si, (c) Al-42 wt.% Si, and (d) Al-50 wt.% Si.

The effective tensile strength values are depicted in Fig. 4. The tensile
strength of the alloys is clearly influenced by the Si content; the strength
increases greatly as the Si content increases from 22 to 50 wt.%. It can be
seen that the tensile strength increases from 148 to 196 MPa with in-
creasing Si content. The reason is that Si particles prevent the movement
of dislocations in the Al matrix through dispersion strengthening mech-
anism. Additionally, increasing the Si content also leads to a decrease in
the distance among the Si particles. This phenomenon increases the
hardness and the required tension for dislocations movement among
the Si particles, leading to an increase in the strength.

a A Q-Al
| B-Si
0 &
)
2
2 )
E (d) \
(d) A
(b) \ A

@ A N

20 30 40 50
206(degree)

Fig. 2. XRD patterns of the alloy samples: (a) Al-22 wt.% Si, (b) Al-27 wt.% Si,
(c) Al-42 wt.% Si, and (d) Al-50 wt.% Si.

The results of three-point bending tests as a function of Si content
are also plotted in Fig. 4. Similarly, the bending strength is found to
increase with increasing Si content. The Al-Si alloys yield a bending
strength from 188 to 312 MPa. On the other hand, the bending
strength (by about 66%) is more obviously influenced by the Si con-
tent than the tensile strength (by about 32%). This phenomenon
should come from the characteristics of Si phase, such as size, mor-
phology, and size distribution. Therefore, large deviation between
tensile and bending strength occurs in the samples with high Si
contents.

4%
200 | 4
— 150}
©
o
=
@ 100 )
] 1# ——Al22%Sip
& 2# —— AlI27%Sip
34— All42%Sip
50 44 —— AI50%Sip
0 " L M 1 " 1 i 1 i 1
0 1 2 3 4 5

Strain (%)

Fig. 3. Typical tensile stress curves of the Al-Si alloys prepared by hot pressing.
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Fig. 4. Tensile strength, bending strength, and Young's modulus of the Al-Si alloys as a
function of the Si content.

3.3. Physical properties

The measured densities of the Al-Si alloys are less than 2.7 g/cm?, as
illustrated in Table 1. By comparing the theoretical density obtained
through the ROM, fully dense materials are achieved. It is worth noting
that the density of such material is only about 80%, 30%, and 15% of the
Al-SiCp composite, Kovar alloy, and W-Cu composite, respectively. This
is desirable in the applications that require a low weight. This result in-
dicates that the current hot pressing process with gas atomized alloy
powder is a feasible method for fabricating the Al-Si alloys for thermal
management applications.

Fig. 5 presents the CTE values with varying temperature for the Al-Si
alloys investigated at 50-400 °C. It can be observed that, within the en-
tire temperature range, increasing the Si content significantly reduces
the CTE from 18.7 to 11.3 10~ ¢/K. Such a reduction in CTE is considered
as a result of mixture rule and the intense restriction effect of Si rein-
forcement on the thermal expansion of the Al matrix.

Moreover, the CTE values increase linearly with increasing tempera-
ture but they show a relatively sluggish increase at high temperatures.
This phenomenon has resulted from the combined effect of the solubil-
ity of Si in Al and the change of internal stress on the matrix when the
temperature increases [23]. According to the Al-Si binary phase dia-
gram, the concentration of Si in the Al rises as the temperature in-
creases. In the Al matrix, increasing solid solubility of Si has a negative
effect on the CTE because the lattice parameter of Al decreases with
the increment of Si solubility, and the change in lattice parameter and
macroscopic length counteract in the case of dilute solid [27]. Thus,
the increasing rate of the CTE for Al-Si alloys decreases when the tem-
perature increases beyond a certain point (about 250 °C). Another rea-
son for the change of the CTE with temperature is the change of stress
within the samples related to the temperature. A residual thermal stress
will be generated in the sample cooled from the fabrication temperature
due to the large difference in the CTE between the Si particles and the Al
matrix [9]. Residual stress exhibits as compressive stress on the Si parti-
cle and tensile stress on the Al matrix. Thus, during heating from room
temperature, the tensile stress on the matrix is relieved and the matrix
is expanded, while at the same time it also helps the expansion of the

Table 1
Measured and theoretical density of the Al-Si alloys.

Materials Theoretical density, Measured density, Relative density,
g/cm’® g/cm? %

Al/22 wt.% Sip 2.609 2614 100.2

Al/27 wt.% Sip 2.589 2.586 99.9

Al/42 wt.% Sip 2.531 2.523 99.7

Al/50 wt.% Sip 2.501 2.496 99.8
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Fig. 5. Temperature dependence of CTE curves of the Al-Si alloys.

matrix. When the tensile stress reduces to zero, a new compressive
stress on the matrix is induced due to the CTE mismatch. This in turn re-
sults in a decrease in the CTE of the matrix. Although the level of stress
on the Si particle is opposite the Al matrix, its effect on the CTE of the
alloy can be ignored because of the large modulus and strength of Si
phase. Thus, it is almost impossible for the stress to affect the CTE.

Several theoretical and numerical studies have provided expressions
for the CTE of particulate composites based on various assumptions. In
this work, the ROM, Turner, and Kerner models are used to model the
temperature dependence behavior of the CTE of the Al-Si alloys. If the
matrix modulus is much smaller than that of the reinforcement, the
CTE is expressed by the ROM model [28].

a =0V +apVy, (1)

where « is CTE, 10~ %/K; V is the volume fraction, vol.%; and the sub-
scripts m and p refer to the matrix and particle, respectively.

The Turner model [29] assumes that the matrix and reinforcement
are completely bonded, expand at the same rate, and the shear defor-
mation is negligible. Moreover, it does not take the angularity and distri-
bution of the reinforcement into consideration. The Turner model
considers the uniform hydrostatic stresses and gives the CTE of a
composite as

 0nVaKin + 0pV,K, 2
T ViKm VK,

where K is the bulk modulus (K = E/[3(1-2v)]), GPa; E is the Young's
modulus, GPa; and K;;, and K}, stand for the bulk moduli of the matrix
and the reinforcement.

Both the normal and shear stresses are taken into account in the
Kerner model [30], and the CTE is expressed as

4G\ [(K=K5p) (atm—0tp)Vp 3
K 4G + 3Kp ’

a=00nVn+oV, + <

[ ViKy
k= (31<m + 4Gy

VK, Vi v,
3K, + 4Gm> / (31<m 4Gy 3K, + 4Gm>’ @

Table 2
Physical properties of the Al and Si.

Material p(g/cm®) E(GPa) G(GPa) K(GPa) CTE(1075/K) v
Al 2.70 69.2 26.0 67.8 22.6 0.33
Si 233 163 66.8 97.0 2.5 0.22
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Fig. 6. Comparison of measured and theoretical CTE of the Al-Si alloys with various Si
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where G is the shear modulus (G = E/[2(1 + v)]), GPa. The material pa-
rameters used in the calculations are given in Table 2.

Fig. 6 displays the comparison between the measured and calculated
CTE of the Al-Si alloys. It can be seen that the theoretical values based on
the Kerner model agree well with the experimental values of the alloys
with high Si contents, but deviate from the ROM and Turner models.
This may be attributed to the fact that the normal and shear stress are
included in the Kerner model, while the ROM and Turner models
could not describe the complicated internal stresses inside the alloys.
However, the measured values of the alloys with low Si contents are sig-
nificantly higher than the theoretical values. The reason should come
from the fact that the theoretical models is feasible for AMCs with
high reinforcement contents, while the volume fraction of Si in the
Al-22 wt.% Si and Al-27 wt.% Si alloys are less than 30%. Additionally,
the Si phase in the two samples with nearly spherical shape that could
not effectively suppress the expansion of Al matrix may also result in
the high CTE.

Fig. 7 shows the thermal conductivity of the hot pressed Al-Si alloys.
It can be seen that the thermal conductivity decreases from 187 to
145 W/m K with increasing Si content due to the lower thermal conduc-
tivity of Si (148 W/m K) in contrast with Al (238 W/m K). The thermal
conductivity of Al-50 wt.% Si alloy is higher than that fabricated at
520 °C for 120 min (~130 W/m K) [31] due to the high consolidation
temperature and the use of high purity Al and Si. This value is also
higher than that of Al-55 vol.% SiC composite prepared by pressureless
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Fig. 7. Variation in thermal conductivity of the Al-Si alloys against the Si content.

infiltration (~125 W/mK) [27,32]. In the present work, the high thermal
conductivity of the alloys is attributed to their highly dense and uniform
microstructures. The thermal conductivity is also influenced by the de-
fects, such as micro-pores, in the material. The pores in the material will
decrease the overall thermal conductivity because the air is a poor
thermal conductor. The hot pressing of the pre-alloyed powder leads
to a dense microstructure which improves the thermal conduction ca-
pability of the alloys. Furthermore, the thermal conductivity/density
ratio of Al-50 wt.% Si alloy (58.4) is several times larger than those of
the traditional thermal management materials, especially the W-Cu
and Mo-Cu composites (~13.8).

The thermal conductivity of composites depends on the thermal
conductivity of each component, volume fraction, distribution, and
size of reinforcement, density, and interfacial bonding strength between
the matrix and reinforcement. Researchers have constructed many the-
oretical models to describe the impact of these factors on the thermal
conductivity of composites. Among those models, the Hasselman-John-
son (H-J) model [33] is known as the most accurate since it takes into
account the combined effects of particle size, volume fraction, and inter-
facial thermal resistance. The H-] model assumes that the thermal con-
tact between matrix and reinforcement is not perfect and, thus, the
interface acts as an effective heat flow barrier, and this model is
described as

A Re - A A Rc - A\
2Vp<ﬁ—%—1> +)\—p+2%+2

A=An- m (5)
N RN A RN,
Vp(] m-‘r r +E+ZT+2

where A is the thermal conductivity, W/m K; r is the radius of the rein-
forcement, m; R is the interfacial thermal resistance, m? K/W. The inter-
facial thermal resistance is correlated the temperature drop across an
interface to the interfacial heat flux, which depends on the solid adja-
cent to the boundary and the quality of the interfaces themselves.

The interfacial thermal resistance can be estimated by a simple
Debye model in terms of the Acoustic Mismatch model (AMM)
[34-36]. It is expressed by

s

= B (6)
Co- 2D 0y Dy

D

where p is the density, kg/m?; Cis the specific heat, J/kg K; D is the
Debye velocity, m/s. The value of D can be estimated by [37]

D= /G/p. 7

For comparison, the ROM and Maxwell models are also used in the
calculation, and the results are present in Fig. 7. The Maxwell model as-
sumes a perfect interface bonding in the case of H-] model. The material
parameters for calculation are provided in Table 2. It can be seen that
the predicted values using the ROM and Maxwell models are much
higher than the experimental values. This is reasonable because the
Maxwell model is adopted without consideration of the thermal resis-
tance (3.4 x 1072 m? K/W) generated at the matrix-reinforcement
boundary and the non-spheroidicity of the reinforcement. Additionally,
the surface roughness and oxide layer on the Si particles also increase
the thermal boundary resistance and then the thermal conductivity of
the Al-Si alloys [38].

The H-] model (1) takes the size of reinforcement into account and,
therefore, the predicted values are in good agreement with the experi-
mental values for the alloys with low Si contents; however, these values
are not consistent with those for the alloys with high Si contents. In
contrast, neglecting the difference in size of reinforcement, the results
based on the H-] model shows good agreement with all the experimen-
tal results (H-J model (2)). The size, shape, and spheroidicity of



Z. Cai et al. / Materials and Design 87 (2015) 996-1002 1001

reinforcement have great influence on the thermal conductivity of com-
posites [4,37,39]. The deviation between the predicted values indicates
that the size of reinforcement has a significant effect on the thermal
conductivity of particulate composites. Although it is favorable for
the thermal conductivity with the addition of large reinforcement,
the decrease in the thermal conductivity of the Al-42 wt.% Si and
Al-50 wt.% Si alloys should be attributed to the evolution of Si phase
morphology, as shown in Fig. 1, where the Si phase in these samples
shows continuous network but it displays near spherical shape in the
other two samples with lower Si contents. Meanwhile, large amount
of oxide (from 870 to 1167 ppm) presents in the Al-Si alloys with
high Si contents due to the high melting temperature during atomiza-
tion. The evolution of Si phase with high Si content is different to the tra-
ditionally particulate AMCs and a shape factor introduced for the H-]
model may be demanded for the present alloys [39]. Additionally,
such result may indicate that there is still room for further enhancement
in the thermal conductivity of the Al-Si alloys by optimizing the pro-
cessing parameters.

3.4. Fractography

The tensile fracture surfaces of the investigated alloys with different
Si contents are shown in Fig. 8. It can be seen that the samples with low
Si contents exhibit ductile behavior with visible dimples (Fig. 8a and b).
While, no visible macro-ductility fracture is observed in the samples
with high Si contents (Fig. c and d). It is also noted that the fracture sur-
face of the crack source is more flatten than the nearby area. Further ob-
servation indicates that the Al matrix fails via ductile rupture, especially
in the Al-22 wt.% Si and Al-27 wt.% Si alloys, and the Si phase fails by
cleavage fracture. However, shear-type plastic deformation of the Al

matrix is less evident for the samples with higher Si contents, as seen
in Fig. 8c and d. The loss of ductility is ascribed to the higher content
of brittle Si phase. In addition, no visible interfacial debonding is found
in all samples, indicating the excellent interfacial bonding strength be-
tween the Al matrix and Si phase. The probable fracture mechanism of
the Al-Si alloys is described in the form of brittle fracture of the Si
phase followed by tearing up of the surrounding Al matrix.

4. Conclusions

In this work, Al-Si alloys were prepared by hot pressing of the gas at-
omized Al-Si alloy powder. The effects of Si content on the microstruc-
ture, mechanical and physical properties, and fracture mechanism were
investigated, and the following conclusions were obtained.

1) Dense Al-Si alloys with the Si content of 22-50 wt.% could be obtain-
ed by hot pressing of the gas atomized alloy powder, of which the
relative densities are higher than 99%. The alloys show a pore-free
microstructure with homogeneously dispersed fine Si phase in the
Al matrix. The alloys are composed of the a-Al and 3-Si phases with-
out any interfacial reactions.

2) The tensile response of the Al-Si alloys becomes increasingly brittle
as the Si content increases. Additionally, the tensile strength, bend-
ing strength, and Young's modulus of the alloys are significantly im-
proved with increasing Si content.

3) The CTE and thermal conductivity of the Al-Si alloys decrease as the
Si content increases. The Kerner model and H-] model could be used
to predict the CTE and thermal conductivity of the alloys, even
though some discrepancy still presented. The average CTE and ther-
mal conductivity of the Al-Si alloys containing 22-50 wt.% Si are

Fig. 8. Tensile fracture surfaces of the Al-Si alloys with Si content of (a) 22 wt.%, (b) 27 wt.%, (c) 42% wt.%, and (d) 50% wt.%.
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18.7-11.3 10~ %/K and 184-145 W/m K, respectively, thus they are
desirable for the applications in electronic packaging.

The Al-Si alloys exhibit brittle fracture features, especially the sam-
ples with high Si contents. No visible interfacial debonding is found
in all broken tensile samples.
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