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Abstract: There is an urgent need to develop magnesium-matrix materials that exhibit both high thermal
conductivity and low thermal expansion to ensure compatibility with chips. This study aims to develop a Mg-Zn-Cu
alloy with high thermal conductivity. Furthermore, it explores the preparation of AIN,/Mg-Zn-Cu composites
featuring low coefficients of thermal expansion. The stir casting method was utilized to fabricate the composites
and an investigation was conducted to examine their microstructure and thermal properties. Results indicate
that the addition of AIN, reduces the thermal expansion coefficient while maintaining relatively high thermal
conductivity. Specifically, the AIN;/Mg-0.5Zn-0.5Cu composite with 30wt.% AIN; achieves a thermal conductivity of
132.7 W-m™"-K" and a thermal expansion coefficient of 18.5x10° K™, rendering it suitable for electronic packaging
applications where thermal management is critical.
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1 Introduction CTE of packaging materials. Utilizing packaging
materials with high thermal conductivity and low CTE

The evolution of integrated circuits is characterized effectively addresses this challenge. Chip packaging

by miniaturization, high integration, and increased serves multiple critical functions, including providing

power consumption, with chip power density reaching
10* W-em™ ™. High power density signifies substantial
heat generation during chip operation, leading to
elevated operating temperatures that are challenging

electrical connections, mechanical support, physical
protection, and efficient heat dissipation. Packaging
materials with high thermal conductivity facilitate

efficient heat transfer from the chip’s interior to its

to dissipate efficiently. Studies indicate that for every exterior, thereby reducing operating temperatures.

o . . . .
10 °C increase in chip temperature, the lifespan is Currently, packaging materials primarily consist of

halved, and high-temperature-induced failures account plastics, ceramics, and metals, with ceramics and

[3]

for 55% of all failure modes™. Elevated operating metals demonstrating superior thermal conductivity' ™.

temperatures in chips exacerbate thermal stress, a

) ’ ] ) Additionally, ceramics exhibit low thermal expansion,
primary mechanism of high-temperature failure.

while metals provide good processability. Consequently,

Thermal stress results from the mismatch in thermal . . . .
in recent years, metal matrix composites reinforced

expansion coefficients (CTE) between semiconductor . . . . .
with ceramic particles have seen increased application

[4]

and packaging materials. Therefore, mitigating thermal in the packaging field".

stress during chip operation is crucial for enhancing
reliability and stability.

Thermal stress can be alleviated by lowering the
operating temperature of the chip and reducing the

Magnesium (Mg), the lightest structural material
available, exhibits a high thermal conductivity of
156 W-m™ K™ at room temperature, which is significantly
higher than that of plastic packaging, and is second
only to common metals like copper (Cu) and aluminum

(AD™). Furthermore, magnesium offers excellent
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ideal metal for packaging applications. However, magnesium
has a relatively high average CTE of 26.0x10° K™ between
20-100 °C, which limits its direct use as a packaging
material'. Magnesium matrix composites reinforced with
high-thermal conductivity ceramic particles retain the benefits
of magnesium while reducing its CTE, making them promising
candidates for metal matrix packaging materials.

Currently, the reinforcement phase in metal-matrix packaging
materials predominantly comprises diamond particles. To
achieve high thermal conductivity, large diamond particles
with sizes exceeding 100 pum are typically employed™™. This
approach presents two significant drawbacks: first, the cost of
diamond raw materials is substantially high, ranging from 50
to 200 times that of the matrix alloy. Second, the use of large
diamond particles complicates the processing of metal matrix
composites, thereby restricting the available forming and
processing methods. Aluminum nitride (AIN), an emerging
ceramic material, exhibits a high thermal conductivity of
320 W-m K" and a low CTE of 4.5x10° K, with a cost that
is only 10% to 40% of that of diamond™'”". Consequently,
utilizing aluminum nitride particles (AIN;) as a novel
reinforcement phase can significantly reduce the cost of
metal matrix packaging materials and broaden their range of
applications. This study utilized the stir casting method to
fabricate AIN,/Mg-Zn-Cu composites and investigated their
microstructures and thermal properties. The aim is to explore
the potential applications of these composites in the field of
chip packaging.

2 Experimental procedure

Pure magnesium ingot (99.5%), zinc ingot (99.9%), and copper
ingot (99.95%) were melted in a resistance furnace to synthesis
Mg-xZn-xCu (x=0.5, 1, 3, 5, in wt.%) alloys and these alloys
were denoted as ZC00, ZC11, ZC33, and ZC55, respectively.
Following a preliminary investigation, a ZCxx alloy would be
selected as the matrix alloy to prepare the AIN,/ZCxx composite.
A cylindrical steel mold, preheated to 200 °C, with dimensions of
@35 mmx120 mm, was employed in this study. AIN, particles,
averaging 10 um in size, were incorporated into the melt using
a semi-solid stirring technique to produce AIN,/Mg-Zn-Cu
composites with 10wt.%, 20wt.%, and 30wt.% AIN,
concentrations, as described in Ref. [11]. After synthesis, the
melt was rapidly poured into the preheated mold mentioned
above, squeezed, and solidified under a squeezing pressure
of 50 MPa. Metallographic and SEM analysis methods are
detailed in Ref. [12].

The process for calculating thermal conductivity is as follows:

A=a-C-p @)

where the thermal diffusivity (o) was measured using an
LFA-427 laser flash apparatus on samples with dimensions
of @12.7 mmx3 mm, and the measurements were repeated
five times for each temperature condition. The specific
heat capacity (C) of the composite was estimated using the
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Neumann-Kopp rule, which calculating it as the mass-weighted
sum of the specific heats of both the matrix and reinforcement
materials, as expressed by the following equation:

C=2XCw 2

where, C; and w; denote the specific heat and mass percentage
of each component, respectively. The room temperature
density (p) of the material was measured using the Archimedes
drainage method. The measurement was repeated five times for
each sample, and the average, excluding the highest and lowest
values, was taken as the final result. The thermal expansion
coefficient was measured using a NETZSCH DIL402 thermal
expansion meter across a temperature range of 20-300 °C.
Tensile tests were conducted using a C45.105EY multi-material
mechanical properties testing machine from the MTS
Systems (China) Co., Ltd., with a tensile rate of 1 mm'min™. At
least five tests were repeated for each material, and the average
value was used as the final result.

3 Results and discussion

3.1 Composition design of Mg-Zn-Cu matrix
alloys

In previous research, our team developed a Mg-xZn-xCu
(x=1, 3, 5, in wt.%) alloy system, noted for its high thermal
conductivity, making it suitable as the matrix alloy for AIN,
reinforced composites'”. In this study, the concentrations of
Cu and Zn were further reduced to 0.5wt.%, creating an alloy
referred to as ZC00. Due to the poor wettability between AIN,
and the magnesium melt, semi-solid stirring technology was
employed to effectively introduce AIN, into the matrix"*. The
presence of Cu in the alloy system facilitates semi-solid stirring
because the Mg-Cu system has a wide liquid-solid phase range,
and the solubility of Cu in Mg is very low, as shown in the
Mg-Cu phase diagram in Fig. 1, which was generated using
Thermo-Calc thermodynamic calculation software. Therefore,
reducing the alloy content to 0.5wt.% is beneficial for the
composite preparation process.

The as-cast alloys consist of a-Mg, which appears as dark
regions, and a secondary phase, visible as light regions,
distributed along the grain boundaries, as illustrated in
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Fig. 1: Mg-Cu phase diagram
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Fig. 2. Previous studies have identified this secondary phase
as the MgCuZn ternary phase'”. During solidification, the
MgCuZn phase precipitates eutectically. As the content of
alloying elements increases, the amount of the MgCuZn phase
increases, leading to a reduction in grain size. This grain
refinement occurs due to the accumulation of solute atoms at the
solidification front, which causes compositional undercooling.
Subsequently, the thermal physical properties of the as-cast
ZC00 alloy were compared with those of Mg-xZn-xCu (x=1,
3, 5, in wt.%) alloys, as illustrated in Fig. 3. As the content of
alloying elements increases, the thermal conductivity of the
four alloys decreases, while the CTE increases. The ZC00 alloy
exhibits the highest room temperature thermal conductivity
(152.1 W-m™K") and the lowest average CTE (24.5x10° K™,

20-100 °C). The ZCO00 alloy’s high thermal conductivity is
attributed to its minimal lattice distortion. The degree of lattice
distortion in magnesium alloys can be assessed by the ratio of
the lattice constants along the c-axis and a-axis (c¢/a ratio). The
closer this ratio is to the theoretical value (1.6235), the less
the lattice distortion. Figure 4 illustrates the variation in the
lattice axis ratio for the four different alloys. As the content of
alloying elements increases, the ¢/a ratio increases from 1.6242
to 1.6299. Consequently, the ZC00 alloy exhibits the lowest
lattice distortion, resulting in the highest thermal conductivity.
Overall, the ZCO00 alloy is more suitable as the matrix alloy for
AlN,-reinforced magnesium matrix composites. Subsequent

research will focus on the thermal physical properties of
AIN,/ZC00 composites.

Fig. 2: SEM images of typical microstructure of Mg-Zn-Cu alloys: (a) ZC00; (b) ZC11; (c) ZC33; (d) ZC55
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3.2 Microstructure and properties of AIN./ZC00
composites

Figure 5 shows the microstructure of AIN,/ZC00 composites,
featuring different contents of AIN, particles, with an average
particle size of 10 um. As the AIN, content increases, their
distribution transitions from an initially uneven arrangement along
the grain boundaries to a more uniform distribution throughout
the entire matrix, with more AIN, particles entering the interior
of the 0-Mg matrix. However, when the mass fraction of AIN,
exceeds 30%, significant solidification cracks appear within
the composites. These cracks occur due to that the high content
of AIN, particles impedes the shrinkage of the matrix during
solidification. Therefore, in this study, the maximum particle mass
fraction of AIN, in AIN,/ZC00 composites is limited to 30%.

Figure 6 illustrates the response of the thermal conductivity
of AIN,/ZC00 composites to varying AIN, content. As the AIN,
content increases, both the thermal diffusivity and thermal
conductivity of the composites significantly decrease. When
the mass fraction of AIN, reaches 30%, the room temperature
thermal diffusivity of the composites drops to 69.0 mm’s”, and
the thermal conductivity decreases to 132.7 W-m™ K™, which
remains higher than that of most magnesium alloys. Thermal
conductivity indicates a material’s capacity to transfer heat,
whereas thermal diffusivity reflects its ability to uniformly
distribute temperature internally. Thermal diffusivity is measured
directly using the laser flash method, offering a more intuitive
assessment of the material’s heat dissipation capability.
The steepness of thermal diffusivity is associated with the

Fig. 5: BSE images of AIN,/ZC00 composites with different particle contents: (a) ZC00; (b) 10wt.% AIN,/ZC00;

(c) 20wt.% AIN,/ZC00; (d) 30wt.% AIN,/ZC00
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Fig. 6: Thermal diffusivity curve (a) and thermal conductivity curve (b) of AIN;,/ZC00 composites with different

particle contents
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scattering mechanism of carriers within the material; greater
steepness indicates a higher probability of carrier scattering.
As the AIN, content increases, both the thermal diffusivity
and its steepness in the four materials decrease. This suggests
that AIN, introduces additional electron and phonon scattering
in the composites, thereby reducing its thermal conductivity
efficiency.

The decrease in the thermal conductivity of the composites
indicates that the effective thermal conductivity of AIN, is
lower than that of the matrix alloy. This reduction is primarily
due to the poor wettability between AIN, and Mg, which
results in additional contact thermal resistance at the AIN/Mg
interface, thus limiting the ability of AIN, to exert its high
thermal conductivity effect. Comparing the peak thermal
conductivity temperatures among the four curves in Fig. 6,
it can be seen as the AIN, content increases, the temperature
corresponding to the peak thermal conductivity gradually shifts
to lower values. This shift occurs because the thermal carriers
in AIN; are phonons, and at high temperatures, the anharmonic
vibrations of phonons are enhanced, leading to a decrease in the
thermal conductivity of AIN, with increasing temperature!*.
The higher the AIN, content in the composites, the more
pronounced the overall decline in thermal conductivity,
causing the peak temperature to shift leftward, and thus the
thermal conductivity curve to enter the declining phase earlier.
Additionally, cracks and pores in the composites with a high
particle content introduce gas or vacuum with low thermal
conductivity, further weakening the composite’s thermal
conductivity. The experimental results indicate that AIN,
reduces the thermal conductivity of AIN,/ZC00 composites,
and this reduction effect becomes more pronounced as the
AIN, content increases.

Although AIN, does not improve thermal conductivity of the
composites, it significantly affects their thermal dimensional
stability. Figure 7 illustrates the response of the average CTE
of AIN,/ZC00 composites, referenced at 20 °C, across different
temperatures and AIN, content levels. Generally, the CTE of
all four materials increases with rising temperature, primarily
due to the enhanced anharmonic vibrations of magnesium
atoms at elevated temperatures. This study focuses on the
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average CTE in the 20-100 °C range, which corresponds to the
operating temperature range of most electronic devices. Unless
otherwise specified, the CTE mentioned refers to the average
value within this range. The average CTE of the matrix alloy
ZC00 is 24.5x10° K" at 20 °C, which is similar to that of pure
magnesium due to the minimal addition of alloying elements.
As shown in Fig. 7(b), the CTE of AIN,/ZC00 composites
gradually decreases as the AIN, content increases. When
the AIN, content reaches a maximum of 30%, the CTE of
the composites decreases to 18.5x10° K™, representing a
reduction of 24.5% compared to the matrix alloy. In Fig. 7(b),
the relationship between CTE and AIN, volume fraction
for the four materials is fitted. The predictions made by the
Kerner model closely align with the experimental results,
whereas the predictions of the rule of mixtures (ROM)
model are significantly higher. The Kerner model expression
comprehensively considers the effects of the volume fraction
and modulus of the reinforcement. The expressions for the
ROM [Eq. (4)] and Kerner [Eq. (5)] models are as follows"> '

0. = Oy V'm + ap Vp (4)

K,- K,
a. = o,V + oV, + VoV, (a, - a,)

3K,K,
4G,
)

where a,, a,,, and o, denote the CTEs of the composite, matrix,

VKot VK, +

and reinforcement phase, respectively, while V, and 7, denote
the volume fractions of the matrix and reinforcement phase.
K., G,, and K, correspond to the bulk modulus and shear
modulus of the matrix, and bulk modulus of the reinforcement
phase, respectively. It is clear that the ROM model consists
of only the first two terms of the Kerner model essentially.
The third term in the Kerner model accounts for the effect
of the modulus, which increases with the modulus of the
reinforcement phase. The bulk moduli of magnesium and AIN,
are 35 GPa and 210 GPa, respectively'”. At 30% AIN, content,
this term contributes to an additional reduction in the CTE by
2.0x10° K, accounting for 50% of the reduction predicted by
the ROM model.
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Fig. 7: CTE of AIN,/ZC00 composites with different particle contents: (a) average CTE versus temperature curve;

(b) average CTE versus AIN; content
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The mechanical properties of AIN,/ZC00 composites were
also investigated, as illustrated by the stress-strain curves
of the four materials in Fig. 8. The addition of 10wt.%
AIN, enhances both the tensile strength and elongation of
the composites. Among the four materials, the composite
with 10wt.% AIN, content exhibits the optimal mechanical
properties. Specifically, it has a tensile strength of 174 MPa
and an elongation of 14.2% in the as-cast state. These values
represent a 16% increase in tensile strength and a 13%
increase in elongation compared to the ZC00 matrix alloy,
which has a tensile strength of 150 MPa and an elongation
of 12.6%. Increasing the particle content beyond this
level to 20wt.% or 30wt.% leads to a sharp decline in the
composite’s plasticity and strength. Figure 8 also indicates
that the elastic modulus of the composite increases with
AIN, content, attributed to AIN,’s high elastic modulus. As
previously noted, the bulk modulus of AIN, is 210 GPa,
effectively restricting the thermal expansion of the
magnesium matrix. The elastic modulus of AIN, is 330 GPa,
which is seven times as that of the Mg matrix, thereby
increasing the stiffness of the composites™. Introduction
of an appropriate amount of AIN, enhances the composite’s
mechanical and thermal expansion properties, although with
a slight reduction in thermal conductivity. As observed in
the microstructure shown in Fig. 5, a small amount of AIN,
refines the composite’s grains, enhancing its plasticity. Further
increasing the AIN, content, over 10wt.%, impedes the feeding
of the ZCO00 melt during solidification, leading to solidification
cracks and a sharp deterioration in the composite’s mechanical
properties.
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Fig. 8: Room temperature tensile curves of AIN./ZC00
composites

4 Conclusions

(1) Among the four Mg-xZn-xCu (x=0.5, 1, 3, 5, in wt.%)
alloys, the ZC00 (x=0.5wt.%) alloy exhibits the highest
thermal conductivity, reaching 153.0 W-m™"-K"'. The ZC00
alloy possesses the widest liquidus-solidus temperature range,
making it suitable for the semi-solid preparation of composites.
These properties render it the optimal matrix material for
AIN, -reinforced magnesium-based composites.
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(2) As the AIN, content in the AIN,/ZC00 composites increases,
both the thermal conductivity and the CTE decrease. When
the mass fraction of AIN, reaches 30%, the composites exhibit
a relatively higher thermal conductivity of 132.7 W-m™-K'
and a lower CTE of 18.5x10° K.

(3) The addition of 10wt.% AIN, enhances both the tensile
strength and elongation of the AIN,/ZCO00 composites. The
10wt.% AIN,/ZC00 composite demonstrates the optimal
overall mechanical properties among the four materials, with
a tensile strength of 174 MPa and an elongation of 14.2% in
as-cast state.
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