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Abstract: The demand for lightweight and cost-effective heat sinks is increasing. A typical method
for economically manufacturing complex-shape heat sinks is die casting. To reduce the weight
of the die-cast heat sinks, thinning the fins and base is common practice. We experimented with
casting heat sinks using Al-25%Si in a conventional die casting machine with the aim of economically
producing thinner fins and bases. Compared with the aluminum alloy used in conventional die
casting, Al-25%5i has superior fluidity, which is proven to be very useful for reducing the thickness
of the fins and base. As a result, we successfully reduced the heat sink weight using Al-25%5i and a
conventional die casting machine. To investigate the properties of the produced Al-25%Si thin fin
heat sink, we compared the effects of fin thickness, fin height, number of fins, and base thickness on
heat dissipation and weight reduction. Additionally, we compared the weight and heat dissipation
properties with those of a commercial heat sink and found that our Al-25%Si heat sink maintains the
same heat dissipation performance but for 35% lower weight.

Keywords: heat sink; Al-25%5i; thin fin; die casting; heat dissipation; lightweight

1. Introduction

Light emitting diodes (LEDs) generate substantial amounts of heat during operation.
If their temperature is not appropriately controlled, both their performance and lifespan
worsen. Heat sinks are typically used to cool LEDs. Heat sinks for LED lamps used in
motor cars and high ceilings are larger and have more complex shapes than those used for
microcomputers [1-6]. Extrusion and die casting are popular methods for manufacturing
heat sinks [7]. Die casting is commonly used when making heat sinks for the LED lamps
in motor cars and high-ceiling applications due to its suitability for producing complex
shapes [1-4,7]. In such applications, there is also demand for heat sinks that are lightweight
and economical. One approach for achieving lighter weight is to reduce the thickness
of the fins and base of the heat sink. For casting of heat sinks with thin fins, techniques
such as semisolid casting, high-density casting, and high-vacuum die casting have been
reported [8-10]. From a cost perspective, high-performance die casting machines are less
desirable than conventional die casting machines. Composite materials are lightweight and
characterized by excellent thermal conductivity and overall strength as well as low thermal
expansion [11-18]. The heat sinks made using composite materials have the advantages of
good heat dissipation and reduced weight. However, composite alloy heat sinks also have
some disadvantages, including the complex processing requirements for the composite
materials, expensive and non-economical raw materials, and difficulty in recycling the
composite materials. These factors present obstacles to practical use. In contrast, the issues
concerning processing, material cost, and recyclability are resolved for heat sinks made
using conventional die casting machines and aluminum alloy. Binary aluminum alloys are
particularly cost effective, especially those made from economically available elements, of
which Al-Si alloy is one such example. It is thought that an aluminum alloy with excellent
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fluidity can flow into thin die gaps, allowing for the casting of thin fins. In a previous study,
it was shown that hyper-eutectic Al-25%5i has excellent fluidity compared to hypo-eutectic
Al-Si alloys [19]. JIS ADC12 (similar to A383) [20] is a popular aluminum alloy for die
casting, and it is typically used to cast heat sinks. However, Al-25%S5i is predicted to have
better fluidity than ADC12 and may thus be used in place of ADC12 to facilitate a reduction
in fin thickness.

It has been reported that the minimum fin top thickness and minimum draft angle for
conventional aluminum alloy die casting are usually 1.8-3 mm and 1-5°, respectively [9,21].
In various studies on heat sinks, including both experimental and numerical studies, the fin
thicknesses ranged from 1-3 mm [21-34]. There are also reports that very thin fins cannot
be cast using traditional die casting methods [7]. For the same fin top thickness, the fin
weight decreases as the draft angle decreases. A thin fin top and a small draft angle are both
desirable for lightweight heat sinks. It has been noted that, when the fin height is 15 mm, a
fin of 6 mm thickness is more efficient than thinner fins [35]. However, a 6 mm thick fin is
considered too thick for die casting and also does not contribute to making the heat sink
lightweight. To the best of our knowledge, the thinnest reported fin top thickness is 0.5 mm,
which was successfully cast using ADC12 and a high-vacuum die casting machine [10]. In
the present study, we attempt to achieve a lightweight heat sink by casting a heat sink with
a 0.5 mm fin top thickness, a 0.5° fin draft angle, and a 50 mm fin height using Al-25%5i
and a conventional die casting machine.

The fluidity and castability of the thin fins made of Al-25%Si were compared with
those of ADC12. The thermal conductivity of Al-25%Si is slightly higher than that of
ADC12. The effect of the thermal conductivity of ADC12 and Al-25%S5i on heat dissipation
was investigated. A heat sink with a 0.5 mm fin top thickness, 0.5° fin draft angle, 50 mm
fin height using Al-25%5i was successfully cast, and the heat dissipation for this heat sink
was measured to investigate the properties and effectiveness of the Al-25%Si thin fin heat
sink. It has been reported that the number of fins and their height have a significant
effect on heat transfer between the heat sink surface and the environment [36]. The
effects of fin number, fin thickness, and fin height on heat dissipation have also been
reported [31,37-40]. In the present study, the impact on heat dissipation of both fin number,
which influences the spacing between fins, and fin height was investigated to confirm the
effectiveness of increasing both parameters in enhancing heat dissipation in the Al-25%5i
heat sink, similarly to conventional heat sinks. The effects of fin height, fin number, and
base thickness on heat dissipation were compared to determine which factor is the most
effective under constant weight conditions for a heat sink with thin and tall fins. Porosity
and non-uniform microstructure can be present in die-cast products. It is known that non-
uniformity of the microstructure affects thermal conductivity [41]. The amount of porosity
also varies across different heat sinks, and the effect of porosity on the heat dissipation
of thin and tall fin heat sinks has been investigated. Additionally, non-uniformity of the
microstructure can occur among different positions in a single heat sink. In the present
study, heat dissipation was compared at two positions within one heat sink to investigate
the effect of microstructure non-uniformity on heat dissipation. The weight and heat
dissipation of the Al-25%Si heat sink was compared with those of a commercial heat
sink to evaluate the effectiveness of the Al-25%S5i heat sink. Materials for heat sinks are
primarily chosen based on their thermal performance [42]. In particular, Al-25%Si was
chosen for its capability in casting thin fins. Aluminum alloy is more economical and
lighter than metal matrix composites and copper alloys, and binary aluminum alloys,
like Al-25%Si, are especially favorable compared to metal matrix composites due to their
superior recyclability. In the present study, assuming that the heat sinks will be used for
LED lamps in motor cars and high-ceiling applications, our aim is to achieve significant
thin fin heat sink weight reduction without compromising heat dissipation performance.
In order for the heat sinks to be practical, we make the thin fins thinner using economical
materials and manufacturing processes, namely a conventional binary Al-Si alloy with
excellent fluidity and a conventional die casting machine.
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2. Experimental Conditions

In this study, a 500 kN cold chamber die casting machine (HC 50F, Hishinuma ma-
chinery, Ranzan town, Saitama prefecture, Japan) with an injection power of 100 kN and a
sleeve diameter of 45 mm was used [43]. The plunger speed was 0.8 m/s. The die tempera-
ture was set at 100 °C using a mold temperature controller (TT28, Hishinuma machinery,
Ranzan town, Saitama prefecture, Japan) [44]. The chemical compositions of JIS ADC12 and
Al-25%Si are summarized in Table 1. The thermal conductivities of ADC12 and Al-25%5i
are 102 W/(m-K) and 127 W/ (m-K), respectively. The liquidus temperatures for ADC12
and Al-25%S5i were 580 and 760 °C, respectively, while the pouring temperatures were
650 and 830 °C, respectively. The aluminum alloy was melted in an oxidizing atmosphere
using a gas furnace. The spiral die used to investigate the flow length features a channel
width of 7 mm and channel gaps of 0.5 and 1.0 mm, as shown in Figure 1 [19]. The shape
and name of each part of the heat sink are shown in Figure 2. The tested heat sinks had
either four or five fins. Fin gaps in commercial heat sinks under natural convection range
from 10 to 15 mm. In the present study, the fin gaps for the four- and five-fin heat sinks
were 11 and 8.3 mm, respectively. Notably, the 8.3 mm fin gap is narrower than that for
a conventional heat sink. The dimensions of the heat sinks are summarized in Table 2.
A schematic illustration of the experimental apparatus for investigating heat dissipation
is shown in Figure 3. The mounting method for the heater, thermocouple, detector, and
aluminum sheet is shown in Figure 3a. The equipment to maintain temperature uniformity
is shown in Figure 3b. A square-shaped micro-ceramic heater (MS-3, Sakaguchi, Akihabara,
Tokyo, Japan) measuring 10 mm on each side was attached to the back of the heat sink
and operated at 40 W. A DC stabilized power supply (PSF-400L2, Texio, Yokohama city,
Kanagawa prefecture, Japan) was used to heat the micro-ceramic heater. A 0.5 mm thick
thermal interface material sheet (EX20000C7, Dexerials, Shimotsuke city, Tochigi prefecture,
Japan) was inserted between the heat sink and the micro-ceramic heater. The temperature
of the micro-ceramic heater, defined as that 30 min after saturation, was measured using a
T-type thermocouple.

Table 1. Chemical composition of JIS ADC12 and Al-25%Si (mass%).

Material Si Fe Cu Mg Mn Zn Al
JIS ADC12 10.31 0.79 1.92 0.28 0.31 0.81 Bal.
A-25%Si 25.29 0.15 0.00 0.00 0.00 0.00 Bal.

Table 2. Heat sink dimensions.

Type f:ml-)leight 'Ilz"ilr;i)r?ess (mm) Draft Angle of Fin (°) friﬁnc);ap Number of Fin g;aj::)Thickness
A 20 1 1 11 4 2
B 35 1 1 11 4 2
C 35 0.5 0.5 11 4 2
D 40 0.5 0.5 11 4 2
E 45 0.5 0.5 11 4 2
F 50 0.5 0.5 11 4 2
G 32 0.5 0.5 8.3 5 2
H 40.5 0.5 0.5 8.3 5 2
I 42.7 0.5 0.5 8.3 5 2
J 50 0.5 0.5 8.3 5 2
K 36.5 0.5 0.5 11 4 4
L 50 0.5 0.5 11 4 4
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Figure 1. Spiral die used for flow length test. Unit: mm, G: die gap.
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(a) Overview of heat sink. (b) Fin spacing for four- and five-fin heat sinks.

Figure 2. Schematic diagram of heat sinks.
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(a) Position of heat sink, heater, and thermocouple. (b) Equipment to maintain uniform temperature.

Figure 3. Apparatus for measuring heat dissipation properties.
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The flow length of ADC12 and Al-25%Si was compared using spiral dies. Castings for
flow length were conducted 20 times under each condition, and the average was used as
the final value. Thirty heat sink units were cast for each condition, and three of these were
chosen at random for heat dissipation tests. Heat dissipation tests were conducted three
times for each of the three heat sinks, and the average was used as the final value. The
castability of the heat sink with thin fins made from ADC12 and Al-25%S5i was compared
using three types of heat sinks, labeled type A, B, or C. The effect of thermal conductivity
on heat dissipation was investigated using the type A and B heat sinks for both ADC12
and Al-25%S5i, while the effect of fin thickness on heat dissipation was compared using the
type B and C heat sinks. The effect of fin height on heat dissipation was investigated using
heat sink types C to F. The temperatures of the heat sink fin tops for types C to F were also
measured using the T-type thermocouple. The effect of fin number on heat dissipation
was investigated using both four-fin (types D and F) and five-fin (types G, ], H and I) heat
sinks. The effect of base thickness on heat dissipation was investigated for 2 mm (type F)
and 4 mm (types K and L) base thicknesses. Since the weight decreases as the porosity
increases, the effect of porosity on heat dissipation was investigated using type F heat sinks
of different weights. It was anticipated that the difference between fin top temperatures
would increase as the difference between the microstructures of the fins increased. The
fin top temperature was measured, and the microstructure near the fin top was observed
using optical microscopy. Variations in temperature and microstructure were observed at
different distances from the gate of the die. The type C heat sink was vertically divided
along the fins into three pieces corresponding to the left, middle, and right sections. The
heat dissipation of the left and right sections was compared to investigate the effect of the
microstructure on heat dissipation.

Additionally, for practical application of the Al-25%Si heat sink, the possibility of
anodization treatment was tested, and the thickness of the film and infrared emissivity
were measured. Finally, the weight and heat dissipation of the Al-25%S5i heat sink were
compared with those of two types of commercial heat sinks.

3. Results and Discussion
3.1. Comparison of Al-25%Si with ADC12
3.1.1. Flow Length of ADC12 and Al-25%5i

The flow lengths of ADC12 and Al-25%S5i, measured using a spiral die, are shown in
Figure 4. The flow length of Al-25%Si was 1.7 times longer than that of ADC12 for both
0.5 mm and 1 mm die gaps. ADC12 is an aluminum alloy commonly used for die casting
owing to its good fluidity. However, the present results demonstrate that Al-25%5i has
superior fluidity. Al-25%5i has notably higher latent heat than ADC12 due to its higher Si
content [19]. As a result, the flow length of Al-25%S5i is excellent and indicates potential for
die casting of thin products.

600
500 OADCI12, mAl-25%Si —F—

- ﬂl

Gap of spiral die G (mm)

I
[e]
(e]

Flow length L (mm)
N W
S S
S 3

—_
o
o

o

Figure 4. Flow length of ADC12 and Al-25%Si.
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3.1.2. Castability of ADC12 and Al-25%Si Thin Fins

The castability of thin fins using ADC12 and Al-25%5i was evaluated by casting type
B, C, and F heat sinks, as summarized in Table 2. The results are shown in Figure 5. The
type B heat sink was successfully cast using ADC12, but the type C heat sink exhibited
unfilled areas near the top of the fins, as seen in Figure 5a,b. Conversely, the type B, C, and
F heat sinks were all successfully cast using Al-25%5i, and the type F heat sink is shown
in Figure 5c. The fin top thickness and draft angle for type C were half those for type B,
and both had the same fin height of 35 mm. The thin fins of type C did not allow ADC12
molten metal to flow completely to the fin tops, resulting in unfilled sections at the tops of
the fins. The fin top thicknesses and draft angles for the type C and F heat sinks were the
same, while the fin heights were 35 mm and 50 mm, respectively. ADC12 molten metal
could not fill the 35 mm height fins, but Al-25%Si molten metal could fill the 50 mm height
fins. These results demonstrate that Al-25%Si has much better castability than ADC12 in
the preparation of thin fins, making Al-25%Si especially suitable for casting tall and thin
fins. This superior castability is due to the excellent flow length of the Al-25%5i, as shown
in Figure 4.

Unfilled area 0.5 mm

\

50 mm

(a) ADC12, Type B (b) ADC12, Type C (c) Al-25%Si, Type F
Figure 5. Die casting of heat sinks using ADC12 and Al-25%Si.

3.1.3. Effect of Thermal Conductivity on Heat Dissipation

Al-25%S5i has slightly higher thermal conductivity than ADC12. The effect of thermal
conductivity on heat dissipation was investigated using ADC12 and Al-25%Si heat sinks.
Types A and B were fabricated with fin heights of 20 and 35 mm, respectively. The results
are shown in Figure 6. For the type A heat sink, the heater temperature was lower for the
Al-25%5i heat sink than the ADC12 heat sink. It is thought that the difference in thermal
conductivity influenced this result. In the type B heat sink, the heater temperatures were
almost the same for both the ADC12 and Al-25%Si heat sinks. This result indicates that
the effect of thermal conductivity on heat dissipation decreases as the fin height increases.
The reason for this is not clear at this stage. It might be possible to choose aluminum alloys
without focusing on thermal conductivity when the fin height is higher than 35 mm.

;(3130
120 rE
)

5 110

OADCI12, mAl-25%Si

Heater temperat
O N ® OO
O oo oo

Type A Type B
Heat sink type

Figure 6. Heater temperature for type A and B heat sinks cast using ADC12 and Al-25%Si. Fin height:
type A, 20 mm; type B, 35 mm.
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3.2. Effect of Fin Thickness on Heat Dissipation

The effect of fin thickness on heat dissipation was investigated using the type B and
C heat sinks made of Al-25%Si. The fin top temperatures were also measured. The re-
sults, including heater temperature and heat sink weight, are shown in Figure 7. The fin
thickness did not significantly affect the heater temperature, indicating that heat dissipa-
tion is not influenced by fin thickness when the fins are as thin as those in the present
study. As the fin thickness was decreased, the weight of the heat sink also decreased,
suggesting that it is possible to reduce the weight of the heat sink without compromising
its thermal performance.

- 100 OHeat temperature, ®Weight 100
P 95 _I_ 90
= 90 80
g ®
g 85 70 =
g 80 60 :F:o
£ 75 50 g
g 70 40
% 65 30

60 20

Type B Type C
Heat sink type

Figure 7. Heater temperature and weight for type B and C heat sinks cast using Al-25%Si. Fin top
thickness and draft angle: type B, 1 mm and 1°; type C, 0.5 mm and 0.5°.

The fin top temperatures for the type B and C heat sinks are shown in Figure 8. The
fin top temperature was about 5 °C lower for the type C than for the type B heat sink. The
fin top thickness for type C was half that for type B. The heat capacity of the fins was lower
in the type C than in the type B heat sink, which may explain the lower top fin temperature
in type C. The effect of fin top temperature on heater temperature appears to be minimal.

100

80

60

40

20

Fin top temperarure T (°C)

Type B Type C
Heat sink type

Figure 8. Fin top temperature for type B and C heat sinks cast using Al-25%Si. Fin top thickness and
draft angle: type B, 1 mm and 1°; type C, 0.5 mm and 0.5°.

3.3. Effect of Fin Height on Heat Dissipation

The effect of the fin height on heater temperature and weight is shown in Figure 9.
The heater temperature decreased as the fin height increased, likely due to an increase
in the heat dissipation area, which in turn reduced the heater temperature. The heater
temperature was about 7 °C lower for the type F than that for the type C heat sink. An
increase of 15 mm in fin height contributed to a 9.3% decrease in heater temperature.



Metals 2024, 14, 622

8 of 21

9 120

8 85 OHeat temperature, @Weight 100

I = —_

£ 80 ii g0 2

g =

g 75 60 =

. %
o

i_,:) 70 40 =

s 65 20

T

60 0
Type C Type D Type E Type F

Heat sink type

Figure 9. Effect of fin height on heater temperature and weight of heat sinks cast using Al-25%Si. Fin
heights for type C, D, E, and F heat sinks are 35, 40, 45, and 50 mm, respectively.

The weight increase from the type C to the type F heat sink was 26.4 g, which represents
42.3% of the weight of the type C heat sink, with the base thickness remaining the same at
2 mm. This increase in weight is thus attributed to the increase in the weight of the fins. As
the fin height increased, the proportion of the fin weight in the total heat sink weight also
increased. This means that in heat sinks with tall fins, decreasing fin thickness is useful
for reducing weight. Differences in the cross-sectional area between thin and thick fins
with different fin heights are shown schematically in Figure 10. The draft angle was greater
for the thick fin than for the thin fin. Cross-sections of short and tall fins are shown in
Figure 10a,b, respectively. The difference in cross-sectional area at different heights between
thin and thick fins increased with fin height, as shown in Figure 10c. This demonstrates that
the difference in fin weight increased as the fin height increased. Therefore, the effectiveness
of thin fins and small draft angles in reducing heat sink weight increases with fin height.

Thin Thick fin Tall fin

Thin Thick fin ‘ Short fin l \

(a) Short (b) Tall fin (c) Difference of cross-sectional area
between thick fin and thin fin
Figure 10. Difference in cross-sectional area between thin fin and thick fins and between short and
tall fins. The draft angle for the hick fin is greater than that of the thin fin.

Under conditions of constant weight, the fin height decreased as the fin thickness in-
creased. The heat dissipation also increased as the fin height increased, which suggests that
a heat sink with thin fins can both be lightweight and achieve good thermal performance.
This demonstrates the importance of fin thinness in the design of lightweight heat sinks.

The effect of the fin height on the fin top temperature is shown in Figure 11. As the
fin height increased, the fin top temperature decreased. It is thought that the increased
distance from the heater to the fin top and the larger fin area resulted in a lower fin top
temperature. Tall fins may also be more suitable for fire prevention.
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Figure 11. Effect of fin height on fin top temperature for heat sinks cast using Al-25%Si. Fin heights
for type C, D, E, and F heat sinks are 35, 40, 45, and 50 mm, respectively.

3.4. Effect of Fin Number on Heat Dissipation

The effect of fin number on heat dissipation was investigated under three different
conditions: constant fin height, constant fin area, and constant weight. The effect of fin
number on heater temperature and weight with a constant fin height of 50 mm is shown
in Figure 12. The fin numbers for type F and ] heat sinks were 4 and 5, respectively. The
heater temperature was about 2 °C lower for the type J than for the type F heat sink, which
demonstrates the effect of increased heat dissipation area. However, the weight of the
type ] heat sink was about 15 g higher than the type F heat sink due to the additional fin.
When space is limited, increasing the fin number is an effective strategy for enhancing heat
dissipation in heat sinks.

90 - 110
—~ OHeat temperature, @Weight
& 100
< 85
~
§ 80 C
S 80 =
v 75 =
£ 70 &
1] ]
E 70 60 g
g 65
9 50
T

60 40

TypeF Type]
Heat sink type

Figure 12. Effect of fin number on heater temperature and weight for heat sinks cast using Al-25%Si.
Fin numbers for type F and ] heat sinks are 4 and 5, respectively. Fin height is 50 mm.

Heat dissipation comparisons between four- and five-fin heat sinks were conducted
for the same fin area. The results are shown in Figure 13. The fin areas in Figure 13a,b are
3.62 x 104 mm? and 4.34 x 104 mm?, respectively, showing that fin area increased due to
increased fin height. In Figure 13a,b, the four-fin heat sink has a lower heater temperature
than the five-fin heat sink, and the five-fin heat sink has a lower weight than the four-fin
heat sink. As the fin number increased, the fin gap decreased, and the space between fins
decreased while the width of the base remained constant. Air convection deteriorated
as the space between fins decreased, leading to higher air temperatures. Therefore, the
average heat transfer coefficient between the fins and the air decreased as the space between
fins decreased [37]. Consequently, the five-fin heat sink was found to have lower heat
dissipation than the four-fin heat sink.
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90 100
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= [0:, 85 o 90
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Type G Type F Type H
Heat sink type Heat sink type
a) 'in area: o. X mm 1n area: 4. X mm
Fi 3.62 x 104 2 b) Fi 4.34 x 104 2

Figure 13. Effect of fin number on heater temperature and weight for heat sinks cast using Al-25%Si.
Fin numbers for type D, F and Type G, H heat sinks are 4 and 5, respectively.

The cross-section of the fin in the height direction is trapezoidal, with the fin thickness
increasing closer to the base, as shown in Figure 14. The tall fin, which has double the
surface area and height of the short fin, is shown in comparison to the short fin in Figure 14a.
The cross-sectional area of the tall fin is larger than the sum of that for two short fins, as
shown in Figure 14b. This means that the weight of one tall fin is larger than the combined
weight of two short fins. Consequently, the weight of the four-fin heat sink is larger than
that of the five-fin heat sink when the fin area is the same. The difference in cross-sectional
area decreases as the draft angle decreases, meaning that the difference in weight also
decreases as the draft angle is reduced.

A
25

»

Short fin

2h

S

e

<
JV Difference in cross-
sectional area

Y

Tall fin Short fin

(a) (b)

Figure 14. Schematic illustration showing difference in cross-sectional area between a tall fin and two
short fins. The tall fin has double the surface area of a short fin. h: fin height for short heat sink; S:
surface area for short fin. (a) Fin size. (b) Comparison of cross-sectional areas between tall fins and
short fins.

Differences in heater temperature and weight between the four- and five-fin heat sinks
for each fin area are shown in Figures 13 and 15. The differences in heater temperature
and weight between the four- and five-fin heat sink increased as the fin area increased. As
the fin area was increased, the heater temperature remained higher for the five-fin heat
sink than for the four-fin heat sink. Conversely, the four-fin heat sink had a higher weight
than that for the five-fin heat sink as the fin area was increased. As the fin height increased,
the gap between fin surfaces at the bottom decreased. The gap between fin surfaces was
narrower for the five-fin than for the four-fin heat sink. Air convection worsened as the
gap between the fins decreased and the fin height increased, resulting in an increase in air
temperature [21]. The effect of fin height on the reduction of air convection was remarkable
as the gap between fin surfaces decreased. According to this mechanism, the difference
in the heater temperature between the four- and five-fin heat sinks expanded as the fin
height increased.
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Figure 15. Differences in heater temperature and weight between the four- and five-fin heat sinks at
each fin area shown in Figure 13.

The effect of fin number on heat dissipation was investigated while maintaining the
same heat sink weight of 88.8 g. Heater temperatures and fin heights are shown in Figure 16.
The type F heat sink had four fins, each with a height of 50 mm, whereas the type I heat
sink had five fins, each with a height of 42.7 mm. The type I heat sink had a 1.76 x 103 mm
higher fin area than the type F heat sink. The heater temperatures for the type F and I
heat sinks were 72.9 and 73.7 °C, respectively. Under the condition of constant base size
and weight, an increase in fin number did not effectively increase heat dissipation, as
judged from Figure 15. Instead, increasing the fin height appeared to be more effective than
increasing the fin number for enhancing heat dissipation. In other words, taller fins are
more effective at increasing heat dissipation.
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< 85 — 50 ~
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Heat sink type

Figure 16. Effect of fin number on heater temperature cast using Al-25%Si. Fin numbers for type F
and I heat sinks are 4 and 5, respectively. Weight is 88.8 g.

Air convection between fins also greatly influenced heat dissipation by the heat sink.
Convection decreased as the fin gap decreased and the fin height increased. Comparisons
between thinner and thicker fins for the same fin gap are shown in Figure 17. The fin
top thickness and draft angle were greater for the thicker fin than for the thinner fin. The
space between fins increased as both the fin top thickness and draft angle decreased for a
constant fin gap, as shown in Figure 17. Given the same fin gap, fin number, and fin height,
a heat sink with thinner fins has better air convection than a heat sink with thicker fins. The
advantage of thinner fins becomes greater as the fin height increases, as judged from the
space between fins.
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Fin gap
Gta
Fin gap
Gla Gap between fin surfaces
Thin fin Gta > Gtb
Gba Gbe Gba > Gbb
Cib Gbc > Gbd
Gtb
Thick fin
Gbb Gbd
" Short fin' | Tall fin

Figure 17. Schematic illustration showing the effect of fin thickness on the spacing between fins. The
fin top thickness and draft angle are greater for the thick fin than for the thin fin.

3.5. Effect of Base Thickness on Heat Dissipation

The effect of base thickness on the heater temperature for Al-25%5i heat sinks with thin
fins was investigated. The empirical evidence suggests that the heat dissipation increased
as the base thickness increased. In conventional die-cast heat sinks used under natural
convection conditions, the base thickness ranges from 4 to 8 mm. However, the present
study is focused on investigating the properties of lightweight heat sinks with thin fins.
The base thicknesses for the type F and L heat sinks were 2 and 4 mm, respectively, thinner
than the base of conventional heat sinks. The heater temperature and weight are shown in
Figure 18. Both type F and L heat sinks had a fin height of 50 mm. The type L heat sink
had a lower heater temperature than the type F heat sink, indicating that a thicker base
is useful for enhancing heat dissipation in heat sinks with thin fins. This result is aligned
with empirical conventional knowledge on heat sink design. The type L heat sink was
25% higher in weight than the type F heat sink due to its thicker base. In heat sinks with
thin fins, the base contributes a larger percentage to the overall weight compared to heat
sinks with thick fins. When the fin height cannot be further increased due to limitations,
increasing the base thickness is a useful strategy for enhancing the heat dissipation of the
heat sink.

90 120
— OHeat temperature, @Weight
£ 85 E3 100
B T =
g 80 80 2
2 =
g 75 60 Z
Q. R
g 70 40 2
£ 65 20
T

60 0

Type F TypeL
Heat sink type

Figure 18. Effect of base thickness on heater temperature and weight for heat sinks cast using
Al-25%Si. Base thickness for type F and L heat sinks are 2 and 4 mm, respectively. Fin height is
50 mm.
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The effect of the base thickness on heat dissipation was investigated for the same
weight of 79.5 g. The base thickness and fin height for the type F heat sink were 2 and
50 mm, respectively, while those for the type K heat sink were 4 and 36.5 mm, respectively.
Heater temperatures and fin heights are shown in Figure 19. The type F heat sink had
a 2 °C lower heater temperature than the type K heat sink. Although a thicker base is
normally advantageous in terms of heat dissipation, this was canceled out by the decreased
fin height. Under situations of weight constraints, fin height is more effective than base
thickness for improving heat dissipation.

90 60
5 OHeat temperature, ® Fin height
< 85 - 50
= g
<]
5 80 40 &
5 ani
g 75 30 =
= 2
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Figure 19. Effect of base thickness on heater temperature for heat sinks cast using Al-25%Si. The base
thicknesses for type F and K heat sinks are 2 and 4 mm, respectively. Weight is 88.8 g.

The effects of the fin height, fin number, and base thickness on heat dissipation were
compared under two conditions: constant fin height and constant weight. In Figure 20,
it is shown that the fin heights for three types of heat sinks were kept at 50 mm. The fin
numbers for the type F, ], and L heat sinks were 4, 5, and 4, respectively, while their base
thicknesses were 2 mm for both types F and ] and 4 mm for type L. For the same fin height,
the base thickness (type L heat sink) had a greater effect on the heater temperature than
the fin number (type ] heat sink). The type L heat sink was also higher in weight than
the type ] heat sink. Increasing the fin number from 4 to 5 in type L would decrease the
heater temperature further, but also result in increased weight. This demonstrates that, for
a constant fin height, an increase in weight is required to enhance heat dissipation.

) %0 OHeat temperature, BWeight 120
< 8 E3 100
= = B3 .
g 80 80 &
5 20
E =
é 75 60 350
g 70 40 g
T 6 20
T
60 0
Type F Type] TypeL
Heat sink type

Figure 20. Effect of fin height, fin number, and base thickness on heater temperature for heat sinks
cast using Al-25%Si. Fin numbers for type F, ], and L heat sinks are 4, 5, and 4, respectively. Base
thicknesses for type E I, and K heat sinks are 2, 2, and 4 mm, respectively. Fin height is 50 mm.

Next, at a common weight of 79.5 g, the effects of the fin height, fin number, and base
thickness on heat dissipation were compared. The fin heights for the type F, I, and K heat
sinks were 50, 42.7, and 36.5 mm, respectively. The fin numbers for the type F, I, and K heat
sinks were 4, 5, and 4, respectively, and the base thicknesses were 2 mm for types F and
I and 4 mm for type K. The heater temperatures and fin heights for these three types of
heat sinks are shown in Figure 21. The heater temperatures for the type F, I, and K heat



Metals 2024, 14, 622

14 of 21

Porosity A

(a) Large porosity

sinks were 72.9, 73.7, and 74.9 °C, respectively. The heater temperature decreased as the
fin height increased. In heat sinks with thin fins, like those in the present study, increasing
the fin height under constant weight conditions may be an important factor in enhancing
heat dissipation.

~ 90 60
I OHeat temperature, ® Fin height
=~ 85 ] 50 g
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g 80 40
B 75 30
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Figure 21. Effects of fin height, fin number, and base thickness on heater temperature for heat sinks
cast using Al-25%Si. Fin numbers for type F, I, and K heat sinks are 4, 5, and 4, respectively. Base
thicknesses for type F, I, and K heat sinks are 2, 2, and 4 mm, respectively. Weight is 88.8 g.

3.6. Effect of Porosity and Microstructure Non-Uniformity on Heat Dissipation

Porosity is common in products manufactured using die casting. Porosities in a heat
sink observed using X-ray computed tomography scans are shown in Figure 22. Figure 22
shows examples of the shape, size, and position of such porosities, which may not be
consistent across heat sinks cast under the same conditions. Porosity has been reported
to negatively impact thermal conductivity and, consequently, the heat dissipation of the
heat sink [9]. It is very difficult to precisely measure all pore sizes, but it is thought that
there is a relationship between the weight of the heat sink and the porosity; specifically,
the weight decreases as the porosity increases. In the present study, the effect of porosity
on heat dissipation was evaluated by comparing heater temperatures for heat sinks with
different weights of 79.5 and 90.1 g. The estimated difference in the porosity derived
from the weight difference was about 4 x 10°> mm?3. Heater temperatures are presented
in Figure 23, showing that they were almost the same for heat sinks of different weights.
This suggests that porosity has a very small effect on heat dissipation, although the reasons
for this are not clear. It is estimated that uneven heat dispersion caused by porosity in the
die-cast Al-25%Si heat sink is minimal.

Porosity B Porosity A Porosity B
5mm i
e— — C n ]
(b) Small porosity (c) Location of cavity

Figure 22. Porosity in die-cast Al-25%Si heat sink. (a,b) Porosities observed using an X-ray computed
tomography scanner. (c) Schematic illustration showing the location of porosity A and B in (a,b).

The non-uniformity of the microstructure in a single die-cast product can also affect
heat dissipation. The effect of microstructural non-uniformity on thermal conductivity
was investigated in an Al-25%Si heat sink [41], with measurement of differences in heat
dissipation across the different parts.
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Figure 23. Effect of heat sink weight on heater temperature for heat sinks cast using Al-25%Si.

No clear relationship was found between fin height and non-uniformity of the mi-
crostructure. Fin top temperatures were measured for the type C and F heat sinks. The
position of temperature measurement and the resulting fin top temperatures are shown in
Figure 24. The temperature difference between positions A and B, as shown in Figure 24a,
was larger in the type C heat sink (fin height: 35 mm) than in the type F heat sink (fin
height: 50 mm), as shown in Figure 24b. This indicates that variations in microstructure
may contribute to differences in fin top temperatures.

Position C
Position B 64
& C Position A
Position A l [:/ Position B
_= @ 60 Position C

2 58

51 Position A

{1y % 56 Position B
} g 54 Position C
E =

£ % 52
Gate @ T 50

Type C Type F

Heat sink type

(a) Location of temperature measurement (b) Fin top temperature

Figure 24. Fin top temperatures for type C and F heat sinks. A, B, and C: positions where fin top
temperatures were measured.

The microstructure at the fin tops of the type C heat sink was observed using optical
microscopy, as shown in Figure 25. Positions A, B, and C correspond to Figure 24a. It
can be seen that both the number and size of primary Si particles, both inside and on the
surface of the fin tops, increased from position A to C, while the amount of x-Al decreased
from position A to position C. The degree of eutectic structure also decreased from position
A to C, suggestive of an increase in Si content toward position C. The molten metal flow
within the die was estimated, as shown in Figure 26. The temperature, flow speed, and Si
content of the molten metal possibly decreased from position C to A. The molten metal
temperature decreased from position C to A. It is thought that more primary Si crystallized
at position C, while «-Al crystallized as the temperature decreased. This order of flow
might determine the non-uniformity observed in the microstructure. Whether the narrow
gap in the die may contribute to the non-uniformity of the microstructure remains unclear.
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Figure 25. Microstructure of fin tops of type C heat sinks. (a), (b), and (c) correspond, respectively, to
positions A, B, and C in Figure 24a.
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Figure 26. Schematic illustration showing direction of molten metal flow.

Next, the type C heat sink was cut into three pieces as shown in Figure 27a,b, and
the heat dissipation of parts A and C was compared. The heat dissipation was measured
using the method shown in Figure 2. The heater output was set at 9 W to accommodate the
reduced size of the heat sink parts. Despite the microstructural differences between parts A
and C, the heater temperatures were almost the same, as shown in Figure 27c. This outcome
suggests that the heat dissipation may not be affected by the microstructural differences
shown in Figure 25. Judging from Figures 25 and 27c, the effect of microstructural non-
uniformity on heat dissipation for the Al-25%Si heat sink is negligible.

g 9%
by = 8
- <
J S 80
g
i g 7
|
g | Ol 5 2
| gl d =
| it
L%” Cuttin s 65
Gate a hf’"” Cuttin T 60

(a) Cutting position

Cut part of heat sink

(b) Heat sink cut into parts A, B, and C (c) Heater temperature of part A and C

Figure 27. Effect of microstructure on heat dissipation. Heat dissipation was measured in two sections
for different microstructures. Microstructures of parts A, B, and C correspond to (a), (b), and (c) in
Figure 25, respectively.

4. Investigation for Practical Use
4.1. Anodization

Anodization treatment is useful for increasing infrared emissivity [45]. The feasibility
of applying anodization treatment to Al-25%5i heat sinks was investigated. The results for
the anodization process are shown in Figure 28. The treatment was successfully applied
to the Al-25%Si heat sinks, producing oxide films with thicknesses of 12 to 25 um. The
resulting infrared emissivity was 0.94, which is sufficiently high for practical use.
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Figure 28. Anodization treated heat sink cast using Al-25%S5i.

4.2. Comparison of Heat Dissipation between Al-25%Si Heat Sink and a Commercial Heat Sink

In this study, the heat dissipation and weight of a commercial heat sink and the
fabricated Al-25%Si heat sink were compared. A commercial heat sink with a similar
base size to the heat sink in this study was chosen for comparison. Details, including
a photograph of the heat sinks and a comparison of their size, are given in Figure 29
and Table 3. The results of the heater temperature and weight are shown in Figure 30.
The chosen heat sinks fabricated in this study, which featured equal or lower heater
temperatures compared to commercial heat sinks, showed notable improvements. Due
to the excellent fluidity of Al-25%Si, reductions in fin top thickness, draft angle, and base
thickness were possible while enabling an increase in fin height without adding weight.
These results demonstrate that Al-25%Si heat sinks have advantages over commercial heat
sinks in terms of weight reduction. The weights of the type H and L heat sinks were 51%
and 68% of the weight of the commercial heat sink, respectively.

(C)

Figure 29. Photograph and size comparison with the commercial heat sink: (a) commercial heat sink
and (b) type F heat sink of this study.

Table 3. Commercial heat sink dimensions.

Fin Top Fin Height Fin Draft Fin Spacing Base Base Width Base Length
Thickness (mm) Angle (°) (mm) Thickness (mm) (mm)

(mm) (mm)

15 35 3.5 10 7.3 40 70

Furthermore, casting of a LED lamp heat sink for high ceilings was trialed using
Al-25%S5i, with comparison to a commercial heat sink in terms of both heat dissipation and
weight. A photograph of the Al-25%Si heat sink is shown in Figure 31. It was possible to
cast a large-sized heat sink using Al-25%Si. Comparisons of fin size and base thickness for
the commercial heat sink and that fabricated in this study are shown in Figure 32. The heat
sink in this study showed slightly improved heat dissipation compared to the commercial
heat sink. The weights of the commercial heat sink and that fabricated in this study were
1200 g and 780 g, respectively. Overall, a 35% reduction in weight was attained through the
use of thin fins and a thin base.
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Figure 30. Comparison of heat dissipation and weight between the commercial heat sink and Al-
25%Si heat sink in this study. A photograph and size comparison of the commercial heat sink are

shown in Figure 29.

250 mm

Figure 31. Photograph of high-ceiling LED lamp heat sink cast using Al-25%Si.

Fin top thickness: 1.6mm Fin top thickness: 0.8mm
Draft angle: 2.0° Draft angle: 0.5°
7y 'y
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Base thickness: 5.0mm
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(a) Commercial heat sink (b) Al-25%Si heat sink

Figure 32. Schematic illustration showing fin top thickness, fin height, fin draft angle, and base
thickness of the commercial heat sink and our heat sink manufactured using Al-25%Si (photograph
shown in Figure 31).

5. Conclusions

The demand for lightweight heat sinks is growing. There are two main ways to reduce
the weight of heat sinks. The first approach involves enhancing heat dissipation and
downsizing the heat sink. However, materials with excellent heat dissipation properties
are generally expensive, and special processing may be necessary to manufacture the heat
sink from these non-standard materials, potentially increasing overall costs. The second
approach involves thinning the fins and the base of the heat sink. Heat sinks are typically
made from aluminum alloys using die casting, a method that is normally economical.
To successfully produce thinner products, the use of an aluminum alloy with excellent
fluidity is needed. In the present study, Al-25%Si was selected for its exceptional fluidity.
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Al-Si alloys are among the most popular aluminum alloys, and the addition of expensive
elements is not needed, making Al-25%Si a cost-effective option. In our experiments, we
focused on using Al-25%S5i with a conventional die casting machine to create a lightweight
heat sink with thin fins and a thin base.

First, the fluidity of Al-25%Si was compared with that of JIS ADC12, which is a
conventional aluminum alloy for die casting, using a spiral die with 0.5 mm and 1 mm
gaps. The results demonstrate that the flow length was significantly longer for Al-25%Si
than for ADC12. The castability of Al-25%Si was then compared with that of ADC12
based on the production of thin fins. It was clear that Al-25%S5i can be effectively cast to
produce heat sinks with a fin top thickness of 0.5 mm, a fin draft angle of 0.5°, a fin height
of 50 mm, and a base thickness of 2 mm. Notably, the fin top thickness and draft angle of
conventional heat sinks are usually larger than 1 mm and 1°, respectively. Thus, reductions
in the fin top thickness and draft angle were successfully realized. Our findings also reveal
that fin thickness does not affect heat dissipation by the heat sink. This shows that it is
possible to reduce the heat sink weight by reducing the fin thickness without compromising
heat dissipation.

The properties of the Al-25%S5i heat sink with thin fins were elucidated. The effects
of fin height, fin number, and base thickness on heat dissipation were investigated using
Al-25%Si heat sinks with a fin top thickness of 0.5 mm and a draft angle of 0.5°. It was
observed that heat dissipation increased when the fin height, fin number, and base thickness
increased. The effects of these factors on the heat dissipation were also investigated for
constant weight, and it became clear that, of these factors, increasing the fin height was
most effective for enhancing heat dissipation. This result indicates that thinner fins are
useful for optimizing the heat dissipation of lightweight heat sinks without adding weight.

Additionally, anodization treatment was applied to the Al-25%5i heat sink to increase
infrared emissivity, achieving an emissivity value of 0.94.

The thermal performances of a commercial heat sink and the Al-25%5i heat sink were
compared. It was possible to cast a large-sized heat sink for high-ceiling LED lamps using
Al-25%5i, and the weight could be reduced while maintaining a similar heat dissipation
performance. These findings demonstrate that tall and thin fins are effective for reducing
heat sink weight without negatively impacting heat dissipation, and that Al-25%5i is
especially useful for realizing such fins in the present heat sink design.
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