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ABSTRACT

This paper investigates the thermal resistance of sandwich structures consisting of open-type metal
foams, base plate/sutface and Thermal Interface Matetial (TIM) (thermal pad type). Two types of
sandwiched study samples: Types 1 and 2, were investigated. The samples were prepared using metal
foam structures, ie., 20, 40, 60 PPI, and two commercial thermal pads, i.e., PC93, and PC94. The
samples’ thermal resistance and thickness were measured under the compression loadings of 0 - 60 N
using a thermal resistance tester that was developed in-house according to ASTM D5470 standard. The
nanoindentation test indicated that PC93 had slightly higher hardness than PC94, with 0.0007 and
0.0004 GPa, reflecting their softness. The result shows that the samples’ thermal resistance is affected
by compression force and decreases as compression load increases. The thermal resistance of the PC94
sample was reduced to 58% at 30 N load for 60 PPI, Type 1 configuration. The resistance decreases
by 5% when the PPI increases from 20 to 60 PPL This study demonstrates that joining metal foam,
thermal pad, and base plate could reduce thermal resistance while increasing performance. It also
provides insights into an alternative means of joining metal foams with other metals (or a base plate)

in the development of heat exchangers.
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1 Introduction

Open-type metal foam is a porous medium with a solid metal matrix with empty or fluid-filled voids [1]. A
metal foam’s number of pores per inch (PPI) ranges from 5 to 100, with probably a very high porosity (e),
i.e., up to 0.98 or 0.99 [2]. Open-cell metal foams have high thermal conductivity, and a large surface area
[3]. Therefore, metal foams are suitable for heat sink applications, such as an open-cell aluminium foam
heat sink (40 PPL; ¢ = 0.9) for electronic cooling [4]. It can also be useful in various heat exchanger
applications like metal foam heat exchangers (30 PPL; 0.8 < e < (.9) for automotive exhaust gas recirculation
(EGR) systems [5]. Studies have also used thermal interface materials (TIM) as a thermal coupling between
mating parts. TIM eliminates air traps between the conjoined surfaces and decreases contact resistance and
thermal impedance [6]. Several types of TIMs are commercially available in different forms, such as thermal
grease [7], solder [8], phase change material (PCM) [9, 10], thermal adhesive epoxy [11], and thermal film
or pad [12-14].

A TIM heat transfer performance can be affected by several factors, including compression loading,
thickness, thermal conductivity, and hardness. Sim et al. (2005) found that compression on a test sample
can decrease the thermal resistance due to the reduction of the air gap on the sandwich surfaces [16].
Meanwhile, Kanetsuki et al. (2016) found that thermal resistance for joints under 20 MPa bonding was
lower than that in 3 MPa bonding (0.038 and 0.039 mm?2K/W, respectively). They concluded that
controlling bonding pressure is critical to reduce numbers of voids in the bonded section. Studies have
found that high thermal conductivity improves the thermal resistance for heat flow through a TIM sample

[18]. Thus, a good TIM material should demonstrate high intrinsic thermal conductivity. Yu et al. (2012)
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tested TIMs using silver paste and silver nanoparticles. The study reported a low thermal resistance ranging
from 5 to 30 mm?K/W and from 0.2 to 5.5 mm?K/W, respectively. In this regard, a soft pad TIM is
advantageous as a softer TIM is easily deformed by slight contact pressure to ensure good interface
conformity [20]. In this light, a soft pad TIM is easier to handle and can be compressed up to 25% of its
total thickness.

This study aims to measure the total thermal resistance decrement of sandwiched samples with open-type
copper (Cu) metal foam, Cu base plates and TIMs of pad types. A TIM tester, developed in-house following
ASTM D5470, is used for measurements. The sandwiched study samples are built for two different
configurations, namely Types 1 and 2, using metal foam structures of 20, 40, and 60 PPI and several
commercial TIMs based on pad types (i.e., PC93 and PC94).

2 Materials and Methods
2.1 Preparation of samples (TIM, metal foam, and copper plate)

Two different types of thermal pads were tested in this study were purchased from reliable manufacturers,
T-Global Technology Co., Ltd. Thermal pads PC93 and PC94 are made from the same materials, polyolefin
copolymer (15%) and aluminium oxide (85%), and according to the supplier data, PC93 and PC94 have the
same hardness of 60 shores 00. However, they have different thicknesses and thermal conductivity of 1 and
2 mm, and 2 and 4 W/mK, respectively [21, 22].

For the sample preparations, the thermal pad was cut into 18 mm x 18 mm. Cu metal foams of 20, 40, and
60 PPI and 5 mm thick were purchased from Linyi Gelon LIB Co., Ltd. (Shandong, China). The Cu foams
were cut into 18 mm x 18 mm using Sodic A500W Wire Electrical Discharge Machining (EDM). Cu plates
of 1 mm thickness of 18 mm x 18 mm were used as a base plate/sutface to sandwich the thermal pad and
the metal foams.

Two types of samples were prepared using the combination of plate, thermal pad, and metal foams (Figure
1a). For Type 1, a metal foam was sandwiched between two pads and plates to investigate the heat transfer
through the pad and foam. For Type 2, a set of two metal foams and a thermal pad was sandwiched between
two thermal pads and plates (Figure 1b) to investigate the heat transfer from foam to another foam through
TIM. 12 samples were prepared from different combinations of setups, metal foams PPI, and thermal pad
types. Another six samples were prepared without any TIM for Type 1 (NoTIM-T1) and Type 2 NoTIM-
T2) for comparison purposes.
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Figure 1: (a) Type 1 configuration and (b) Type 2 configuration.
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For measurement, inspections, and quality checks, micrographs of the metal foam’s structure were obtained
using a scanning electron microscope (SEM; Thermo Scientific™ Phenom Prox). The image of ligaments
and pores was taken for all metal foams. The compositional analysis of the foam samples and plates was

determined using SEM energy dispersive X-ray spectroscopy (EDS). Image] software Version 1.51k was

Proceedings DOI: 10.21467/proceedings.141 Series: AIJR Proceedings
ISBN: 978-81-957605-4-1 186 ISSN: 2582-3922


https://doi.org/10.21467/proceedings.141

Zaib et al., AlUR Proceedings, 185-192, 2022

used to analyse SEM images and measure the ligaments and pore size of the metal foams. Nanoindentation
test was conducted to characterise the hardness and Young’s modulus of TIM using a Hysitron TI
750Ubi™ scanning nanoindentation system with a Performech™ control unit and continuous stiffness

measurement technique (CSM).
2.2 Thermal resistance tester

For this study, a thermal resistance tester was developed according to the ASTM D5470 standard to
measure the thermal resistance of the samples at different compression loadings of 0 to 60 N. An electrical
heater was located at the top (i.e., aluminium heating bar 50 x 50 x 60 mm) while the heat sink was at the
bottom (i.e., aluminium cooling bat). The bar of k: 167 W/mK was attached with a 150 w cartridge heater
to achieve a constant temperature of 80 °C. The heat sink below the aluminium cooling bar (50 x 50 x 90
mm) of the tester was based on the continuous running of tap water at a temperature inlet, T, in and
temperature outlet, Ty, ou, around 24 and 27 °C, respectively. Two dial gauges with a maximum range of
12.7 mm and a resolution of 0.001 mm were used to measure sample loading during the test. Six thermal
resistance detector (RTD) temperature sensors (Maltec, Japan; Accuracy Class A), ©¥3.2 x 30 length and
accuracy: £ 0.05 °C were installed on the top and bottom aluminium bars. Eight compression springs at
bottom of the tester (oil tempered wire with k: 0.0312 kg/mm) were used to calculate the pressure measured
using the length value of the spring being pressed. The schematic in Figure 2b shows the locations of the
temperature sensors for Ty to T in the bars. An RTD Temperature Data Logger (OctRTD) was used to
record the temperature data. Meanwhile, a temperature controller connects with the cartridge heater to

supply a specific heat temperature to the aluminium bar.
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Figure 2: (a) Experimental facility developed for thermal resistance tester, (b) Schematic of
RTD locations from T to Te at the aluminium bar.

The heat flux, Q, labelled as Qnor at the top aluminium bar and Q.o at the bottom of the aluminium bar,
were calculated based on the temperature differences at the aluminium bar. The total heat flux through the

sample was calculated as an average of Qnor and Qcolr. The formulation details are given as follows,

_ (Qhot + Qcold)
B 2

@

AT1—>3
] 0
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Qnot = kmA [

Where Ky, is the thermal conductivity of aluminium bar, .4 is the area of meter bar mating surfaces, AT is
the temperature difference at points 1 to 3, and d is the distance between two points, e.g., d1-3is the distance

from point 1 to 3. It is impossible to directly measure the aluminium bar’s hot surface temperature (Ths)
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and cold surface temperature (Tcs). Therefore, Ths and Tes were calculated based on the temperature drop

in the top and bottom aluminium bar as shown below,

d3—>h d —4
Tos = T [ 22| 1 - 73 : T =T |52 10 = 7o @
1-3 4—6
Then, thermal resistance, Ri (°C/W), could be determined by,
Ths - Tcs
Ry = ——— 3
th 0 ©)

An uncertainty analysis was performed to quantify the uncertainty in each measured quantity, resulting in
the overall uncertainty in the thermal resistance of the samples under test. The uncertainty in each quantity
in Eqs. 1-3 was obtained using the Taylor method [23]. Thus, the maximum uncertainty for the

measurement was calculated as follows,

(O () (G () o
R 0 T d t A F

The main uncertainty in the experiment was the errors in determining the heat flux through the sample,
3.3%. The maximum uncertainties for the RTD sensors and the data acquisition readings were +0.05 °C
with a maximum error of 1.8% between the mating surfaces of the sample and the aluminium bar. The
uncertainties of compression samples thickness (0.8%), area (2.1%), and compression loading (2.7%) were
included in the uncertainty’s measurement. In this study, the maximum uncertainty was estimated to be
+5.2%.

2.3 Experimental procedure

Before any testing, the surfaces of the aluminium bar interface that would come into contact with the study
samples were cleaned using acetone. Each sample was then placed on the surface of the bottom bar (cool
side), and the top heater bar was moved to be in contact with the sample. At this condition, the compression
force to the sample is near zero. The aluminium bars are insulated to reduce heat loss. Then, continuous
running of the tap water through a heat sink was released constantly to cold down the bottom bar for heat
transfer circulation. A temperature controller from the thermal resistance tester was set to 80 °C when the
samples and insulations were set up. The test was started once the temperature was stable (no fluctuation
temperature) and data collection was carried out beyond the first 10 minutes. During the compression
process, temperature data were recorded every 2 N compressions, with data being collected every 10
seconds for one minute. The increment load was a relatively small incremental force. The compression
force (N) gradually increased manually by 0 to 60 N. There was no significant fluctuation of the temperature
data implying a good steady condition along the test. There were three duplicates for each sample type for

repeatability measurements, and only average data was presented in the later section.
3 Results and discussion
3.1 Microstructural observation and analysis

The images of ligaments and pores of metal foams were taken using SEM. Examples are given in Figures
3a and b, which show pores and ligament of 60 PPI foam at 400X and 620X magnification, respectively. A
cross-section view at 500X magnification, as in Figure 3c, reveals that the ligament is hollow and seen for

all metal foams.
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Figure 3: Samples of SEM images of 60 PPI foam of (a) pore size at 410X magnifications, (b)
ligament size at 620X magnification, and (c) hollow ligament of porous structure at 500X
magnification.

The compositional analysis of the foam samples using EDS confirmed that the compositions of Cu material
in the 20, 40, and 60 PPI foam samples were 100%. EDS tests were done and indicated that the Cu foam

and plates were examined with 100% Cu composition.

3.2 Nanoindentation test

Figure 4a shows the loads (uN) as a function of penetration depth (nm) from a nanoindentation test for
different TIMs. The penetration depth was significantly deep for PC93 and PC94, reflecting their soft
characteristic. PC94 has the most shift curve compared to PC93 in this case. Figure 4b shows the hardness
of the tested pads. It was found that PC94 pad has a slightly higher hardness value compared to PC93
which were 0.004 GPa and 0.007 GPa, respectively, reflecting their softness characteristic.
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Figure 4: (a) Load displacement curve of TIMs, (b) Hardness of thermal pads

3.3  The thermal resistance of thermal pads

The thermal resistance of PC93 and PC94 samples at different compression loads (N) is shown in Figure 5
based on 20, 40, and 60 PPI metal foams of Types 1 and 2 configurations. In general, the thermal resistance
decreases with the increase of the compression force. It drops steeply from 0 to 10 N and then decreases
gradually until 60 N.
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Figure 5: Thermal resistance of thermal pad samples of (a) 20 PPI, (b) 40 PPI, and (c) 60 PPI for Type 1 and
Type 2.

The thermal resistance of PC94 was lower than PC93. Concerning the Type 1 setup, the result was
understandable as PC94 was slightly softer, thinner (1 mm), and had a higher thermal conductivity value
(4 W/mK) compared to PC93, which had 2 mm thick and 4: 2 W/mK. PC94 had resulted in perfect contact
with the metal foams where the ligaments of the metal foams pierce into the pads and fill the foam pores
after the compression loading and thus, eliminating the air gap and increasing the thermal contact area
between mating surfaces. Meanwhile, some of the PC93 pads had deformed to the side of the samples as
the TIM was quite thick and cannot fill into the small foam pores and affecting the thermal resistance
consequently. The difference in the thermal resistance between PC93 and PC94 was obvious. The thermal
resistance of the TIM samples was significantly lower than the NoTIM samples. For example, the difference
was 51%, 48%, and 50% for 20, 40 and 60 PPI, respectively, for 50 N by comparing NoTIM and PC94.
When comparing Type 2 with Type 1, in general, the thermal resistance of Type 2 was higher than Type 1.
This result could be expected due to the difference in the sample thickness, whereby Type 2 samples were
two times thicker.

4  Conclusions

The resistance of the sandwiched samples using open-type metal foams and commercial TIMs was

measured experimentally. The following are the conclusions from this study.

e PC94 had lower thermal resistance than PC93. The thermal resistance of the PC94 sample decreased
to 58% at 30 N load for 60 PPI, Type 1. The thermal contact enhancement (compared with NoTIM
samples) of PC94 increase a maximum of 55% under the same condition.

e Low hardness / softer TIM allows the ligament of foam to be filled with TIM during compression
load; it increased the contact area between the ligaments and the surface when the foam was embedded
within the soft TIM. Thus, it helped in reducing the thermal resistance and demonstrates a better heat

transfer flow through the samples.
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A Interface area (m?)

k Thermal conductivity (W/mK)
H Hardness (GPa)

R Thermal resistance

Tw,in  Temperature water inlet

Tw,on Temperature water outlet
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