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Abstract: Thermally conductive silicone rubber (TCSR)-based thin sheets with low thermal resistance
and high electrical insulation properties have been widely used in thermal management applications
in the electronic and energy storage fields. The low thermal resistance is mainly attributed to the
sheets’ small thickness. In order to further decrease the sheets’ thermal resistance, it is necessary to
decrease their thickness. However, the sheets mostly have a thickness of at least 0.20 mm, and it is
still a challenge to decrease the thickness to less than 0.10 mm mainly due to the difficulty of smooth
calendering through a narrow roll-to-roll gap on calenders. Here, a low-viscosity calendering method
has been developed to prepare TCSR-based ultra-thin sheets. The sheets present unprecedentedly
small thickness (~0.08 mm), low thermal resistance (0.87 cm2K/W), high tensile strength (~8 MPa),
high flexibility, high electrical resistance (>1014 Ω·cm), and high thermal dissipation (>30 ◦C decrease
in LED working temperature). Comparison studies between this new method and the conventional
preparation method have been carried out to understand the mechanism of the improvements.

Keywords: thermally conductive silicone rubber; thin sheets; thermal resistance; calendering process;
thermal dissipation

1. Introduction

The rapid development of electronic and energy storage devices has brought increas-
ing demand for high-performance thermal interface materials (TIMs) to reduce thermal
resistance in their thermal management systems [1–3]. TIMs such as thermally conductive
grease, thermally conductive silicone rubber (SR) sheets, and thermally conductive struc-
tural adhesives have taken important roles in their thermal management systems. Low
thermal resistance is of great importance for TIM applications. In recent years, a range of
highly thermally conductive thin sheets, such as graphene films, boron nitride (BN) papers,
carbon fiber-based films, and MXene films that have extremely high thermal conductivity
and low thermal resistance have gained great research interest [4–10]. They have been
regarded as a new generation of high-performance TIMs. However, their potential in
practical applications has been limited by various factors such as low electrical insula-
tion properties (graphene and MXene are conductors), lack of industrial-scale production
techniques, and high cost.

In comparison, thermally conductive silicone rubber (SR) (TCSR)-based thin sheets,
which are also known as thermally conductive insulators in the industry, have been widely
used in practical applications, although they have higher thermal resistance and lower
thermal conductivity than most of the thin sheets mentioned above. TCSR-based thin sheets
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are usually composed of silicone rubber, glass fabrics (GFs), and thermally conductive
fillers such as alumina or aluminum hydroxide. Silicone rubber and thermally conductive
fillers make up thermally conductive silicone rubber, which is coated on the surface of the
glass fabric. TCSR-based thin sheets usually have low thermal resistance, high electrical
insulation properties, high breaking voltage, high mechanical properties, sufficient indus-
trial production capacity, and low cost. These advantages make TCSR-based thin sheets
promising in a wide range of applications such as power switches, insulated gate bipolar
transistors, batteries, and radio frequency devices. However, although TCSR-based thin
sheets are popular in practical applications, the fast development of other low thermal
resistance TIMs has brought great pressure of competition to TCSR-based thin sheets. It
has become urgent for TCSR-based thin sheets to further decrease their thermal resistance.

The thermal resistance of TIMs is generally proportional to their thickness and in-
versely proportional to their thermal conductivity [11–14]. The thermal conductivity of
TCSR-based thin sheets is usually not high. For instance, most of them have a thermal con-
ductivity of less than 5 W/mK. In comparison, the thermal conductivity of neat TCSR can
reach 15 W/mK or even higher. Therefore, TCSR-based thin sheets’ low thermal resistance
is mainly attributed to their small thickness. If the thickness can be effectively decreased,
it is possible to develop TCSR-based thin sheets with extremely low thermal resistance.
Currently, the thickness is mostly at least 0.20 mm, and it is still a challenge to decrease the
thickness to less than 0.10 mm (there is no open literature for these data, and the authors
know the data because they have run companies producing TIMs). This challenge can
be mainly attributed to the production process of TCSR-based thin sheets. The sheets are
mostly prepared on a calender, which presses raw materials fluids into thin sheets through
a roll-to-roll narrow gap (usually <0.50 mm) in a continuous manner. The sheets’ thickness
is controlled by the size of the gap. In order to decrease the sheets’ thickness, the gap must
be narrow enough. However, a narrow gap may bring greatly increased flow resistance to
raw material fluids, making the calendering process difficult.

In order to overcome this challenge, it is necessary to reduce the viscosity of the raw
material fluids. The high viscosity is mainly caused by the high viscosity of the liquid
raw materials, the high loading level of thermally conductive fillers, and a combination
effect of the fillers’ shape, size, components, etc. The viscosity can be reduced by three
main methods, (i) decreasing thermally conductive fillers’ loading level in the fluids; (ii)
optimizing the multi-sizes synergism effect between fillers; and (iii) reducing the viscosity
of silicone oil. As has been shown by a number of studies, decreasing the fillers’ loading
level (method i) usually brings decreased thermal conductivity, which will cause increased
thermal resistance in the final composites [2,13,15–17]. Therefore, the latter two methods
are more feasible.

In this contribution, a low-viscosity calendering method has been developed to pro-
duce TCSR-based ultra-thin sheets (Figure 1). Fine spherical alumina and low-viscosity
silicone oil have been used to reduce the viscosity of the raw material fluids and hence
promote smooth calendering. Comparison studies between this new method and the
conventional method have been carried out to understand the mechanism of the improve-
ments.
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2021). Thermally conductive silicone rubber pads with high thermal conductivity (5 
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Figure 1. Schematic diagram of the preparation process of TCSR-based thin sheets.

2. Materials and Methods
2.1. Materials

Spherical alumina (powders, mean size of 2, 5, 10, or 20 µm) were purchased from
Jiangsu Lianrui New Materials Co., Ltd., Lianyungang, Jiangsu Province, China. Vinyl
silicone oil (viscosity of 500 or 100 mPa·s), double-end-hydrogen silicone oil (hydrogen
concentration of 0.11–0.13 wt.%), and side-hydrogen silicone oil (hydrogen concentration
of 0.75–0.79 wt.%) were purchased from Zhejiang Runhe Organosilicone New Material Co.,
Ltd., Ningbo, Zhejiang Province, China. Platinum (Pt) catalyst and inhibitor were bought
from Dongguan Huachun Organic Silicon Material Co., Ltd., Dongguan, Guangdong
Province, China. Color masterbatches (blue and red) were purchased from Dongguan City
Shenglibao Organosilicon Technology Co., Ltd., Dongguan, Guangdong Province, China.
Dodecyl trimethyl siloxane (DTMS) was purchased from Hubei Jusheng Technology Co.,
Ltd., Tianmen, Hubei Province, China. Glass fabrics (thickness 40 µm) were purchased
from Renqiu Boda Industry and Trade Co., Ltd., Renqiu, Hebei Province, China. PET films
were purchased from Dongguan Dingli Film Technology Co., Ltd., Dongguan, Guangdong
Province, China. Kapton PI film (0.05 mm thick, produced by DuPont, Wilmington, DE,
USA) and thermally conductive grease (X-23-7783D, produced by ShinEtsu, Japan) were
purchased on www.Taobao.com (accessed on 10 September 2021). Thermally conductive
silicone rubber pads with high thermal conductivity (5 W/mK and 7 W/mK) were kindly
provided by Tianijn Haite Thermal Management Technology Co. Ltd., Tianjin, China). All
materials were used as received.

2.2. Preparation of TCSR-Based Thin Sheets by the Conventional Method

In the industrial production of TCSR-based thin sheets, spherical alumina powders
(mean size of 5−30 µm) are the most widely used thermally conductive fillers, and vinyl
silicone oil with a viscosity of 500−1000 mPa·s is the most widely used silicone oil. Here
we prepared TCSR-based thin sheets from these raw materials by the conventional method
for comparison studies.

www.Taobao.com
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Vinyl silicone oil (500 mPa·s), side-hydrogen silicone oil, Pt catalyst, inhibitor, color
masterbatch, and DTMS (mass ratio = 100:2.8:1.2:0.4:1:2) were added to a beaker, mixed
evenly, and then alumina (mean size 20 µm, 5 µm, and 2 µm, respectively; mass ratio = 7:1:2)
were blended in a biplanetary vacuum mixer with a rotation speed of 40 rpm for 90 min
to obtain Al2O3/SR fluid (mass ratio of alumina to all oil and additives: 8.0). TCSR-based
ultra-thin sheets were prepared on a calender. Glass fabric was sandwiched between two
PET films, and the Al2O3/SR fluid was put between the underlying PET films and glass
fabric (Figure 1). The Al2O3/SR fluid and glass fabric were pressed into liquid sheets on a
double-roll calender (gap 0.20 mm) by the traction of the PET films and the inward rotation
of the rolls. The liquid sheets were cured at 120 ◦C for 30 min in a tunnel furnace to obtain
TCSR-based thin sheets. Their thickness was measured to be 0.15 mm with a vernier caliper
(Figure 2b inset). They were thus labeled as 0.15 mm-thick sheets.
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Figure 2. (a) SEM profile of glass fabric, and schematic diagram of the cross sections and side view of
glass fabric. (b) Photograph of 0.15 mm-thick sheet prepared by the conventional method. (c) SEM
profile of the 0.15 mm-thick sheet showing the cross sections of glass fabric. (d) SEM profile of the
0.15 mm-thick sheet showing the side view of glass fabric. (e) Photograph of 0.08 mm-thick sheet
prepared by the low viscosity calendering method. (f) SEM profile of the 0.08 mm-thick sheet showing
the cross sections of glass fabric. (g) SEM profile of the 0.08 mm-thick sheet showing the side view of
glass fabric.

2.3. Preparation of TCSR-Based Ultra-Thin Sheets by the Low Viscosity Method

A low-viscosity method was developed to produce TCSR-based ultra-thin sheets. In
order to decrease the viscosity and flow resistance of the raw material fluids, low-viscosity
vinyl silicone oil (100 mPa·s) and fine alumina (2–10 µm) were used.

The vinyl silicone oil, double-end-hydrogen silicone oil, side-hydrogen silicone oil, Pt
catalyst, inhibitor, color masterbatch, DTMS (mass ratio = 100:18:1:1:0.3:1:3), 10 µm alumina,
and 2 µm alumina (mass ratio = 7:3) were mixed to obtain Al2O3/SR fluid (mass ratio of
alumina to all oil and additives: 8.0). The fluid was made into TCSR-based thin sheets by
the same method as in Section 2.2. The narrow gap on the calender was set as 0.15 mm.
The sheets’ thickness was measured to be 0.08 mm by Vernier calipers (Figure 2e). They
were thus labeled as 0.08 mm-thick sheets.
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2.4. Characterization

Glass fabric and sheet cross-sections were observed on a scanning electron microscope
(SEM, Gemini SEM500, Zeiss, Germany). Tensile tests were run on a universal testing
machine (AGS-X 50N, Suzhou Turbo Machinery Equipment Co. Ltd., Suzhou, Jiangsu
Province, China). The electrical conductivity of the sheets was measured on an electrical
resistance meter (FT-3204A, Ningbo Argal Instrument Co., Ltd., Ningbo, Zhejiang Province,
China). The breaking voltage of the sheets was measured on an RK2671AM withstand
voltage tester (Shenzhen Meric Electronic Technology Co. Ltd., Shenzhen, Guangdong
Province, China) according to ASTM D 149. The thermal resistance of the sheets and other
TIMS was measured on a thermally conductive instrument (DRL-III, Xiangtan Instrument
& Meter Co. Ltd., Xiangtan, Hunan Province, China) according to ASTM D5470. Thermal
dissipation tests were run on a home-made set-up consisting of a LED chip (power 10 W,
ordered on Taobao.com, accessed on 10 September 2021), a heat sink (heat pipe radiator,
ordered on Taobao.com, accessed on 10 September 2021), and an infrared camera (E8, FLIR
Systems Inc., Wilsonville, OR, USA). Al2O3/SR fluid viscosity was measured on an NDJ-79
viscosity meter (Shanghai Lichen Instrument Technology Co. Ltd., Shaihai, China).

3. Results and Discussions
3.1. Morphology

Figure 2 shows the morphology of the glass fabrics and typical TCSR-based thin
sheets. The glass fabric has a mesh structure made of glass fiber. The mesh size (80–300 µm,
Figure 2a) is large enough for the flow and penetration of Al2O3/SR fluids. TCSR-based thin
sheets have a sandwich-like structure consisting of glass fabric and thermally conductive
silicone rubber (Figure 2c,d,f,g). Spherical alumina of various particle sizes is dispersed
in a silicone rubber matrix homogeneously, and glass fabric is inserted in the composites.
Figure 2c,d shows that the glass fabric is mostly located at one side of the 0.15 mm-thick
sheets, while the glass fabric was mostly inserted in the middle of the 0.08 mm-thick sheets
(Figure 2f,g). This is probably because the thermally conductive fillers in the 0.08 mm-thick
sheets (mean size 10 µm) are smaller than those in the 0.15 mm-thick sheets (mean size
of 20 µm), making it easier for Al2O3/SR fluids to flow through the meshes on the glass
fabric.

3.2. Mechanical and Electrical Insulation Properties

In practical applications, TCSR-based sheets are mostly operated by hand. The sheets’
mechanical properties must be high enough to resist the forces in manual operation. A
basic requirement of TCSR’s mechanical properties is high softness (or low hardness). As a
result, TCSRs mostly have low modulus and tensile strength (<1 Mpa), particularly in those
with high thermal conductivity. When the sheets are thick, they are still strong enough
to resist the forces caused by manual operation. However, when the sheets are thin, the
forces can easily deform or even destroy the sheets. Therefore, reinforcement materials are
necessary for TCSR-based thin sheets, and glass fabric or polyimide (PI) films have been
widely used as reinforcement materials.

The 0.15 mm-thick sheets and 0.08 mm-thick sheets both have high mechanical proper-
ties due to the incorporation of glass fiber. They can be twisted and recovered without any
damage (Figure 3a,c), indicating high flexibility and toughness. Neat TCSR has a tensile
strength of smaller than 0.30 MPa, and the tensile strength of the 0.15 mm-thick sheets and
0.08 mm-thick sheets is higher than 5 MPa (Figure 3b,d), which can be mainly attributed
to the glass fiber in the sheets. It is interesting that the 0.08 mm-thick sheets have higher
tensile strength than the 0.15 mm-thick sheets. This does not mean that the 0.08 mm-thick
sheets can resist more force than the 0.15 mm-thick sheets. In fact, the two sheets can resist
similar tensile force because the force is almost afforded by the glass fiber. Meanwhile, the
0.08 mm-thick sheets have a smaller thickness (or cross-section area) than the 0.15 mm-thick
sheets. As a result, the tensile test results of the 0.08 mm-thick sheets present higher tensile
strength than the 0.15 mm-thick sheets.
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Figure 3. (a) Photographs showing the high flexibility of 0.15 mm-thick sheets prepared by the
conventional method. (b) Typical tensile curve of 0.15 mm-thick sheets. (c) Photographs showing the
high flexibility of 0.08 mm-thick sheets prepared by the low-viscosity calendering method; (d) Typical
tensile curve of 0.08 mm-thick sheets.

Most applications of TCSR-based shin sheets require high electrical insulation prop-
erties, which are mainly evaluated by electrical resistance and breaking voltage. The
0.15 mm-thick sheets and 0.08 mm-thick sheets both have high electrical insulation prop-
erties. Their volume electrical conductivity is higher than 1014 Ω·m (beyond the test
equipment’s range), and their breaking strength is higher than 5.0 kV/mm. The high
electrical insulation properties have been achieved because the raw materials, such as
silicone oils, additives, alumina, and glass fabric, are all electrical insulators.

3.3. Thermal Properties

TIMs are usually put between heat sources and heat sinks to reduce the thermal
resistance from the heat sources to the heat sinks. The total thermal resistance (R−total)
includes three parts, as shown in Equation (1),

R−total = R−TIMs + R−c1 + R−c2 =
t
k
+ R−c1 + R−c2 (1)

where R−TIMs is the thermal resistance of the TIMs, R−c1 and R−c2 are the thermal resistance
between the TIMs and the heat sources or heat sinks, t is the TIM thickness, and k is the
TIM thermal conductivity.

Equation (1) suggests that the total thermal resistance is determined by the thermal
resistance of the TIMs (R−TIMs) and the contacting state between the TIMs and the heat
sources or sinks (R−c1 and R−c2). R−c1 and R−c2 are greatly affected by the softness (or
hardness) of the TIMs. This is the main reason for the requirement of high softness or low
hardness of TCSR sheets.
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TIMs can be mainly classified into two types: (i) solid TIMs such as thermally con-
ductive silicone rubber sheets and polyimide films; and (ii) liquid TIMs such as thermally
conductive grease and liquid metal. Usually, liquid TIMs can be put between heat sources
and heat sinks and pressed into a thin liquid film with a much smaller thickness (or BLT)
than that of solid TIMs, and their liquid state affords good contact between the TIMS and
the heat sources or heat sinks. As a result, liquid TIMs usually have much lower contacting
thermal resistance than solid TIMs when they are tested in the same situation, even when
the liquid TIMs have lower thermal conductivity than solid TIMs. This is a major advantage
of liquid TIMs.

In order to better evaluate the effect of the low-viscosity calendering method, we
measured the thermal resistance of our TCSR-based thin sheets and typical electrically
insulated TIMs on a thermal conductivity meter under the same conditions. In addition
to the 0.15 mm-thick sheets and 0.08 mm-thick sheets, TIMs including Kapton PI film,
thermally conductive silicone rubber pads with high thermal conductivity, and thermally
conductive grease (X-23-7783D) were tested. The first three are solid TIMs, and the last is a
famous liquid TIM widely used in the industry.

The test results are plotted against the TIMs’ thickness to understand the relationship
between the thermal resistance and the thickness (Figure 4). It is shown that the liquid TIMs
X-23-7783D has much lower thermal resistance (<1 cm2K/W) than the conventional solid
TIMs (>2 cm2K/W) and the 0.15 mm-thick sheet, while the 0.08 mm-thick sheet prepared
by the low-viscosity calendaring method has obtained a thermal resistance (0.87 cm2K/W)
almost as low as that of X-23-7783D. This thermal resistance is also lower than many PI-
based thermally conductive sheets in the open literature [18,19]. The low thermal resistance
of the 0.08 mm-thick sheet can be mainly attributed to its small thickness.
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Figure 4. Scatter plots of the thermal resistance of typical electrically insulated TIMs against their
thickness or BLT. The thickness and BLT here are the actual thickness during the thermal resistance
tests. The 0.08 mm-thick TCSR-based sheet prepared by the low-viscosity calendering method has
a much lower thermal resistance than the conventional solid TIMs, comparable to that of high-
performance thermal conductive grease X-23-7783D.
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Due to the low thermal resistance, TCSR-based ultra-thin sheets can be used in thermal
management applications. Here we evaluate its cooling performance on a homemade LED-
based testing setup (Figure 5a). Comparison tests of a variety of TIMs were conducted.
The infrared camera took infrared images at an ambient temperature of 30 ◦C. Figure 5b
shows infrared images recording the working temperature on the LED chip. Figure 5c
shows that the LED working temperature at 20 min was as high as 81.9 ◦C when there were
no TIMs between the LED chip and the heat sink. When TIMs were placed between the
LED chip and the heat sink, the LED working temperature decreased. The temperature
was decreased to 51.7 ◦C when a 0.08 mm-thick sheet was used as the TIM. This cooling
performance is comparable with that of ShinEtsu X-23-7783D thermally conductive grease
and is better than that of the other solid TIMs tested. This is because the low thermal
resistance of the 0.08 mm-thick sheet can effectively eliminate the intense heat generated by
the LED.
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From the comparison of Figures 4 and 5c, it is clear that the lower the thermal resis-
tance, the better the cooling performance. In particular, although the 7 W/mK thermally
conductive silicone pad has the highest thermal conductivity, its cooling performance is the
worst.

It is interested to note that, although the 0.15 mm-thick sheet has higher thermal resis-
tance than the 0.08 mm-thick sheet and the X-23-7783D grease, their cooling performance is
close to each other. This is probably because of two reasons, (i) the working temperature
was recorded with an infrared camera, which had limited accuracy; and (ii) the thermal
resistance of the 0.15 mm-thick sheet is probably low enough to dissipate most of the heat,
and, hence, a further decrease in thermal resistance does not contribute much to the cooling
performance. It can be supposed that if the power of the LED chip was increased, the
0.08 mm-thick sheet and the X-23-7783D grease may present better cooling performance
than the 0.15 mm-thick sheet due to their lower thermal resistance.

In addition, it should be also noted that the test results on thermal resistance and ther-
mal dissipation performance are greatly affected by the test equipment and test conditions.
For instance, if the load used in the thermal resistance tests is changed, the test results may
present obvious changes. These problems will be studied in detail in another work.
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4. Discussion

TCSR-based thin sheets’ thickness is controlled by the narrow gap on the calender.
When the gap is sufficiently small, it may become difficult to calender raw material fluids
due to the increased flow resistance of the raw materials fluids.

Figure 6 presents the preparation process of TCSR-based thin sheets. Raw materials
such as spherical Al2O3, silicone oils, and additives were mixed homogenously to form
Al2O3/SR fluids. The fluids were pressed into thin sheets on a double-roller calender,
followed by heat curing to obtain solid thin sheets. The sheets were protected by two
PET films (release films). Glass fabric was blended into the thin sheets for mechanical
strengthening.

The Al2O3/SR fluids have high viscosity due to the high loading level of Al2O3 in the
fluids. The high viscosity may bring large resistance when the Al2O3/SR fluids flow across
the narrow gap. Due to the high viscosity, some fluids may deposit in front of the rollers, as
shown in Figure 6a. These deposited zones may bring a further increase in flow resistance.
The high flow resistance has a negative impact on the calendering process.

Besides the viscosity, the size of the alumina particles also has a great impact on the
resistance. As illustrated in Figure 6b, there are two PET films and a glass fabric film in
the narrow gap, and the space for moving alumina particles across the gap is actually less
than 50 µm. When the diameter of the alumina particles is large, it will be difficult for the
particles to move in the small space between the PET films and glass fabric, bringing large
flow resistance to Al2O3/SR fluids.

Based on the above consideration, in order to obtain TCSR-based ultra-thin sheets, we
made two optimizations to reduce the flow resistance of Al2O3/SR fluids across the narrow
gap: (i) reducing the Al2O3/SR fluids’ viscosity by using silicone oil with low viscosity;
and (ii) reducing the size of the alumina particles.

Figure 6c,d shows the effects of the optimization. Two Al2O3/SR fluids were prepared.
One was prepared from the most typical raw materials in the industry and by the most con-
ventional method used currently. The vinyl silicone oil had a viscosity of about 500 mPa·s
at 25 ◦C, and the major thermally conductive filler was spherical alumina with a mean
size of 20 µm. After the raw materials were mixed together, the resultant Al2O3/SR fluid
had a viscosity of about 143 Pa·s. The fluids were calendered and heat-cured to obtain
TCSR-based thin sheets. Various gap sizes were studied. The smallest gap that could obtain
smooth sheets was 0.20 mm, and the obtained sheets had a thickness of about 0.15 mm
(seeing Figure 2b inset). When the gap was decreased to 0.18 mm, the resultant sheets were
deformed, as shown in Figure 6c.

Another Al2O3/SR fluid was prepared from low-viscosity vinyl silicone oil (100 mPa·s)
and fine spherical alumina powder (mean size of 10 µm), etc. The fluid had a viscosity of
about 86 Pa·s. It could be successfully calendered when the gap was only 0.15 mm in width.
The obtained sheets had a thickness of about 0.08 mm (seeing Figure 2e inset). When the
gap was set as 0.13 mm, the fluid could not be calendered into smooth sheet (Figure 2d).

Overall, the calendering process of Al2O3/SR fluid or similar raw material mixtures is
actually a hydrodynamics problem occurring in a narrow gap. Based on this study, it can
be confirmed that the thickness of TCSR-based thin sheets can be successfully decreased
by the low-viscosity calendering method, and the use of low-viscosity silicone oil and fine
alumina powder is the main cause of the successful calendering.
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5. Conclusions

Thermally conductive silicone rubber-based ultra-thin sheets have been successfully
prepared from fine spherical alumina powder and low-viscosity silicone oil by a low-
viscosity calendering method. Compared with similar thin sheets prepared by the conven-
tional method, the ultra-thin sheets have an unprecedentedly small thickness (~0.08 mm),
high strength (~8 MPa), high flexibility, high electrical resistance (>1014 Ω·cm), high break-
ing strength (~5.3 kV), low thermal resistance (0.87 cm2K/W), and high thermal dissipation
(>30 ◦C decrease in LED working temperature). Comparison studies on the calendering
process suggest that the low viscosity of the raw material fluid is the key factor for success-
ful preparation. The proposed approach could provide an effective and promising route to
the development of high-performance thermally conductive silicone rubber and ultra-thin
sheets for thermal management applications.
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