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The thermal properties of carbon nanotube- (CNT-) sheet were explored and compared to copper in this study. The CNT-sheet
was made from dry spinning CNTs into a nonwoven sheet. This nonwoven CNT-sheet has anisotropic properties in in-plane and
out-of-plane directions. The in-plane direction has much higher thermal conductivity than the out-of-plane direction. The in-
plane thermal conductivity was found by thermal flash analysis, and the out-of-plane thermal conductivity was found by a hot
disk method. The thermal irradiative properties were examined and compared to thermal transport theory. The CNT-sheet was
heated in the vacuum and the temperature was measured with an IR Camera. The heat flux of CNT-sheet was compared to that of
copper, and it was found that the CNT-sheet has significantly higher specific heat transfer properties compared to those of copper.
CNT-sheet is a potential candidate to replace copper in thermal transport applications where weight is a primary concern such as

in the automobile, aircraft, and space industries.

1. Introduction

Carbon nanotubes have received immense attention from
researchers due to their extraordinary mechanical and phys-
ical properties [1-3]. Utilizing this nanosized material on the
bulk level while retaining these extraordinary properties has
been found to be difficult. One such promising method is
to use a spinning process to entangle individual CNTs into
infinite long bulk sheets and yarns [4]. While there is limited
work done with the microstructure of sheets, considerable
work has been done with the CNT-yarns. It has been found
that CNT-yarns contain substructures within the yarn: (1)
individual CNTs, (2) bundled CNTs, (3) ribbons composed
of bundled CNTs, and (4) finally yarns made from twisted
ribbons [5]. These structures can reduce the strength due to
stress concentrators, and it has been found that CNT-yarns
are sensitive to kink-band failure, tearing, and wear [6]. Dur-
ing the straining process, the CNT-yarns move across each
other forming the defects. This has produced mechanical
properties lower than expected in multiyarns, while small
diameter single yarns have shown some impressive results

[7-11]. Further, when considering electrical properties, the
end-to-end gap of the individual CNTs has been found to be
critical in electron transport leading to improved properties
by compression, and consolidation of CNT-yarns [12-16].

There has been limited reporting on the thermal transport
properties of CNT-yarns and sheets; however, considerable
research has been done on the thermal transport properties of
individual CNTs. Marconnet et al. have performed a review of
literature detailing previous work [17]. They found that CNTs
had thermal conductivity ranging from 13,350 to 34 W/mK
[18,19]. There are many reasons for this large range of thermal
conductivity including (1) number of CNT walls, (2) CNT
diameter, (3) length (how it was measured), (4) boundary
conditions, (5) CNT-defects, and (6) chiralities. Choi et
al. used the 2-pad 3w technique to measure the thermal
conductivity and found a 42nm carbon nanotube with a
length of 1.1 ym to have a thermal conductivity of 830 W/mK
[20]. This is a very high thermal conductivity considering the
conductivity of copper is ~380 W/mK at room temperature
[21].



The thermal conductivity of an individual CNT is excep-
tional and has led to much attention towards producing
a higher thermally conductive composite composed of a
polymer base matrix and carbon nanotubes [22-24]. It has
been found that, by adding 1% of CNTs to epoxy, the thermal
conductivity can be raised by 125% at room temperature [22].
While this is an impressive increase, the thermal conductivity
of the CNT-epoxy composite (~0.5W/mK) is much lower
than copper. A 10% by weight of CNT in polystyrene
composite produced thermal conductivity of ~0.35 W/mK
[23]. In this case, the objective was not to increase the thermal
conductivity, but to alter other properties, that is, foams
with large expansion ratio (18-fold) and a macrocellular cell
size (5 um). While adding CNTs to the matrix increases the
thermal conductivity over the polymer matrix, its thermal
conductivity is not comparable to copper.

Some limited research has been done on the thermal
conductivity of pure CNT materials [25-28]. These yarns
are 10 ym in diameter and were found to have a room
temperature thermal conductivity of 60 + 20 W/mK [25]. In
the same study, it was found that with increase of diameter
the properties decreased, and it was attributed to structural
differences. A larger diameter yarn (34 ym) was found to
have a thermal conductivity of 25 + 6 W/mK compared to
the smaller diameter (10 ym) with a thermal conductivity
of 60 + 20 W/mK. Research has been done on high-density
carbon nanotube buckypaper which showed excellent ther-
mal transport properties. The density was reported to be
extremely high at 1.39 g/cm’®, which is the density of an
individual CNT, and resulted in a thermal conductivity of
766 W/mK [26]. Others have not seen such high thermal
conductivities or densities. Li and Yue found that CNT
buckypaper has a conductivity of 0.83 W/mK [27]. Aliev et
al. found that the thermal conductivity of CNT-sheet to be
50 + 5W/mK. They show the low thermal conductivity of
the CNT-sheet when compared to individual CNTs is due to
tube-tube interconnections and sheet imperfections [28].

In the present study, a CNT-sheet was investigated for
the thermal properties and its applications towards thermal
management with an eventual goal of replacing the copper
sheet. Laser flash analysis was used to determine the in-
plane thermal diffusivity. The density and specific heat were
measured to determine the in-plane thermal conductivity.
The out-of-plane thermal conductivity was measured by
hot disk technique. The thermal emittance properties were
probed by an IR camera under a vacuum environment,
and the resultant empirical data were compared to thermal
transport theory. Finally, the CNT-sheet’s thermal properties
are compared with those of a comparable copper sheet
painted with flat black on one side.

2. Methods and Materials

2.1. Material. The CNT-sheet was procured from Nanocomp
Inc. A dry spinning process was used to form the CNT-sheets.
This was done by feeding carbon based gases into a reactor
with catalyst at high temperatures. The carbon is absorbed
into the catalyst and thereby CNTs are formed. The CNTs are
in a form similar to an “aerogel” or what is called a smock.
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FIGURE 1: Bulk CNT-sheet showing magnified region containing
multitudes of CNTs.

The smock is then collected and formed into a CNT-sheet.
Consolidation was done by acetone dip without any further
treatments. Figure 1 shows the bulk CNT-sheet obtained by
an optical camera, and the magnified region was imaged with
a scanning electron microscope (SEM) showing multitudes
of CNTs. This CNT-sheet is considered a nonwoven material
with an areal density of 10-15g/m?. Others have reported
similar manufacturing processes [4, 29].

2.2. Thermal Transport

2.2.1. Laser Flash Analysis. CNT-sheetis thin and highly ther-
mally conductive for conventional thermal analysis methods;
however, laser flash analysis can be used to find the thermal
diffusivity («) as done in this work. The thermal conductivity
(k) can be determined after the thermal diffusivity is mea-
sured by combining with the density (p) and specific heat (c)
from (1). In this work, Nietzsche LFA 457 and Proteus LFA
analysis software was used to find a. Specimens were cut to
25.4 mm diameter before running tests:

k = apc. @)

2.2.2. Density and Specific Heat. The density was calculated
by simply dividing the weight by the volume. An Ohaus
Voyager Pro microbalance was used to weigh the specimen.
Specimens were cut to the dimensions of 25.4 x 25.4 mm.
The area of the specimen was measured by calipers with
visible contact on both sides of the calipers, and the thickness
was measured using a Rex MTG-DX Durometer with an 8 g
weight and 16 mm diameter pressor foot for each specimen.
The specific heat was found using a Q100 TA Instrument DSC.

2.3. Thermal Conductivity. For the out-of-plane thermal
conductivity, a Hot Disk TPS 25008 utilizing a thin film
sensor was used. The hot disk method is optimized for low
thermal conductivities and thin samples, making it a better
choice for out-of-plane thermal conductivity measurements
than the laser flash analysis [30]. The laser flash analysis works
well for in-plane measurements; thus, the in-plane thermal
conductivity was found by using (1) [31, 32]. Three specimens
measuring 25.4 X 25.4 mm were tested in each case.
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2.4. Thermal Emittance. The heat flux in the y direction (g,)
within an object is given by

oT 5

qy - ay ( )

In this presented research, one end of a rectangular sheet

of material was heated uniformly under a vacuum (10~ Torr)
such that heat transfer would be one-dimensional in the y
direction, and the y direction is the distance from the heater.
The temperature was measured with infrared thermography.
The vacuum eliminated convection as a heat loss mechanism.
Therefore, only thermal emittance would be responsible for
a variation in g, in the y direction, giving rise to a nonzero

value of 9*T/dy”. It can be readily seen that the conduction
heat transfer is balanced with thermal emittance through (the
right side of the equation is 0 at steady state)

o’T . (81 + 82) o (Ts4urr - T4)

W =0 ©)
“ 0y? pcL
or
CEquation 3) + REquation 3) = 0, (4)
where
0T
CEquation @)~ “a—yz,
. . €)
_ (81 + 82) o (Tsurr -T )

REquation 3) — PCL

In (3), & and ¢, are the emissivities at 10 ym wavelength
on each side of the sheet, o is the Stefan-Boltzmann constant,
T is temperature, Ty, is the ambient temperature, p is the
density, ¢ is the specific heat, L is the sheet thickness, and y
is the position along the length of the sheet. In the case of the
copper sample, one side was painted black to improve the IR
readings, and this increased emissivity was taken into account
through the two emissivities noted in (3). Equations (4) and
(5) represent (3) broken down into distinct components that
will be used to describe thermal transport theory as it relates
to the empirical data. Equation (6) shows the normalized
error calculation between Cggyation (3) a0d Requation (3)*

C. . —Ru .
Normalized Error = ( Equanoéom Eauation (3)), (6)

Equation (3)

o

where Cpoiaion 3) 1 the Ciquation (3) value at a distance of
0 mm from the heater.

The tests were conducted in a vacuum chamber with a
heater powered by a 6033A Agilent power source. The power
source was controlled by an in-house designed Labview
program. The IR camera was FLIR SC640, and the windows
the camera looked through were made of zinc selenide. IR
spectra range of the camera is 7.5 to 13 ym. Calibration of the
IR counts to temperature was done from a K-type thermal
couple on the back of specimens. The temperature range of
interest was between 313 and 373 K.

120

o
(=]
|

Thermal diffusivity (mmz/sec)
[y
(=}
|

0 T T T
280 320 360 400

Temperature (K)

--- Copper
¢ CNT-sheet

FIGURE 2: Thermal diffusivity of CNT-sheet and copper versus
temperature showing a slightly reduced thermal diffusivity for CNT-
sheet compared to copper.

3. Results and Discussion

3.1. CNT-Sheet. The CNT-sheet tested is composed of multi-
tudes of aligned CNTs that are held together by multitude of
forces that are still under debate but includes van der Waals
bonds and mechanical interlocking [33-35]. The CNTs are
aligned in two directions, and the individual CNT diameter is
~50 nm. This directionality results in anisotropic properties,
and it is expected that out-of-plane and in-plane properties
are considerably different. The thickness of the CNT-sheet
was found to be 40 + 1.7 nm, and the density was found to
be 0.39 + 0.006 g/cm”.

3.2. Thermal Diffusivity. As described by (1), it is necessary
to find « to determine the in-plane thermal conductivity of
the CNT-sheet. This can be done with thermal flash analysis,
and the data can be seen in Figure 2 (as diamond). Also for
the comparison, copper (dashed line) which is considered
the “gold standard” for applications requiring high thermal
conductivity is included. From this data, it is clearly seen
that the CNT-sheet’s « is close to that of copper within ~87%
to 96%. This shows that heat moves through CNT-sheet at
approximately at the same rate as in the copper. For both the
copper and the CNT-sheet, there is a slight drop in « with the
increasing temperature.

3.3. Volumetric Heat Capacity. The volumetric heat capacity
is the density (p) multiplied by the specific heat (c). This is
significant as it describes the ability of a given volume of
substance to store internal energy while undergoing a given
temperature change, but without a phase transformation.
For a fast thermal cycling system, it is ideal to have a
low volumetric heat capacity; however, a high volumetric
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TABLE 1: Thermal properties of CNT-sheet and copper at room temperature.

Th In-plane In-plane specific Out-of-plane
ermal ific h Densi hermal hermal hermal
diffusivity Specific heat ens1'§y therma therma therma
(mm?/sec) (W/gK) (g/em”) conductivity conductivity conductivity
(W/mK) (W/mK/g/cm®) (W/mK)
g
CNT-sheet 108 + 5 0.62 £ 0.01 0.39 + 0.006 25+1.2 64+3 0.1 +0.01
Copper 115 0.39 8.9 380 43 380
. 25 W/
5 W/imK
CNT-Sheet 1
0.8
< T~ 010 WmK
= 0.6
g
=
€ 04 .
L
&
0.2 - FIGURE 4: In-plane and out-of-plane thermal conductivities of CNT-
sheet.
0 T T T
280 320 360 400 The out-of-plane thermal conductivity of CNT-sheet was
Temperature (K) measured to be 0.10 + 0.01 W/(mK). This value is close
—— CNT-sheet to that of very insulating material; thus, CNT-sheet is a
--- Copper

F1GURE 3: Specific heat of CNT-sheet and copper versus temperature
showing CNT-sheet performs better than copper.

heat capacity also increases the thermal conductivity. When
comparing CNT-sheet to copper, there is a distinct difference.
Copper has significant larger density (8.9 g/cm®) compared to
CNT-sheet (0.39 +0.006 g/cm’), and density will have signif-
icant influences on the volumetric heat capacity and thermal
conductivity. The ¢ for CNT-sheet (~0.6 to 0.7]/(gK)) is
higher than copper (~0.4]/(gK)) as seen in Figure 3, but still
the difference in density is of a larger magnitude and results
in a larger volumetric heat capacity for copper. CNT-sheet
will thus perform superiorly to copper in thermal conduction
applications that require quick cooling and heating as the
volumetric heat capacity is low: 0.24 ]/ (cm® K) for CNT-sheet
compared to 3.4J/(cm’ K) for copper. Conversely, the low
volumetric heat capacity reduces the thermal conductivity.

3.4. Thermal Conductivity. The in-plane calculated thermal
conductivity using (1) is 25 + 1.2 W/mK for CNT-sheet,
which is considerably lower than the thermal conductivity of
copper 380 W/mK. However, when considering the in-plane
specific thermal conductivity, CNT-sheet (64 W/mK/g/cm”)
performs better than copper (43 W/mK/g/cm®) due to the
significantly lower density of CNT-sheets. Therefore, it can be
said that CNT-sheet is more thermally conductive by weight,
but lower than copper by volume.

good thermal insulator in the out-of-plane direction, but a
good thermal conductor in the in-plane direction. Figure 4
shows a schematic of the in-plane and out-of-plane thermal
conductivity of CNT-sheet. Table 1 provides an overview of
the CNT-sheet and copper thermal properties.

3.5. Thermal Emittance. Heat loss can occur by thermal
conduction, convection, and thermal emittance. Thermal
conduction behavior has been discussed above. Convection
is not a bulk material property, hence not applicable to the
present thermal transport behavior of CNT-sheet. By heating
a specimen in a vacuum, no convection can occur; thus,
the tests were conducted under a vacuum of 107> Torr. The
specimen was heated with a peltier stage. Thermal emittance
is significant for high emissivity materials. The CNT-sheet
tested was found to have an emissivity of 0.47 at a wavelength
of 10 ym, which is the average wavelength the IR camera
reads. The resulting gradients can be found in Figure 5, which
validate the one-dimensional assumption, thatis, (3). Figure 6
shows the temperature profile. Polynomial relations were
fitted to both copper (7) and CNT-sheet (8). Both polynomial
equations were a good fit with R greater than 0.996. These
equations were then used to find the thermal emittance
properties and heat flux. A noticeable feature is that the CNT-
sheet temperature gradient approaches ambient temperature
within 25 mm and holds that ambient temperature further
from the heater. This indicates most of the heat has been
emitted in the first 25 mm and demonstrating the effective-
ness of the CNT at dissipating heat. However, this change
in state requires increasing the polynomial from y* to y° to
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FIGURE 5: Raw IR data of (a) copper and (b) CNT-sheet in a vacuum validating one-dimensional thermal assumption.

390

375

360 -

345 A

Temperature (K)

330 A

315 T — T T y
0 20 40 60 80 100 120
Distance from the heater (mm)

m Copper steady state
- CNT-fabric steady state

FIGURE 6: Temperature versus distance from the heater showing
CNT-sheet cooled down considerably faster.

fit the change in state; that is, temperature is cooling down
to holding at ambient temperature. The copper equation is
also presented with the same number of polynomials for
appropriate comparison. To verify the accuracy of the data,
(3) was utilized to verify the empirical data as it follows
thermal transport theory:

Temp, = 1.08E'%y° — 4.49E7%y° + 7.56E°y*
~7.02E7"y’ + 4.18E7%y* — 1.94y ?)
+ 1.O4E7,

Tempeyy = 1.73E°y° — 6.69E7 y° + 1.03E* y*
~7.99E7y’ +3.34E7'y* - 731y (8)

+ 1.10E>.

Figure 7 shows the calculated thermal emittance rate
emitting from the CNT-sheet and copper specimens. The
dashed lines in Figure 7 correspond to Rgguion (3) @nd the
solid line corresponds t0 Crgyytion (3)- It is clear that these two
equations’ trend is as (3) would suggest, therefore indicating
that (3) is capturing the relevant physics regarding the
balance between conduction and thermal emittance. A more
critical examination is shown in Figure 8 by normalizing
the Rpguation 3) 10 Ciquation (3)- This shows the normalized
error and starts out near 0. The normalized error increases
to maximum of 14% at 11 mm and then trends downward to
0 at 25 mm. After 25 mm, the error stays close to 0, never
exceeding 8%.

A noticeable feature is that the CNT-sheet has a consid-
erably larger thermal emittance rate than that of the copper
sample, even with one side of the copper sample painted with
flat black paint. Looking at the right side of (3), density in
the denominator is the major difference between the CNT-
sheet and copper other than emissivity. Thus, density and
emissivity play important roles in rate of thermal emittance.

Copper has a significantly larger thermal conductiv-
ity (380 W/mK) compared to the tested CNT-sheet of
(25 W/mK); however CNT-sheet still benefits from a larger
thermal emittance which could allow for more thermal flux
or cooling occurring. Looking at Figure 9, there is still a larger
amount of heat flux being transferred through the copper
compared to the CNT-sheet. CNT-sheet can transfer only
25% of the thermal energy that copper can transfer when
conduction and thermal emittance is considered. The CNT-
sheet is considerably lighter, only 4% the weight of copper.
When contrasting the specific heat flux between these two
materials, it can be seen that CN'T-sheet has better properties
compared to copper, and it is significant, that is, a 614%
improvement over the “gold standard”, copper. Copper’s
ability to transfer heat is better by volume, while CNT-sheet is
superior by weight. In applications where weight is a primary
concern, CNT-sheet will be able to replace heavy copper for
thermal management applications leading to reduced weight.
This could significantly affect the automotive, aircraft, and
space industries.
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4. Conclusion

The thermal transport properties of the dry spun low density
(0.38 g/cm3) CNT-sheet were characterized and compared
with those of the copper sheet. This includes the thermal
diftusivity, density, and specific heat. The thermal diffusivity
of copper and CNT-sheet at room temperature is comparable
within 94% of each other. The density of CNT-sheet is only
4% of copper and plays a major role in thermal conductivity
and thermal emittance properties. The specific heat of CNT-
sheet is larger than that of copper by 159%. These three
properties lead to a calculated in-plane thermal conductivity
of 25 W/mK. CNT-sheet has anisotropic properties along

the in-plane and out-of-plane directions. The out-of-plane
thermal conductivity was measured which was equal to
0.1 W/mK. Therefore, CNT-sheet behaves as both a thermally
insulating material and a thermally conductive material
depending on the orientation. This multifunctionality feature
can be utilized in several applications. Furthermore, the
tested CNT-sheet is a surprisingly good radiator of heat due to
its low density despite of its low emissivity (0.47). CNT-sheet’s
ability to transfer heat flux per density is superior to that of
copper, that is, by 614%. Applications that require thermal
management and are sensitive to weight are ideal usage of
CNT-sheet. The automobile, aircraft, and space industries,

where weight amounts to high legacy costs such as fuel
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FIGURE 9: Quantified (a) heat flux and (b) specific heat flux versus distance from heater showing copper has better properties by volume, but

CNT-sheet outperforms copper by weight.

costs, are industries where use of CNT-sheets for thermal
management will make the largest impact.
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