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Abstract

The trend towards miniaturization of electronics and increasing transistor density in
semiconductors requires more efficient cooling solutions. Vapor chambers are well established
passive cooling devices that are used in a wide variety of electronics. Commercial vapor
chambers are often made of high-density metals such as copper which can be a downside in
lightweight applications such as laptops, smartphones, and tablets. In this study, different novel
lightweight graphene-enhanced vapor chambers were built using graphene-assembled film with
high thermal conductivity as envelope material. The thermal performance of the designed
graphene-enhanced vapor chambers was characterized in a customized test rig and compared to
a copper vapor chamber. One of the graphene-enhanced vapor chambers was shown to have
21.6% lower thermal resistance than that of a copper vapor chamber with the same design. A
mass-based thermal resistance parameter was introduced as a figure of merit to account for the
superior low density of the graphene-enhanced vapor chambers. The mass-based thermal
resistance of the graphene-enhanced vapor chamber was seen to be 46.5% lower than that of the
copper vapor chamber. The result of this study shows that replacing copper with
graphene-assembled film as envelope in vapor chambers can both reduce thermal resistance and
decrease the mass of the device. Hence, it is believed that graphene-enhanced vapor chambers
have great potential for replacing conventional metal-based vapor chambers in lightweight and
high-performance electronics and power module cooling applications in the future.
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1. Introduction

The electronics sector has seen a continuous and predictable
increase in computational power during the last 60 years. This
increase has been possible due to technological improvements
that have enabled more transistors to be packed into semicon-
ductor chips. When the transistor density of a chip increases,
so does the power density.

High-power density chips in modern electronics often
require heavy and energy intensive thermal management sys-
tems. Small handheld electronic devices like laptops, smart-
phones and tablets need to be lightweight and have limited
space for active cooling devices like fans and pumps [1]. One
way to improve efficiency of thermal management systems
without adding energy and space demanding components is
by integration of passive two-phase cooling devices for heat
spreading [2].

Heat pipes and vapor chambers are examples of cooling
devices that make use of phase change technology of a work-
ing fluid to effectively transport heat away from a hot spot.
They generally consist of three different regions: evaporator,
condenser, and adiabatic region. The evaporator is placed in
close vicinity to a hot spot. The liquid inside the chamber evap-
orates where heat is supplied and then spreads via the adiabatic
region to the condenser region. After condensation, the fluid is
transported back to the evaporator section via capillary forces
in a wick. The wick and the working fluid are encapsulated in
a sealed chamber often referred to as the envelope. The differ-
ence between a heat pipe and a vapor chamber is that the vapor
chamber transports heat in two dimensions while the heat pipe
only operates in one dimension. Two-phase cooling devices
are today primarily made of high thermal conductivity metals
such as copper or aluminum [3].

A lot of research today is focused on improving the thermal
performance of heat pipes and vapor chambers by using dif-
ferent nanomaterials or nano structuring. It is common to tar-
get the working fluid and introduce nanoparticles to enhance
thermal conductivity of the fluid [4-8]. Many studies also
focus on developing nanostructured wicks to improve liquid
transport of working fluids inside the vapor chamber [9-14].
However, it is uncommon to target the envelope for nanoma-
terial design improvements. Liu et al are, to the best of our
knowledge, the only ones that have published a study where
graphene-assembled film was used to fabricate the envelope of
a heat pipe. They showed that the heat dissipation capacity per
unit mass of a heat pipe with graphene envelope was 3.5 times
higher than for a conventional copper heat pipe [15]. This
means that using graphene-assembled film can help reduce
the weight of a heat pipe while maintaining high thermal
performance.

The thermal management potential of two-phase cooling
devices could be improved even further if graphene-assembled
film also can be used in vapor chambers. With a higher heat

dissipation capability, this graphene-based cooling technology
can possibly be applied to more high-power density applica-
tions like CPUs and GPUs in future Al systems.

As the envelope constitutes most of the mass of heat pipes
and vapor chambers, replacing the entire metal-based envelope
with a low-density material arguably gives the most contri-
bution to weight reduction of the device. Furthermore, cop-
per is a finite resource which is energy intensive to produce
[16]. Graphene oxide (GO), which is the precursor used
in graphene-assembled films [17], can be produced from
renewable sources [18] and possibly with an improved eco-
friendly Hummer’s method [19]. When disposed of, graphene-
assembled film can easily be incinerated for energy recov-
ery. Therefore, it can be beneficial also from a sustainability
perspective to replace copper with a graphene-based mater-
ial. Graphene-assembled film can be produced at a cost of
around 30-50 dollars m~2 which is a competitive material
price when compared to copper sheets of same thickness. To
our knowledge, graphene-assembled films have up until now
never been studied to be used as encapsulating material in
vapor chambers.

In this study, lightweight and high thermal conductivity
graphene-assembled films were assessed to be used as encap-
sulating material in vapor chambers. Important material prop-
erties for vapor chamber applications such as permeability,
burst pressure and wettability were studied. Subsequently,
the graphene-assembled film was used to build graphene-
enhanced vapor chambers. Two different design approaches
have been applied and the vapor chambers were analyzed in
terms of thermal resistance. A copper vapor chamber was
built using a gasket sealing technique and was compared to a
graphene-enhanced vapor chamber with the same design. The
characterization was done by measuring the temperature dif-
ference over the devices in a custom-made test setup that sim-
ulates a hot spot.

2. Materials and methods

2.1. Production of graphene-assembled fim

The graphene-assembled film used in this study was pro-
duced with the method reported by Chen et al [20]. The pro-
cess makes use of a scalable modified Hummer’s method
to exfoliate GO from graphite. The GO suspension obtained
from the exfoliation step is homogenized by high shear mix-
ing and centrifugation. Subsequently, the GO suspension is
vacuum filtrated to form a GO film. The GO film is then post-
processed by high temperature annealing at 2850 °C to remove
oxides and a mechanical pressing step at 300 MPa to remove
interlayer voids. The resulting graphene-assembled film has
high thermal conductivity and flexibility. Previously, thermal
conductivities up to 3826 W mK~! have been measured on
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Figure 1. SEM pictures of graphene-assembled film. (a) Top view
of graphene-assembled film. (b) Cross-section view of
graphene-assembled film.

1 pm thick films that were produced with this method [21].
Scanning electron microscopy (SEM) pictures of a 100 pum
thick graphene-assembled film seen from above and in cross-
section are shown figure 1.

2.2. Evaluation of graphene-assembled fim for vapor
chamber applications

Graphene-assembled film needs to fulfill certain requirements
to be a valid replacement to copper as encapsulating material
in vapor chambers. It should be impermeable to the working
fluid, it needs to withstand the potential pressure variations
during operation, and the working fluid should have good wet-
tability on the surface.

A modified Albert-Thwing cup method was used to eval-
uate the permeability of working fluid through graphene-
assembled film. The modified Albert-Thwing cup method
makes use of gas chromatography instead of gravimetry to
measure the total hydrocarbon content (THC) of the analyzed
gas with a flame ionization detector (FID). The improved
design of the Albert-Thwing cup eliminates the effect of eth-
anol mass-loss through the sealing. Consequently, only the
permeation of ethanol through the graphene-assembled film
is measured and accounted for [22].

Figure 2 illustrates how a graphene-assembled film is
assembled between two cups. During characterization, air
flows through the top cup with a constant flow rate of 3 1 min~—!
and the bottom cup is filled with ethanol. The ethanol that
permeates the film is detected by an FID which is connec-
ted to the air outlet. The FID used in this work was of the
brand MEXA-1170HFID and was calibrated with propane
gas (Air Liquide Propane N35). This means that the THC
measured by the FID is given in propane equivalents. The
effective carbon number method can be applied to calculate
the corresponding concentration of ethanol in the analyzed
air [23].

A 200 pm thick film was assembled in the modified Albert-
Thwing cup as shown in figure 2. The bottom container was
filled with ethanol and the sample was first conditioned at
room temperature for a period of 2 months. The sample was
then put in an oven to be further conditioned for 2 years and
4 months at 50 °C. During conditioning, air was continuously
flowing through the top container to avoid a possible eth-
anol concentration increase. The ethanol in the bottom cup
was replaced regularly to prevent dry-out and assure constant

3 FID

=¥
—— —H Graphene-assembled film
i

Figure 2. Test setup for measuring permeability of
graphene-assembled film. (a) Graphene-assembled film placed on
an ethanol-filled cup. (b) Final assembly of modified Albert-Thwing
cup. (c) Schematic of the test setup.

6 mm diameter opening

Graphene-assembled film | | Copper washer ‘

Figure 3. Illustration of test setup for burst-pressure testing of
graphene-assembled film.

exposure to ethanol vapors. After conditioning, the THC was
first measured on the fixture with the graphene-assembled
film. Then the background concentration was measured by
bypassing the fixture. A higher concentration on the sample
compared to ambient air would indicate ethanol permeation
through the graphene-assembled film.

Burst pressure was evaluated by clamping a graphene-
assembled film in between a copper washer and a stainless-
steel cylinder with a 6 mm in diameter orifice. The pres-
sure was gradually increased with a manual Swagelok pres-
sure regulator. A gauge pressure sensor with a measuring
range between 0-2500 kPa was placed at the high-pressure
side of the film. Graphene-assembled films with a thickness
of 200 pum were burst pressure tested to evaluate if the film
could withstand the maximum theoretical pressure levels in
the vapor chambers during operation. A schematic of the test
setup used for burst-pressure testing can be seen in figure 3.

Ethanol was the working fluid of choice in this study. It
was chosen due to its superior wetting properties on graphene-
assembled film compared to water. The good wettability of
ethanol was evaluated by the sessile drop method and contact
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Figure 4. Wettability comparison between water and ethanol on
graphene-assembled film. (a) Contact angle of water on
graphene-assembled film. (b) Contact angle of ethanol on
graphene-assembled film.

angle analysis with an optical tensiometer. The results can
be seen in figure 4 which shows a contact angle comparison
between water and ethanol on graphene-assembled film.

2.3. Vapor chamber design and fabrication

Graphene-assembled films with 100, 200 and 300 xm in thick-
ness were used. The films were cut into square pieces with
the dimension 56 X 56 mm. A copper mesh was bought from
Goodfellow Cambridge Ltd to be used as a wick. The cop-
per mesh had a nominal opening of 0.14 mm, a total thick-
ness of 0.25 mm and a diameter of the copper thread of
0.115 mm. The open area of the mesh was 30.3% of the total
area. Furthermore, copper spheres with a diameter of both 1
and 2 mm were bought from Goodfellow Cambridge Ltd to
be used as spacers and structural support in the vapor cham-
bers. The copper mesh was cut into 45 x 45 mm pieces and
then soldered together in a sandwich structure with copper
spheres in between two pieces of single layer copper mesh.
The assembled mesh was placed in between two pieces of
graphene-assembled film to act as a wick.

One vapor chamber design used solder as sealing mater-
ial. A special solder with the trade name C-solder from
Goodfellow Cambridge Ltd was used to solder the graphene-
assembled films together. C-solder is specifically developed
for soldering carbon-based materials. The perimeter of one
graphene-assembled film was covered with a foil of C-solder
and the copper mesh was placed in the center of the film.
Another graphene-assembled film was placed on top, and the
films were soldered together on a hot plate while applying
pressure with an aluminum frame. The assembly procedure
and the final assembled vapor chamber (VC 2) can be seen in
figure 5.

As can be seen in figure 5, two nozzles were inserted into
the vapor chambers, one for filling working fluid and the
other for venting while filling. Three different vapor chambers
were fabricated by using solder as sealing material. The vapor
chambers were fabricated with different graphene-assembled
film- and spacer thicknesses. The different configurations can
be seen in table 1.

A vapor chamber with a different design was also fabricated
by using a gasket instead of solder. In this design, a

— WWWW“W““ e i
to el s O 1
. it

Figure 5. Fabrication steps of a soldered graphene-enhanced vapor
chamber. (a) Copper mesh with 1 mm spacers on 200 um
graphene-assembled film. (b) C-solder is put on the perimeter of the
graphene-assembled film before reflow. (c) A second
graphene-assembled film was placed on top of the mesh and
assembled with an aluminum frame during reflow. (d) The final
graphene-enhanced vapor chamber.

e
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Table 1. Three different graphene-enhanced vapor chamber design
configurations were fabricated using the soldering method.

Graphene- Spacer Total VC
assembled film (um) diameter (mm) thickness (mm)
VC1 100 2.0 2.7
vC2 200 1.0 1.9
VC3 300 1.0 2.1

silicone-based thermal interface material with the tradename
Compatherm from Nolato Silikonteknik AB was cut out and
put on the perimeter of a 200 pm thick graphene-assembled
film. Holes were drilled through the films and the silicone pad
to be able to apply compression with ten M2 bolts around
the perimeter. The vapor chamber was assembled with two
300 pm thick aluminum frames on each side for compression
force distribution.

Figure 6 shows how the vapor chamber is assembled before
it was filled with working fluid. The working fluid was sup-
plied with a syringe through the opening that can be seen on
the upper position of the vapor chamber in figure 6. The last
step of the assembly process was to seal the opening by insert-
ing a piece of silicone gasket and applying compression with
a separate piece of aluminum.

A vapor chamber with a copper envelope was also fabric-
ated by using the gasket sealing method. The envelope was
made from 200 pm thick copper sheets. This was done to com-
pare graphene-assembled film to copper as envelope material
in a vapor chamber with the same design. All vapor cham-
ber designs were characterized empty and with 0.5 ml ethanol
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Figure 6. Assembly of a graphene-enhanced vapor chamber using a
silicone thermal interface material as sealing gasket. (a) Copper
mesh with 1 mm spacers on 200 pm graphene-assembled film with
a silicone gasket on the perimeter. (b) Vapor chamber assembled
with aluminum frames on both sides.

Figure 7. (a) Final assembly of a graphene-enhanced vapor
chamber using the gasket sealing method. (b) Final assembly of a
copper vapor chamber using the gasket sealing method.

to see how much the working fluid contributes to improved
performance.

Figure 7 shows a graphene-enhanced vapor chamber and
a copper vapor chamber after filling with ethanol and sealing
with the gasket method.

2.4. Design and setup of thermal test rig

A thermal rig was designed to test the performance of the dif-
ferent vapor chamber configurations. The test rig was designed
to simulate an 8 x 8 mm hot spot with the possibility to adjust
the applied power density.

The hot spot was made from a 97 mm long copper bar
with a 56 x 56 mm PEEK flange on top to distribute the
clamping force evenly on the back side of the fairly flexible
graphene-enhanced vapor chambers. The heat was generated
by a cartridge heater that was inserted 75 mm into the copper
bar. During measurements, the vapor chambers were clamped
in between the hot spot and a water-cooled heat sink with an
M10 bolt to be able to torque-control the mounting pressure.

The water-cooled heat sink was used to carry away the gen-
erated heat from the test rig. It was made from a 56 x 56 mm
copper block with a milled cavity for water to flow through.
The heat sink was customized to test the vapor chamber
designs that were soldered. A small modification was neces-
sary to characterize the vapor chambers with gasket sealing. To
avoid direct contact between the assembly bolts and the heat

Figure 8. Customized thermal test rig for measuring thermal
performance of vapor chambers and heat spreaders. (a) Heater and
heat sink with a copper vapor chamber clamped in between. (b)
Heater, heat sink and test specimen are placed in a steel container
during measurements.

sink, a copper spacer with dimensions 40 x 40 x 5 mm had
to be put between the vapor chamber and the heat sink during
characterization. A silicone-based thermal paste was applied
between the copper spacer and the heat sink to decrease the
contact resistance. A smaller PEEK flange with an area of
40 x 40 mm had to be used to apply the compression force
during characterization. This test setup modification should be
kept in mind when comparing results from the different vapor
chamber designs to each other.

The whole characterization setup was operating inside a
closed stainless-steel vessel to reduce the influence of convec-
tion losses on the measurements and thereby increase repeat-
ability. The test fixture with the steel vessel is shown in
figure 8.

The temperature measurements on the fixture were carried
out with PT100 RTD sensors. There were two sensors in the
heater bar, one was placed 4 mm from the cartridge heater, and
another was placed 1 mm from the interface to the vapor cham-
ber. There were three sensors in the heat sink block, meas-
uring the temperature in two corners and in the center of the
heat sink. The cooling-water temperature was measured with
type-K thermocouples on the inlet and outlet. The temperature
sensor configuration can be seen in figure 9.

The water-cooling system was driven by an Alphacool
VPP655 pump and the flowrate was measured by a Gems
TurboFlow FT-110 Series sensor. The cooling-water was
pumped from an 8 1 container and the outlet water was connec-
ted to a separate container to avoid a continuous temperature
rise of the water during measurements.

2.5. Vapor chamber characterization

Power inputs of 30 and 50 W were used when characterizing
the thermal performance of the vapor chambers. Higher power
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Figure 9. Outline of temperature sensors on the test setup. (a) Side
view of the water-cooled heat sink. (b) Copper-bar with a reamed
hole for a cartridge heater. (c) Top view of the water-cooled heat
sink.

input than 50 W was not possible due to high hot spot temper-
atures for some vapor chamber designs. It is practical to avoid
exceeding 100 °C from an electronics reliability perspective.
Also, many modern CPUs have a maximum allowed junction
temperature which is around 100 °C. Power inputs of 30 and
50 W correspond to a theoretical maximum power density of
47 and 78 W cm~? if convection and radiation losses from the
heater to the air in the test chamber are neglected. However,
since the comparison study was carried out in atmospheric
pressure, heat losses can be expected to give a slightly lower
power density than the theoretical maximum. The vapor cham-
bers were clamped between the hot spot and heat sink with
0.4 Nm torque. A cooling-water flow rate of 1 £ 0.1 1 min™!
was used throughout all tests. All measurements were run for
a minimum of 320 s. Before each measurement, the vapor
chambers were filled with 0.5 ml of ethanol and sealed.
The vapor chambers were weighed before and after thermal
characterization to see if any working fluid was lost during
operation.

The vapor chamber performance was evaluated by looking
at the parameters, Ry, and Rro,,.. To get a total thermal res-
istance of the vapor chambers it was necessary to account for
the temperature difference in z-direction and in the x—y plane.
Therefore, R, was calculated by the following formula:

T4 _ T +1+4Ts

Rror = T3 (D

where T, T, T3, T4 are the individual temperature readings
in the test fixture and Q is the total power input. Furthermore,

to account for the mass of the device, Rtoy,,,, Was calculated as
a figure of merit.

Rotyas, = Rror * mve (2

where myc is the total mass of the operating vapor chamber.

3. Results and discussion

3.1. Permeability and burst pressure

A THC of 2.5 £+ 0.5 ppm was measured after having condi-
tioned the graphene-assembled film in ethanol vapors at 50 °C
for 2 years and 4 months. The background hydrocarbon con-
centration in the air was also measured to be 2.5 + 0.5 ppm.
Thus, ethanol permeation through the graphene-assembled
film could not be detected with the used conditioning time,
temperature, film thickness and FID sensitivity. However, it
could be possible that a longer conditioning time at higher
temperature and with a thinner film would result in detectable
ethanol permeation, this needs to be further studied.

Data from burst pressure tests on graphene-assembled films
is presented in table 2. It can be seen that the burst pressure of
a 200 pm thick graphene-assembled film ranges from 560 to
>1040 kPa. The reason why sample 2 and 3 were not tested at
higher pressures than 1040 kPa was due to limitations of the
nitrogen gas supply system.

The vapor pressure of ethanol at 100 °C was estimated
using the Antoine equation to be 226 kPa. This means that the
burst pressure of graphene-assembled film is well above the
theoretical maximum pressure of the vapor chambers in the
temperature interval of the assessed application.

The permeability and burst pressure measurements were
designed to evaluate the graphene-assembled film. However,
the vapor chamber sealings are also a critical part of the design.
In this study, the sealings were assessed by measuring mass
loss of working fluid after thermal characterization. The dif-
ferent sealing methods can be further studied in more detail
by performing permeability measurements and burst pressure
tests.

3.2. Test method validation

Gasket sealed vapor chambers were characterized by five
repetitive measurements in the thermal test rig. The vapor
chambers were removed and put back in the test rig between
every measurement. The total thermal resistance, Rr,, was cal-
culated after 330 s of each measurement.

Table 3 shows the total thermal resistance data from the
characterization of a graphene-enhanced vapor chamber and
a copper vapor chamber. The mean total thermal resistance
of the graphene-enhanced vapor chamber was measured to
1.31 K W~! with a standard deviation of 0.02 K W~!. The
copper vapor chamber exhibited a mean thermal resistance of
1.72 K W~! with a standard deviation of 0.04 K W~!. These
results indicate good repeatability and validate the test method.
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Table 2. Burst-pressure data for pristine 200 pm thick
graphene-assembled films.

Burst pressure GF

Sample 200 (kPa gauge)
1 560

2 1040°

3 >1040°

2 Burst after 6 min.
b Did not burst for 28 min.

Table 3. Measurements on a graphene-enhanced vapor chamber
and a copper vapor chamber at 30 W power input to test the
repeatability of the test method. The total thermal resistances are
given for t = 330 s of the measurements.

Total thermal resist-  Total thermal resist-

Test ance GVC (KW™!)  ance CVC (KW
1 1.32 1.72
2 1.32 1.78
3 1.35 1.72
4 1.30 1.67
5 1.29 1.69
Mean 1.31 1.72
Standard deviation 0.02 0.04

3.3. Vapor chamber characterization

The soldered graphene-enhanced vapor chambers were built
with three different design configurations to evaluate the influ-
ence of graphene-assembled film thickness, spacer thickness
and usage of working fluid on heat transfer.

Figure 10 shows a comparison of total thermal resistance
Rty between the different graphene-enhanced vapor chamber
designs outlined in table 1. It can be seen that VC 1 performs
significantly worse compared to both VC 2 and VC 3. The
difference is believed to be mainly due to the spacer thick-
ness difference. The fact that VC 1 has a significantly higher
thermal resistance than VC 2 and VC 3 indicates that the
spacer diameter in the vapor chamber in this case is governing
for the vapor chamber performance. It also implies that the
air and ethanol vapor mixture in-between the two graphene-
assembled films do not give the desired thermal conductiv-
ity between the evaporator and condenser. However, usage of
working fluid is seen to have a positive effect on performance
in all vapor chamber configurations, but the positive effect is
lesser than what can be expected. A likely explanation for this
is the existence of non-condensable gas which is encapsulated
when the vapor chamber is sealed. Air inside the vapor cham-
ber can cause a barrier for vapor transport to the condenser
region [24]. It is known that the method used for vapor cham-
ber assembly in this study allows entrapped non-condensable
gas. It is also believed that the difference between an empty
vapor chamber and one with working fluid would be more sig-
nificant with an improved capillary performance of the wick.

Furthermore, figure 10 reveals that VC 3 performs best of
the three vapor chambers. The only difference between VC 2
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Figure 10. Total thermal resistance of soldered graphene-enhanced
vapor chambers with different design configurations at 30 W power
input.

Table 4. Mass of soldered graphene-enhanced vapor chambers
before and after characterization. ‘Volume filled’ is how much
working fluid that the vapor chamber was initially filled with.
‘Volume lost’ is how much of the working fluid that had leaked
during operation.

Initial Mass after Volume Volume

mass (g)  measurement (g) filled (ml) lost (ml)
VC1 9.04 9.00 0.50 0.05
vVC2 10.41 10.19 0.50 0.28
VC3 11.83 11.82 0.50 0.01

and VC 3 is that a thicker graphene-assembled film was used
in VC 3. However, it cannot be concluded at this point that
the difference is due to a thicker encapsulating material. It can
possibly also be due to leak tightness of working fluid. If VC 2
lost more working fluid during operation than VC 3 then that
can also be an explanation for worse performance.

The vapor chambers were weighed before and after charac-
terization to see if any leakage occurred. The volume loss of
working fluid during characterization was calculated based on
mass loss. The results are summarized in table 4.

According to table 4, there is a difference in leak tightness
between the vapor chambers. The difference in leak tightness
can possibly explain why VC 3 performs better than VC 2.

It is also worth noticing that all measurements in figure 10
have not completely reached steady state after 320 s. The gen-
eral trend is that vapor chambers with high thermal resistance
do not reach steady state. Hence, the most likely explanation is
that a fraction of the supplied energy is lost via convection and
radiation to the test chamber and contributes to a continuous
temperature increase of the system.

Table 5 shows that the gasket sealed vapor chambers
demonstrate leak rates that are close to zero. Further studies
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Table 5. Mass of gasket sealed graphene-enhanced vapor chamber
and copper vapor chamber before and after characterization.

Initial Mass after Volume Volume
mass (g) measurement (g) filled (ml) lost (ml)
Graphene VC  16.65 16.65 0.50 0.00
Copper VC 20.68 20.67 0.50 0.01
Gasket sealed vapor chambers
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Figure 11. Total thermal resistance comparison of a
graphene-enhanced vapor chamber and a copper vapor chamber at
30 W power input. The vapor chambers were built with a 200 ym
thick envelope and were sealed with the gasket method.

would be required to determine with certainty if the mass loss
is due to leakage, permeation through the gasket or evaporation
of other volatiles from the gasket. Gasket sealing is, in contrast
to soldering, a non-hermetic sealing method. Usage of non-
hermetic sealings in a real application would result in work-
ing fluid permeation through the sealings over time. However,
it was used in this study to evaluate the immediate effect of a
better leak tightness of the built vapor chambers. More import-
antly, it was also used to show how graphene-assembled film
can improve the performance of a vapor chamber in compar-
ison to copper.

Figure 11 shows that the total thermal resistance in this
single measurement is 0.57 K W~! lower when graphene-
assembled film is used as envelope instead of copper. The
characterized vapor chambers were built with the same sealing
technology and wick structure. Hence, this result suggests that
using graphene-assembled film can be beneficial for effect-
ive heat dissipation in vapor chambers. Furthermore, table 5
shows that the graphene-enhanced vapor chamber weighs 4
grams less than the copper vapor chamber which is another
argument for the benefits of graphene-assembled film.

Figures 10 and 11 also reveal that the total thermal res-
istance of the graphene-enhanced vapor chambers is similar
regardless of sealing method. Furthermore, it is observed that
the addition of working fluid lowers thermal resistance. These
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Figure 12. Total thermal resistance and mass-based thermal
resistance comparison of gasket sealed graphene and copper vapor
chambers at different power inputs.

results imply that the superior leak tightness of the gasket
sealed vapor chamber did not contribute to an evident effect
on performance enhancement. Instead, it is believed that the
existence of non-condensable gas and possibly poor capillary
performance are the reasons for the relatively small perform-
ance gain of adding working fluid.

The gasket sealed vapor chambers were compared at both
30 and 50 W power input and the mass-based figure of merit,
Rtot,,,..» Was applied to showcase the benefit of the low density
of graphene-assembled film. Each vapor chamber was charac-
terized 5 consecutive times.

Figure 12 shows the thermal resistance and mass based
thermal resistance at 30 and 50 W power input. The thermal
resistance was calculated after 330 s measurement time. It can
be seen that the measured thermal resistances are similar at
30 and 50 W power input for both tested vapor chambers.
The mean thermal resistance of the graphene-enhanced vapor
chamber is 21.6% lower than that of the copper vapor chamber
in the tested power input interval. When comparing the mean
mass-based thermal resistance, the graphene-enhanced vapor
chamber is 46.5% better. It can also be seen that there is good
repeatability of the measurements, especially for the graphene-
enhanced vapor chamber. The standard deviation of the meas-
ured thermal resistance is slightly higher for the copper vapor
chamber, a result that was also observed in the repeatability
measurements shown in table 3. The higher standard deviation
is possibly due to usage of thermal paste that adds extra uncer-
tainty to the measurements.

From the results in this experimental study, it has been seen
that graphene-assembled film can outperform copper as encap-
sulating material in vapor chambers. This result was observed
when comparing vapor chambers that were built with the same
method, working fluid and wick structure. However, some
design changes are believed to be important to implement if the
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graphene-enhanced vapor chambers should be able to compete
with current commercial copper vapor chambers. The vapor
chambers should be assembled with a method that evacuates
non-condensable gas. It is also believed that the wick struc-
ture can be improved so that the capillary forces of the wick
can transport the working fluid more efficiently. Furthermore,
the vapor chambers made from graphene-assembled film in
this study were limited to ethanol as working fluid. This is
due to the poor wettability properties of water on graphene-
assembled film. Improving hydrophilicity of the graphene-
assembled film can possibly enable water as working fluid.
This change could probably further improve performance,
especially at higher power input since water has a higher
enthalpy of vaporization and a higher boiling point compared
to ethanol.

4. Conclusions

In this study, novel lightweight and high-performance
graphene-enhanced vapor chambers were designed and built.
The thermal performance of the vapor chambers was char-
acterized in a customized test rig that simulates a hot spot.
Different designs of the graphene-enhanced vapor chambers
were fabricated using both solder and gasket sealing tech-
niques. When characterized, the best thermal performance
was observed when using 300 pm thick graphene-assembled
film as envelope, 1 mm diameter copper spheres as spacers
and 0.5 ml of ethanol as working fluid. With this design, the
total thermal resistance was 1.21 K W,

Thermal performance of a graphene-enhanced gasket
sealed vapor chamber was compared to that of a copper
vapor chamber with the same design. It was shown that using
graphene-assembled film instead of copper as an envelope
lowered thermal resistance of the vapor chamber by 21.6% and
the mass-based thermal resistance by 46.5%.

Using graphene-assembled film instead of copper as an
envelope can contribute to a lower thermal resistance of a
vapor chamber. Hence, it is believed that graphene-enhanced
vapor chambers can be built to surpass the performance of
current commercial copper vapor chambers if state-of-the-art
design guidelines and manufacturing standards are applied to
remove non-condensable gas and optimize wick performance.
If this is done, it is believed that the graphene-enhanced vapor
chamber can replace conventional copper vapor chambers in
future lightweight and high-performance cooling applications.
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