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Abstract

In the previous work, the Al-50Si alloy with fine primary Si is prepared by a low-cost technology. In addition, the morphol-
ogy of primary Si and the metamorphic mechanism as well as the thermal expansibility of alloy are also investigated in this
work. The mean size of primary Si can obtain the min value of 33.82 um when the content of modifier is 3%. The thermal
expansibility of alloy decreases with the increasing of modifier. The influence of microstructure, solid solubility as well as
porosity on the thermal expansibility are also studied in this research. Moreover, several theoretical models such as ROM
model, Turner model, Kerner model and Schapery model are also used to predict the coefficient of thermal expansion (CTE)

of alloy.

1 Introduction

The electronic packaging refers to the packaging for elec-
tronic devices and components as well as electronic systems
and so on, which is used for protecting circuits and chips
from external environment [1, 2]. According to the require-
ments of modern electronic packaging, the properties needed
for electronic packaging materials mostly comprise [3, 4]:
(1) high thermal conductivity; (2) low coefficient of thermal
expansion (CTE); (3) relatively high mechanical strength;
(4) good processability; (5) low density; etc.

There are many kinds of traditional electronic packaging
materials, such as ceramic materials (Al,O5, AIN and SiC),
plastic encapsulation and metal-matrix encapsulation mate-
rials. Al,O5 is the maturest ceramic materials used for elec-
tronic packaging for its low thermal expansion coefficient
and complete preparation technology. However, due to the
low thermal conductivity of Al,O;, the application of this
material is also limited. AIN is a new type of high thermal
conductivity ceramic but it is not suitable for commercial
production due to its complicated preparation process and
high cost.
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The AI-Si alloys synthesize the excellent performances
of Al matrix and Si phase, which has advantages of high
thermal conductivity, low thermal expansion coefficient,
low density, good processability and low cost [5]. Thus, the
Al-Si alloy can satisfy the requirements of modern elec-
tronic packaging for thermophysical and technological prop-
erties. Nevertheless, when the contents of Si exceed 20%, the
high-silicon aluminum alloy used for electronic packaging
cannot be fabricated by conventional casting process due to
the coarsening of primary Si [6].

In order to refine primary Si, some metamorphic meas-
ures are used to improve the morphology of primary Si.
The typical refining methods of primary Si are mainly in
three ways shown as follows. One is chemical modification
[7], which affects nucleation and growth of primary Si by
using modifier. The other is rapid solidification [8, 9], which
refines primary Si by improving nucleation rate of primary
Si and restraining the diffusion of Si atoms. Moreover, some
mechanical treatments are also used to refine primary Si,
such as ultrasonic vibration [10], overheating treatment [11]
and so on. Chemical modification, especially for P modifica-
tion, is the most widely used method in industry due to its
simple operation and low cost.

The Al-50Si alloys with various P contents researched in
this work are prepared by water-cooled copper mold. Using
the new mold with high cooling rate and the modifier with
good metamorphic effect, we intend to fabricate a type of
high-silicon aluminum alloy used for electronic packaging
at a low cost.
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2 Experiments

The Al-50Si alloy used in this article are produced by using
water-cooled copper mold whose thickness is 25 mm. Com-
mercial pure Al (99.7%) and commercial pure Si (98%) are
used as raw materials for manufacturing Al-50Si alloys. The
Cu-14P alloys are used as modifier to refine the morphology
of primary Si. The Al-50Si alloys are melted in a medium-
frequency induction furnace, heated to 1200 °C and held for
10 min before casting.

In order to research the transformation on the morphol-
ogy of primary Si under different P contents and metamor-
phic mechanism, a scanning electron microscopy (SEM)
equipped with X-ray energy dispersive spectroscopy (EDS)
is used to detect the composition and morphology of phases.
Some SEM samples are mechanically ground to 1 pm dia-
mond paper and then etched in a 20% NaOH solution for
20-80 s with the temperature of 80 °C. In order to quan-
titative analysis the size and form factor of Si phase in the
AI-508i alloy under different P contents, an image analyzer
software (Image Pro Plus, IPP) is applied. The formulas for
counting the size and form factor are shown as follows [12]:

S=\/4A/x (1

F =47A/C* 2)
where S means the size of Si phase, F signifies the shape
factor, A represents the area of Si phase, C is the perimeter
of Si phase.

The thermal expansion coefficient detected in this work
is linear expansion coefficient which is tested by using a
dilatometer with the type of DIL805A/D. The formula used
to calculate the coefficient of thermal expansion (CTE) is
shown as follows [13]:

o 1AL
T L AT &)

where a is CTE, L, is the original length of samples, AT
means the variations in temperature, AL is the variations
of length with temperature. The samples used for thermal
expansion experiment are designed as ®4 x 10 mm. The test-
ing temperature is in the range from 50 to 500 °C with the
heating rate of 5 K/min.

3 Results and discussion

3.1 Microstructures

Figure 1 shows the evolution of microstructure under dif-
ferent P contents. As presented in figure, the primary Si

in the un-metamorphic alloy shows coarse plate-like in
shape with the mean size of 130.47 pm. The primary Si

distribute nonuniformly in the matrix and also connect to
each other, which will divide the matrix into many parts.
When the content of modifier is 1%, due to the metamor-
phism of AIP phase, some octahedral primary Si with fine
size can be seen in the alloy and the mean size of primary
Si also decreases. However, most primary Si are still plate-
like with high aspect ratio, which can be attributed to the
owe-metamorphic phenomenon caused by the shortage of
modifier contents. The morphology of primary Si improves
and the mean size also decreases with the increasing of
modifier contents. When the content of Cu-P is elevated to
3%, all large primary Si disappear and are replaced by fine
octahedral primary Si. The mean size of primary Si and
corresponding standard deviation severally reach their min
values of 33.82 pm and 15.66 pm at this modifier content.
The smaller the standard deviation is, the less difference
between the grain size and mean size is. Thus, the size of
primary Si will be more homogeneous. When the content
of modifier exceeds 3%, the size of primary Si enhances
with the increasing of modifier content. The mean size of
primary Si increases to 34.66 um when the content of Cu—P
is 5%. The over-metamorphic phenomenon begins to appear
in the alloy during that time. When the content of modifier
is 7%, the short rod-like primary Si can be observed in the
matrix, which can be attributed to the over-metamorphic
phenomenon caused by the severe aggregation of AlP phase
in Al-50Si alloy.

In order to investigate the metamorphic mechanism, the
distribution of Al, Si and P elements are detected by using
surface scan method. According to the previous researches
[14], the P elements in the alloy are mainly in the form of
AIP phase. As seen in Fig. 2, some clusters of P element
can be seen slightly in point A, which can be attributed to
the reaction of AIP with water during sample preparation
process. The reaction is shown as follows [15]:

AIP + 3H,0 — AI(OH); + PH; 1 4)

Table 1 shows the crystal characteristics of Si and AIP
phases [16]. Both Si and AIP phases are cubic crystal struc-
tures. The difference between the two lattice constants as
well as the difference of min interatomic distance between
two atoms are 0.42% and 4.9%, respectively. According to
the orientation relationship between coherent interfaces, the
corresponding interfaces between the two phases have same
orientation relationship if the interatomic distance differ-
ence between the interfaces of two phases is lower than 5%.
Therefore, the AIP particles can be the basement for hetero-
geneous nucleation of primary Si [17, 18].

Moreover, according to the classical solidification theory
[19], the energy used for homogeneous and heterogeneous
nucleation are:

dnlo

K 5
3 ®
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Fig. 1 The microstructures, sizes and shape factors of Al-50Si alloys with different modifier contents
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Fig.2 EDX elements analysis of primary Si with 3% modifier content

Table 1 The crystal characteristic of Si and AIP

Crystal characteristic Materials
Si AlP
Crystal structure Diamond-type Zinc
blende
structure
Lattice constant (nm) 0.5428 0.5451
Min interatomic distance (nm) 0.244 0.256

and

AG) = (©6)

47”;(2‘7 2 —3cos 0 + cos’6
3 4

where AG and AG% are the energy of homogeneous and
heterogeneous nucleation, respectively; ry and r;( mean the
critical nucleus radius of homogeneous and heterogeneous
nucleation; ¢ represents surface energy of unit area; 0 is
wetting angle.

Al Kal

S R
25um

It can be seen by taking the derivative of Formula 6 that
the derivative of AG) is always greater than 0 when 0 is
between 0° and 180°, that is, the Formula 6 is an increasing
function when 0 is in the range of 0°~180°. The AG’, gets
its max value of 47rr?<0' /3 when 0 is 180°, which is equal to
the result of AGy. When 0 is ranged from 0° to 180°, the
energy used for heterogeneous nucleation is always lower
than that for homogeneous nucleation. Thus, the Si atoms
prefer to adhere to the dispersed AIP particles rather than
combine with each other during solidification process so that
the primary Si can be refined effectively.

Figure 3 shows the different morphologies of primary
Si in Al-50Si alloys. The primary Si discussed in this arti-
cle are mainly in the form of plate-like and octahedron-like
in morphology. The morphology of primary Si changes
from plate-like to octahedron-like with the increasing of P
contents.

It can be seen from Fig. 3a that the primary Si in the
un-metamorphic Al-50Si alloy shows plate-like with high
aspect ratio. The plate-like primary Si in the hypereutectic
Al-Si alloy has an external structure of facet feature with the
outer surface of close-packed (111) plane [16]. The crystal
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Fig.3 The morphology of primary Si. a plate-like, b octahedron-like

atoms will be staggered arrangement and a number of twins
will also form in the melt due to the undercooling and impu-
rities existing at the front of solid-liquid interface during
solidification process. The twins appearing at the growth
front of primary Si create grooves and peaks whose angles
are 141° and 219°, respectively [20]. Because the energy
required to deposit atoms on the groove is lower than that
on the smooth interface, the groove is a favorable position
for atoms to aggregate and grow. Moreover, the atoms or
clusters of Si deposited on the groove is easy to satisfy the
condition of interfacial free energy for the growth of Si so
that the Si phase grows rapidly at the groove and grow into
plate-like eventually.

Some pores can also be seen near the central line of plate-
like primary Si. Xu think that the appearing of holes can
be attributed to the enrichment of impurity at the front of
liquid—solid interface, which is relative to the growth mode
of primary Si [21]. During the solidification process, a large
number of impurities will enrich on the growth surface of
Si phase with the growing of primary Si. The impurities
enriched in the groove is difficult to diffuse comparing with
that enriched at the edge of primary Si, which will make
the concentration of impurities in groove higher than that at
the edge. When the contents of impurities exceed a certain
degree, the Si atoms in the groove will stop growing. How-
ever, the Si atoms will continue to accumulate at the edge
of twins where the concentration of impurities is low, which
will generate holes in grooves.

Figure 3b shows the morphology of polygonal primary
Si. The octahedral primary Si in the alloy will be randomly
cut at any angles during sample making process, which will
leave some polygonal outlines on the specimen such as tri-
angles and rectangles as well as hexagons and so on [22].
Therefore, the polygonal primary Si in the Al-50Si alloy
should be the outline of cut octahedral primary Si. The holes
in the center of the primary Si can be seen clearly in the

@ Springer

microstructure, which can be attributed to the corrosive
effect of AIP phase. At the early stage of solidification, the
Si atoms and clusters in the melt will prefer to absorb on AIP
phase and form initial crystal nucleus due to the metamor-
phic effect of AIP. The Si crystal belongs to face-centered
cubic (FCC) structure. The advantaged growth direction of
face-centered cubic crystals is [100] direction, i.e.
(100), (010}, (001), <T00§, <0T0> and <00T>

[23]. The crystal nucleus will grow into a cross-shaped den-
drite at first, which shows as three mutual perpendicular axes
in space. The atoms existing at the end of dendrites accumu-
late along the edge of octahedron and form octahedral crys-
tal nucleus skeleton [22]. With the growing of the cross-
shaped dendrites, the Si atoms will connect with each other
during the subsequent process and develop into octahedral
crystal at last.

directions

3.2 Thermal expansion behavior

Figure 4 shows the schematic diagram of the thermal expan-
sion behavior. The nature of the thermal expansion behavior
of solid materials can be attributed to the average distance (r)
of particles in lattice increase with temperature. The interac-
tion forces between adjacent particles are nonlinear during
lattice vibration process, which means the force is not simply
proportional to the displacement but exists an equilibrium
position (ry). The repulsive force increases rapidly with dis-
placement when r is less than r,. But the attractive force
increases slowly with displacement when r is greater than
Io. The equilibrium position of particle vibration will shift
to right side of r, under stress, which will increase the aver-
age distance of particles. The offset of equilibrium position
and the average distance between adjacent particles increase
with temperature, which will lead to the increasing of lattice
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Fig.4 The schematic diagram
of the thermal expansion
behavior. F,—attractive force;
F,—repulsive force

parameters at the micro level and perform as thermal expan-
sion behavior at the macro level.

Figure 5 shows the CTE of alloys under different P con-
tents as a function of temperature. All curves in Fig. 5a
show similar trend of variation, that is, the CTE increases
at first and then decreases with the increasing of tempera-
ture. Moreover, at low temperature, the CTE of the modified
alloys is lower than that of the un-metamorphic and owe-
metamorphic alloys.

The Al matrix will do not have plastic deformation when
the temperature is low. Thus, the CTE of the alloy will increase
linearly with temperature due to the interaction of a-Al and
primary Si in expansion. However, as the temperature contin-
ues to increase, the thermal stress on the interface between Al
and Si phases will increase gradually and the yield strength
will also continuously decrease. When the thermal stress
exceeds yield strength of a-Al matrix, the alloy will generate
plastic deformation. The thermal expansion of the Al-50Si
alloy mainly comes from «-Al, but the expansion of Si as
well as the plastic deformation of matrix will offset the partial
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13.5 [H-¥— 5% Cu-P

9 7% Cu-P
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11.0 1 1 1 1 1
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expansion of a-Al. The existing research results indicate that,
with the increasing of temperature, the lattice of Al expands
and the CTE increases [24]. Since the solid solubility of Si
in Al increases with temperature, the lattice constant of Al
will decrease, which will have negative effects on the thermal
expansion of alloy.

The relationship between the lattice constant of Al and CTE
can be described as [24]:

_lda

=T ™

where o represents CTE, q is the inherent lattice constant
of Al and da/dT means the variation of lattice constant with
temperature. The a in formula 7 is a function of the solid
solubility of Si in Al, which can be given by

A
a=ay+ A—gc 8)
14.0
(b) - Temperature
400+ | CTE

Temperature °C
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Fig.5 The CTE curves of the AI-50Si alloy and the max values of CTE. a The CTE curves of the AI-50Si alloy; b The max values of CTE and

the corresponding temperatures
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where C is the solid solubility of Si in Al, which can be
expressed by

—-AH

C=Aew )
where A is a constant, R is the universal gas constant and
T is the Kelvin temperature. By combining the formulas
mentioned above, the relationship between CTE and solid
solubility can be described as

14a,,
ay AC

-aH AH

_ 1day a1 AH
RT?

= a_o aT (10)

The Al belongs to face-centered cubic structure with
four atoms in a crystal cell. The lattice constant of Al is
0.4049 nm. Si belongs to diamond-type structure with
eight atoms in a crystal cell. The lattice constant of Si is
0.5428 nm. The calculation results show that the aver-
age atomic volume of Al and Si are 1.65x 1072 cm?® and
2.01x 10723 cm?, respectively. The atomic volume of Si
increases 21.8% by comparing with Al.

It can be seen from the formula 10 that the coefficient
of thermal expansion of the alloy is mainly influenced by
the solid solubility of Si in Al. With the increasing of tem-
perature, plenty of Si atoms will dissolve into a-Al matrix.
For the average atomic volume of Si mentioned above is
bigger than that of Al atoms, the dissolution of Si in Al will
decrease the lattice constant so that the CTE of alloy is also
reduced. Moreover, due to the high temperature during melt-
ing process, the melt will absorb a large number of gases and
generate many pores. During the heating process, the matrix
will expand and fill in the pores, which will also be harmful
to the expansion of alloy.

As seen in Fig. 5b that the peak value of CTE decreases
at first and then increases with the increasing of P con-
tents. The CTE of un-metamorphic and owe-metamorphic
alloys reach their peak values of 13.50x 10™® K~! and
13.36x 107 K~! when the temperature is 150 °C. When
the content of modifier is 3%, the peak value of CTE reduces
to 12.63 x 107 K~! and the corresponding temperature is
400 °C. The CTE of alloy increases with P contents when
the content of modifier exceeds 3%.

In consideration of the microstructure mentioned above,
the primary Si in the un-metamorphic and owe-metamorphic
Al-50Si alloys shows plate-like with high aspect ratio. With
the increasing of P content, the morphology of primary Si
changes from plate-like to fine and regular shape. The pri-
mary Si with fine and regular shape distributes homogene-
ously in the matrix, which will enhance the specific surface
area of primary Si in the unit area and increase the interface
between Si phase and a-Al [25]. In addition, Zhu et al. think
that the expansion of Al-Si alloy is mainly influenced by the
ductile a-Al phase [26]. Because the a-Al matrix does not
form a whole connected grid with each other, the expansion
of alloy is severely constraint. Thus, due to the enhancement

@ Springer

of restriction effect from Si to Al, the CTE of alloy reaches
its min value and the temperature required to get the peak
value of CTE also enhances when the content of modifier
is 3%.

3.3 Theoretical models

Except for the content of each components, the CTE of alloy
is also affected by many other factors. Somebody think that
the CTE of alloy is influenced by the elastic matrix, the
enhanceosome, the interaction between matrix and enhan-
ceosome as well as the interfacial characteristics between
them [27]. At present, the research on thermal expansion
behavior shows that the theoretical models can be used to
predict the CTE of Al-Si alloy after simplification. The rule
of mixture of composite (ROM) is the most widely used and
the simplest rule in analyzing the CTE of alloy. The ROM
model can be expressed as [28]:

a=a,V,+a,V, (11)
where a is the coefficient of thermal expansion, V is the
volume fraction of each component. Except for the ROM
model, Turner model and Kerner model as well as Schapery
model are also used to predict the CTE of Al-50Si alloy in
this work. Turner model considers that the CTE of alloy is
determined by matrix and enhanceosome. And it does not
take the morphology and size of enhanceosome into account.
The Turner model is defined [29]:
a,V,K, +a,V,K

VK, +V,K,

where K is bulk modulus (K = E/[3(1 — 2p)]), u represents
Poisson ratio. Kerner model assumes the reinforcements as
spherical particles and thinks that the distribution of matrix
composition is homogeneously. According to the Kerner
model [30], the CTE of Al-50Si alloy can be given by:

K, - K,
a=a,V,+a,V,+V,V, (a,-q,) X WK,
Vme + Vpr + W
13)

where G is shear modulus (G = E/[2(1 + p)]. Schapery
model also regards the reinforcements as spherical particles
[31]. And it considers the interaction between each compo-
nent. According to the Schapery model, the CTE of Al-50Si
alloy can be calculated by:

K, (K, - K,)

a. =ap+(am—ap)x—KC(Kp_Km) (14)

where Kc is given by the Hashin boundary condition.
According to the previous researches, only upper and lower
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boundary values can be calculated [32]. The upper and lower
boundaries of Kc are shown as follows:

|4
upper __ m
KC _KP+—] Vp' (15)
Km_Kp Kﬂ"‘%
\%4
lower __ P
K =K, + v (16)

m

5,
K,—K, K, + %

Some physical parameters used in the formulas mentioned
above are presented in Table 2 [33].

Figure 6 shows the comparison between experimental
results and theoretical values. As seen in figure that the CTE
results calculated by four models show similar trend with the
variation of temperature, that is, the calculated CTE results
increase linearly with temperature. It can also be seen from
figure that the theoretical results calculated by ROM are the
highest among the four methods, the Turner results are the
lowest. The calculation results of upper and lower boundary
values of Schapery model is between the results of ROM
and Turner model. The theoretical values of Kerner model
is in line with the upper boundary values of Schapery model.

It can also be seen from figure that the experimental
results in the curve without P content have large devia-
tion with the four type of theoretical values, which can be
attributed to the reason that all models neglect the influ-
ence of morphology and distribution of reinforcing phase
on the CTE. Moreover, the effects of both solid solubility
and porosity on the CTE are also not taken into account.
It is worth noting that the actual values of curve with 3%
Cu-P is in accord with the results predicted by lower
boundary values of Schapery model and Kerner model
when the temperature is between 100 and 300 °C. How-
ever, the experimental results are lower than the results
predicted by four models when the temperature is higher
than 300 °C. The difference between theoretical values
and actual values under high temperature can be attributed
to the reason that the Si phase will still play a restraining
action on a-Al matrix due to the low expansibility of Si.

17 b [—®— without modifier
—&— 3% Cu-P

16 - |[—*— Rom

—v— Kerner(SU)

15 | SL
Turner

. 1 . 1 . 1 . 1 . 1
0 100 200 300 400 500

Temperature °C

Fig.6 The curves of experimental results and theoretical values

Moreover, the solid solubility and porosity also play an
important role in the expansion of alloy. Thus, the devia-
tion between theoretical values and actual values will gen-
erate under high temperature.

4 Conclusion

(1) The addition of Cu—P modifier can effectively refine the
morphology of primary Si. The min size of 33.82 um
can be achieved when the content of modifier is 3%.

(2) The morphology of primary Si changes from plate-like
to octahedron-like with the increasing of P contents.

(3) The thermal expansibility of alloy is influenced by the
morphology of primary Si and the solid solubility as
well as porosity. The thermal expansibility is the lowest
when the content of Cu—P is 3%.

(4) The theoretical models can be used to predict the CTE
of Al-50Si alloy with the modifier of 3% when the tem-
perature is between 100 and 300 °C.

Table2 Some physical

. Temperature/°C Al Si
parameters of Si and Al
E/GPa G/GPa K/GPa CTE/(10°°K™!) E/GPa G/GPa K/GPa CTE/
(107°K™H
50 69.2 26.0 67.8 22.6 163 66.8 97.0 2.5
100 67.6 25.4 66.3 242 162 66.4 96.4 3.0
200 64.0 24.1 62.7 25.7 161 66.0 95.8 34
300 59.8 22.3 62.3 27.1 160 65.6 95.2 3.6
400 54.9 20.2 65.4 30.4 156 63.9 92.9 3.8
500 49.9 18.1 69.3 31.7 157 64.3 93.4 4.0
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