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Thermal manipulation of materials is of great interest due to various requirements for heat
dissipation. We report an experimental study of thermal manipulation of a highly oriented
carbon nanotube (CNT) fiber by mechanical stretching based on the transient electro-
thermal (TET) method. The thermal property of CNT fibers is measured under different

elongation ratios and temperatures. Thermal conductivity enhancement as high as 28%

is observed at all temperatures with applied mechanical stretching less than 5% in the axial

direction. This enhancement in thermal conductivity is attributed to the better CNT align-

ment and the reduction in thermal resistance at CNT contacts, which is validated by the

density/structural analysis.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Individual carbon nanotube (CNT) exhibits exceptional
mechanical, electrical and thermal properties [1], however,
the implementation of CNTs requires these properties to be
translated into macroscopic materials. Among efforts on
CNT-based assemblies, the CNT fiber, which comprises axially
aligned and highly packed CNTs, presents outstanding mac-
roscopic properties, including high specific modulus, specific
strength, electrical and thermal conductivity [2-5], which
makes it a good candidate for broad industrial applications,
such as reinforcements for high-performance composites,
biosensors, transmission lines, and microelectronics [6-9].
Some applications, such as micro-electronics which work
under high power densities, have high demands for heat
dissipation. The clear understanding of the fundamental
thermal transport properties, especially under different cir-
cumstances is of great importance.

Tremendous efforts have been devoted to the study of
mechanical and electrical properties of CNT fibers, while only
few studies have been focused on its thermal property
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analysis. A few works include: the measurement of thermal
conductivity in the acid spun method as 20 W/(mK) [10] and
in the dry-spinning method as 26 W/(mK) [11] and the mea-
surement of CNT/PVA composites as 10 W/(mK) [12]. The
highest value in literatures is reported by Jakubinek et al. as
60 + 20 W/(mK) [4]. All values are one or two orders of magni-
tude lower than individual CNTs. It is because the thermal
resistance of inter-tube is much higher than that of the
inner-tube, and the inter-tube thermal transport dominates
the energy dissipation of CNT fibers [4,11-13]. It is reasonable
to seek the enhancement of thermal transport property of
CNT fibers by reducing the internal contact resistances of
CNT-CNTs.

Ithas beenvalidated that mechanical stretchingis an effec-
tive way to improve alignment and enhance thermal transport
of disordered soft materials. For example, Badaire and Jin et al.
observed the improvement of alignment in CNT-polymer com-
posites [12,14]. Liu et al. found the improvement of thermal dif-
fusivity as high as 263% at the stretching ratio of 63.8% for
silkworm silk [15]. It is speculated that the stretching effect
might take effect on the thermal performance of CNT fibers
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and itis interesting to find whether this speculation is real and
to what extent this effect could be. In this work, we use the
transient electro-thermal (TET) method to measure the ther-
mal conductivity of CNT fiber under stretching to explore the
feasibility of the thermal manipulation of this material.

2. Experimental principles and details
2.1.  Experiment principle

The TET technique developed by Wang is an efficient
approach to measure thermal property of microwires
[15,16]. As shown in Fig. 1(a) for the experimental principle
and setup: the sample is suspended between two electrodes
(copper) with ends firmly adhered by silver paste. The copper
is used as the electrodes and also the heat sink for heat dissi-
pation. Comparing with the sample, the copper electrodes
have higher volume and heat capacity, ensuring that the
sample ends stay at room temperature. The electrodes are
connected to the DC current source, which supplies the Joule
heating.

In TET experiment, a step current is applied on the sample.
The temperature increase of sample experiences a transient
process before reaching steady-state. The temperature rise
of sample leads to the resistance change, which can be mon-
itored by measuring voltage. The transient process during
temperature rise can be used to determine thermal diffusivity
while the steady state period can be used for calculating ther-
mal conductivity by:

I*RL
" 12AAT 1)

where I is step current, R is electrical resistance. A and L are
cross-sectional area and length of CNT fiber, respectively. AT
is the temperature rise of sample, which can be obtained
from the voltage increase and temperature coefficient of
resistance.

2.2.  Experimental details

Fig. 1(b) shows the image of CNT fiber sample with initial
length of 5.09 mm. The sample is purchased from Jcnano
Company prepared in the floating catalyst method with good
elasticity. Sample stage used in the experiment is controlled
by a micro-stage with spatial resolution of 1 um. To ensure
the accuracy of measurement, the sample needs to be fixed
on electrodes, and the elongation can be precisely controlled
by the micro-stage. In the experiment, four samples were
tested and the average elongation of breaking is 5%.
Fig. 2(a)—(d) are SEM images of the sample. It can be seen from
(a) and (b) that the sample is tightly twisted and the diameter
of the sample is a little nonuniform. To accurately determine
diameter of the sample, 26 values along the fiber are taken for
averaging as 17.8 um. Fig. 2(c) and (d) are taken at the break-
point after the stretching experiment. The inside structure
shows that most of the CNTs have good alignment while
there are some twisted ones. The diameter of individual
CNT is estimated from Fig. 2(d) as 20 nm.

Before thermal measurements, a calibration experiment is
conducted to get the temperature coefficient of electrical
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Fig. 1 - (a) Schematic of the TET experiment principle. The
current source supplies a step current for Joule heating and
the oscilloscope is used to record voltage evolution. The
temperature response to Joule heating can be recorded and
used for thermal property measurement. The transient part
can be used to determine thermal diffusivity and the
steady-state period (voltage increase) can be used to
calculate thermal conductivity. (b) Sample image of the CNT
fiber. Sample ends are attached on copper electrodes by
silver paste. The inset shows the image of the stretching
stage used in the experiment. There is a micro-stage
beneath the electrode to control elongation precisely. (A
color version of this figure can be viewed online.)

resistance. In the calibration experiment, the sample is
heated from room temperature to 90 °C with electrical resis-
tance recorded at corresponding temperatures, shown as
Fig. 3. Usually, the relationship between electrical resistance
of materials and temperature can be regarded as linear within
a low temperature range. As shown in Fig. 3, linear fitting of
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Fig. 2 - SEM images of the CNT fiber measured in experiments: (a) and (b) show the surface morphology; (c) and (d) show the

inner structure of the CNT fiber at break point.
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Fig. 3 - Temperature coefficient of CNT fiber’s resistance is
calibrated as —0.525 Q/K. (A color version of this figure can
be viewed online.)

relationship between resistance and temperature is con-
ducted, and the temperature coefficient is obtained as
—0.525 Q/K.

The measurement experiments are performed in a vac-
uum chamber with 103 Torr, ensuring that the heat loss
due to convection effect can be neglected. Meanwhile, an alu-
minum foil is used to cover the sample stage throughout the
experiments to minimize radiation heat loss. During the test,
it is found that there is a little change on the resistance of

sample during stretching. To ensure that the fiber is straight
at the first measurement point, the fiber is carefully adjusted
until its electrical resistance starts to change. The fiber is
stretched by 30 um each time and the data acquisition is
repeated for ten times for voltage averaging to eliminate the
effect of current noise.

3. Results and discussion

3.1.  Resistance and temperature response to mechanical
stretching and Joule heating

Fig. 4(a) shows the resistance response of the sample when a
step current is applied. The different colors represent for dif-
ferent elongations. It is found that the final resistances of
sample at different elongations are different even supplied
with same current, which proves that the temperature of
the sample is different even at the same heating level and
stretching effect affects thermal transport in the CNT fiber.
As aforementioned, the mechanical stretching also changes
the original resistance. Thus, it needs to be clarified that the
difference in thermal transport is induced by stretching
rather than different heating effect (from the original resis-
tance difference because of different stretching). The inset
shows the magnified figure of the original resistance at differ-
ent elongation ratios. By comparing the resistance of elonga-
tion 0.012 and 0.035, it is found that the resistance difference
after Joule heating is much higher than the original resistance
difference, which is the evidence for the stretching effect on
the temperature (resistance) response.
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Fig. 4 - (a) Resistance change of CNT fiber under Joule
heating (8 mA) at different elongations. (b) Resistance
change of CNT fiber under different currents with elongation
of 3.5%. (A color version of this figure can be viewed online.)

In addition, the heating level (or say temperature) of CNT
fiber also affect thermal transport. Because thermal property
of materials, no matter metals, semiconductors or insulators,
have some temperature dependence. How this effect would
be when the sample is under stretching is unclear. To perform
the study of thermal manipulation under different tempera-
tures, the average temperature of CNT fiber is precisely con-
trolled by adjusting feeding current. Fig. 4(b) presents the
result of resistance evolution of different currents from 2 to
8 mA at same elongation (3.5%). It can be easily understood
that different heating gives different temperature rise (the
resistance drop). However, the resistance drop for each
2 mA intervals (from 2 to 8 mA) is less significant as shown
in Fig. 4(b), which infers that either thermal property or resis-
tance of the material have changed under different heating
levels (temperatures). In addition, it is observed that the
mechanical stretching changes initial resistance as shown
in Fig. 4(a). Therefore, the variance in final electrical resis-
tance (temperature) is a combined effect of the initial resis-
tance change from stretching and the thermal property
change (due to stretching). To keep consistency in the mea-
surement result, the initial resistance is recorded at each
elongation before Joule heating experiment and is subtracted

from the final resistance to count temperature rise induced by
thermal property change.

3.2.  Thermal conductivity enhancement by mechanical
stretching

To get coupling effect of temperature and mechanical stretch-
ing, the fiber is fed by different currents at different elonga-
tions. Temperature rise of the sample is calculated from the
temperature coefficient of electrical resistance, and thus,
thermal conductivity of CNT fiber at different elongations
and temperatures is obtained. Fig. 5 summarizes thermal
conductivity of CNT fiber under three temperatures: 93 °C,
181 °C and 253 °C. Relatively higher data uncertainty at lower
temperatures is because of the inherent noise. It can be seen
that the thermal conductivity increases significantly with
elongations for all temperatures. The thermal conductivity
measured at 93 °C is 39.8 W/(mK), which is comparable with
the measured value: 60 W + 20 W/(mK) for the diameter of
10 pm, and 25+ 5 W/(mK) for the diameter of 34 um in [4],
but slightly higher than results of [10]: 20 W/(mK) and [11]:
26 W/(mK). The difference stems from the material composi-
tion and structure, and also experimental conditions.

Fig. 5 shows that thermal conductivity of CNT fiber
increases significantly with temperatures. Thermal conduc-
tivities obtained at high temperatures involve some uncer-
tainty due to radiation heat loss. Although the aluminum
foil is used in the experiment for radiation protection, the
radiation from sample to the surroundings is still significant.
For better understanding of uncertainty of experimental data

55 L L L L e
S0F 93°C :
45 T T T T
40 T T ]
35
30

90

k (W/(m.K)

L B B B R N R AN R ANE REA RN AR

k (W/(m.K)

D
S

k (W/(m.K)
n
[\e]
(=)
>
o
o

A
90 ‘Llllll
0.00 0.01 0.02 0.03 0.04 0.05

Elongation

Fig. 5 - Measurement results for the thermal conductivity of
CNT fiber at different elongations and temperatures. The
upper limit of error bars is from the standard deviation
during data fitting. The lower limit of error bar involves the
uncertainty of measurement result due to radiation heat
loss. (A color version of this figure can be viewed online.)
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due to radiation heat loss, we take a rough calculation for this
effect. The heat loss due to radiation can be estimated by ecAg
(T* - T¢), where ¢ is emissivity, ¢ is Stefan-Boltzmann con-
stant (5.67 x 108 W/m?K?), A, is surface area of the sample,
T and T, are sample temperature and room temperature,
respectively. CNT fiber can be regarded as similar property
as carbon black, we take ¢ as 1 for calculating the maximum
radiation heat loss. The radiation heat loss is estimated as
1.69x107% 5.60x107* and 1.10x10">W for temperatures
93 °C, 181 °C and 253 °C, respectively. Comparing with corre-
sponding Joule heating, thermal conductivity can be overesti-
mated by 8.43%, 7.88% and 7.77% at maximum for these
temperatures.

The surface area of sample is changed by mechanical
stretching, therefore, the radiation heat loss would be differ-
ent for sample at different elongations. To investigate if there
is contribution of radiation heat loss due to stretching to the
improved thermal conductivity, we calculate the ratio of
radiation loss to Joule heating at the highest elongation as
8.63%, 8.06% and 7.96% for these temperatures. Comparing
these values with above results before stretching, the
difference is about 2%, which is negligible considering with
large improvement of thermal conductivity. Therefore, the
tendency for the thermal conductivity improvement due to
mechanical stretching at high temperatures is not affected
much by radiation heat loss. The effect of radiation heat loss
on the evaluation of thermal conductivity has been shown in
Fig. 5 as the lower limit for the uncertainty.

3.3.  Physical interpretation of experimental observations

If explaining the thermal transport of CNT fiber via Umklapp
scattering, thermal conductivity should decrease as tempera-
ture increases. In our measurement, the enhanced thermal
conductivity with temperature means that the phonon trans-
port is mainly dominated by the phonon boundary scattering
and defect scattering, rather than Umklapp scattering. For
further analysis of stretching’s effect on the thermal conduc-
tivity improvement, the results are integrated into one figure,
as shown in Fig. 6. The y axis is thermal conductivity
improvement: Ak, =(k —ko)/k, where ko is initial thermal
conductivity before stretching. The data shows that thermal
conductivity increases significantly (23-28%) with elongation
of 4.7%, and the slopes of linear fitting are 5.23, 5.95 and
5.83 for temperatures 93 °C, 181 °C and 253 °C, respectively.

It remains a question how mechanical stretching changes
the thermal transport inside CNT fiber. The heat conduction
involves the transfer of energy carriers inside a material. As
a conductive material, the energy carriers inside it are elec-
trons and phonons. The thermal transport inside CNTs is
mainly dominated by phonons [17,18], while the electrical
conductivity comes from the movement of free electrons.
For CNT fibers, since the stretching effect has direct effect
on the resistance, it needs to be clarified whether mechanical
stretching will greatly enhance the energy transport by elec-
trons, hence contributes in a higher proportion to the thermal
conductivity improvement.

To validate this speculation, the electrical conductivity (o)
at different elongations is calculated as shown in Fig. 7. Before
stretching, the fiber has the electrical conductivity of 395 S/
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Fig. 6 - Comparison of thermal conductivity improvement
by mechanical stretching at different temperatures. Slopes
of linear fittings are 5.23, 5.95 and 5.83 for temperatures
93 °C, 181 °C and 253 °C, respectively. (A color version of this
figure can be viewed online.)

cm, which is consistent with the results in [4]. The value
increases from 395 to 413 S/cm, about 4.4% increment with
elongation of 4.7%. Similar results were observed in [4] for
the electrical conductivity decrease with diameter (our slope:
—4206 S/mm?). According to the Wiedemann-Franz law, the
thermal conductivity (k) induced by electrons can be related
to the electrical conductivity (¢) by k/6T~Lo,, where
Lo =2.45 x 108 V¥K? Taking the highest electrical conductiv-
ity (413 S/cm) into calculation, the thermal conductivity due
to electron transport is calculated as 4 x 10~ W/(mK), which
can be neglected compared with our measured values. It
means that the electrons induced thermal conductivity does
not contribute much to the thermal conductivity improve-
ment during stretching, and the change mainly comes from
the phonon transport.
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Fig. 7 - Electrical conductivity of the CNT fiber at different
elongations. The inset shows the relative diameter
dependence and the comparison with results in [S]. (A color
version of this figure can be viewed online.)
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Thermal conductivity can be enhanced by reducing pho-
non scatterings, including boundary scattering, impurity
scattering and phonon-phonon scattering, which can be
understood via thermal conductivity relation derived from
the kinetic theory: k = Cvl/3, where C is the volumetric heat
capacity, v is phonon group velocity, and 1 is phonon mean
free path (MFP). C and v can be regarded as constant without
considering temperature effect, therefore, the phonon MFP is
the main factor for the thermal conductivity improvement. It
is reasonable to take the volumetric heat capacity of graphite
as 1.56 J/cm?K [19] and assume the phonon group velocity as
10* m/s [20], the effective phonon MFP of CNT fiber is calcu-
lated in the order of 10 nm, comparable to the diameter of
CNTs inside the material. It needs to be mentioned that calcu-
lated phonon MFP is an apparent value which combines
effects of phonon-phonon scattering, boundary scattering
and phonon-defect scattering. Mechanical stretching can
effectively improve the thermal transport property, which in
other words, increase the effective phonon MFP. It can be real-
ized in two pathways: good alignment and tight contact. As
discussed earlier, the phonon energy transport inside the
CNT-based bundles or fibers is dominated by the boundary/
defect scattering. The thermal transport is mainly deter-
mined by the thermal contact resistance of the CNT-CNTs.
As shown in Fig. 1(c) and (d) for SEM images of inner struc-
tures, there is still much room for better alignment. Better
alignment can optimize the inner structure, increase the con-
tact areas and thus improve the integral property. Meanwhile,
a tight contact effectively reduces the contact resistance
between CNTs, hence improves the electrical conductivity
(as observed in the experiment). Mechanical stretching can
effectively improve the alignment of CNT fiber and the inter-
nal force gives pressure on CNT contacts, and reduces ther-
mal contact resistance.

To get comprehensive understanding of thermal transport
inside CNT fiber, thermal diffusivities of CNT fiber at different
elongations are calculated. As previously introduced in TET
technique, the steady-state period of voltage signal is used
for thermal conductivity calculation, while the transient
period of the voltage signal can be processed to determine
thermal diffusivity of CNT fiber from the same group of data.
The principle for details of thermal diffusivity calculation can
be found in [15,16]. Fig. 8(a) shows the results for the heating
current of 6 mA as an example. There is an obvious trend for
the thermal diffusivity improvement with mechanical
stretching. Since thermal conductivity and thermal diffusivity
are obtained, the density of CNT fiber can be readily calcu-
lated from k/ac,, where k is thermal conductivity, o is thermal
diffusivity and ¢, is specific heat. Here, we take the specific
heat of graphite (709 J/kgK) for a rough estimation [21], and
the results of density at different elongations are shown in
Fig. 8(b). It can be seen that the density of CNT fiber is much
lower than that of graphite bulk (2210kg/m®) [19], which
means that there is high porosity inside the fiber. Moreover,
the increase of density during stretching is significant, which
confirms our previous analysis that the mechanical stretching
does reduce porosity, and thus improve alignment of CNTs
and thermal conductance at CNT contacts. In our experiment,
it is found that sample still exhibits original thermal
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Fig. 8 - (a) Thermal diffusivity of CNT fiber increases with
elongation (6 mA). (b) Density of CNT fiber increases with
elongation (6 mA), indicating that mechanical stretching can
effectively reduce porosity and improve the alignment of
inside CNTs.

properties after the relaxation from stretching. Therefore, it
is feasible to manipulate thermal property of CNT fiber by
precisely adjusting the stretching force.

4, Conclusion

In this work, the thermal conductivity of highly oriented CNT
fiber is investigated by the transient electro-thermal method.
The thermal manipulation of CNT fibers with thermal con-
ductivity enhancement as high as 28% is achieved by the
mechanical stretching (less than 5%) in the axial direction.
This enhancement is attributed to the alignment improve-
ment and reduction in thermal contact resistance of CNTs,
which is validated from density analysis during stretching.
Besides, the effect of stretching on thermal conductivity is
studied at different temperatures, and a similar tendency
for different temperatures is observed. This finding provides
a pathway for manipulating thermal performance of CNT
fiber for different thermal dissipation needs in broad indus-
trial applications.
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