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ABSTRACT

The carbon nanotube yarns (CNTYs) are directly spun from an aerogel form in a
chemical vapor deposition reactor. The as-spun CNTYSs are subjected to different post-
processes, such as nitric acid treatment, twisting, and doping with iodine. The defect
concentrations are detected by Raman spectroscopy, and the effective thermal
conductivity is measured by a T-type probe. The results show that, the lattice thermal
conductance per unit length decreases smoothly with increasing defects induced by acid
treatment and iodine-doping. The twisted yarn introduces moderate defect, but an
abnormal decrease in the lattice thermal conductance per unit length is observed as the
twist angle increases to ~70°, indicating the phonon-soften phenomenon when CNT is
subjected to the torsion stress. The effective thermal conductivity is found to increase
linearly as porosity decreases, however, it is still an open question if the linear
relationship holds true for highly densified CNTYs.

1. INTRODUCTION

Carbon nanotube (CNT) has been attracting lots of attentions due to its outstanding mechanical, electronic
and optical properties [1]. Most potential applications require the development of macroscopic assemblies
of CNTs, such as CNT mats [2] , CNT composite films [3, 4], CNT nanofluids [5], aligned CNT sheets [6]
and etc. Among these, the CNT yarns (CNTYs), which consist of aligned and interconnected CNTs, are
promising for lightweight, thermally and electrically conductive materials [7].

Significant effects have been made to investigate the mechanical and electrical properties of
CNTYs, comparatively, the reports on the thermal transport are limited [8]. The effective thermal
conductivity of CNTYs depends on microscopic structures, such as defect, tube-tube contact,
alignment, density and etc [9-17]. These features are sometimes related with each other. For instance,
nitric acid treatment, which is commonly used to purify CNTYs, not only shrinks diameter, but also
generates additional defects in the CNT network [18]. Therefore, it is challenging to evaluate each
effect separately on the thermal property of CNTYs, and the thermal transport in CNTYs is not well
understood. In the case of packing density, to compare the effective thermal conductivity of CNTYSs at
different densities, the measured value was adjusted by using the simply mixing law, which assumes
that the production of effective thermal conductivity and density is constant [11, 15, 16]. Additionally,
the relative importance of thermal transport by intrinsic conductivity and contact resistance between
CNTs on the effective thermal conductivity of CNTYs is still debatable [2, 19].

To find the relationship between the effective thermal conductivity and porosity of CNTYs, in this
work, we changed the porosity of the as-spun CNTYSs by three different post-processes, such as nitric
acid treatment, twisting, and doping by iodine (I). The effective thermal conductivity was measured by
the T-type probe method at room temperature, and the effects of defect scattering and porosity were
separately discussed.

*Corresponding Author: wangjianli@seu.edu.cn

Volume 5 - Number 2 - 2014



60 Characterization of Thermal Transport in Carbon Nanotube Yarns

2. EXPERIMENTAL

2.1. Sample preparation

The CNTYs used for the experiments were spun from an aerogel form in a chemical vapor deposition
(CVD) reactor [20]. Figure 1 shows the scanning electron microscopy (SEM) images of the samples. The
CNTYs, consisting of double-walled carbon nanotubes (DWCNTS), have an average diameter of about
160 um (Figure la). DWCNTs have coalesced into bundles, which are aligned and interconnected
(Figure 2a). Most of DWCNTs exhibit a ribbon-like morphology with an equivalent diameter of about
4 nm, as seen in Figures 2(b-c). The packing density was measured to be about 0.05 g cm™ by the weight
and cross-sectional area of CNTYs. The acid treated CNTYs (S/CNTYs) were obtained by immersing
the as-spun CNTYs into an aqueous solution of concentrated nitric acid (65 wt.%) at 100°C for 5 h, then
washed by using distilled water several times to remove the residual acid. The diameter of S/CNTY
decreases to about 40 um due to the surface tension of solvents, meanwhile, the CNT bundles are
coarsened (Figure 2d) compared with the raw yarns. The transmission electron microscopy (TEM) image
shows that the bundle and inter-bundle spacing is free of iron catalyst as existed in the as-spun yarns
(Figure 2e), which can be also verified by the energy dispersive X-ray (EDX) spectroscopy (Table 1). To
obtain the I-doped CNTYs (I/CNTYs), the raw yarns were placed in the iodine vapor at 180°C for
24 h. The I/CNTYs have the similar diameter as the as-spun CNTYs, but the CNT bundles are more
concentrated than those in raw yarns, which increase up to about 100 nm (Figure 2f). The twisted
CNTYs (CNTY-Ns) were obtained with the aid from a rotated disk. During the twisting process, the as-
spun CNTY was vertical to the pan as its one end was fixed. The surface twist angle is calculated to be
about 70° based on the twist level (10° turns/m) and the fiber diameter (100 um, Figure 1d).

2.2. Raman spectra

Raman spectra were collected using a cofocal Raman system (inVia-ReflexTM) at an excitation
wavelength of 514 nm, an intensity of 10 mW, and a data acquisition time of 60s. The laser beam was
focused to a spot of about 1.5 um in diameter by a 100 x objective. As shown in Figure 2, Raman
spectra of the as-spun CNTY, S/CNTY and I/CNTY are marked by two major peaks at 1358 cm™!' (D
band) and 1590 cm™! (G band). The D band and G band are both down shifted by 16 cm™! after twisting,
indicating the elongation of carbon-carbon bonds due to strain [21]. Meanwhile, for I/CNTY, two new
bands not associated with CNTs are presented distinctly at 108 cm~! and 175 cm~!in the low frequency
region, as observed by other works [22, 23]. The D band is related to the breathing oscillation of
hexagonal carbon rings which can only occur when the symmetry is broken, and the G band is caused

100 um

100 um ’ 100 um

Figure 1. SEM micrographs of (a) as-spun CNTYs, (b) S/CNTYs, (c) I/CNTYs, and (d) CNTY-N
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(b)

Figure 2. Morphology of the CNTYs. (a-c) SEM and HR-TEM micrographs of as-spun CNTYs,
(d, ) SEM and HR-TEM micrographs of the S/CNTYs, (f) SEM images of I/CNTYs

Table 1. Elemental composition of CNTYs by EDX, unit: at.%

I C [0) Si S Fe
CNTY - 94.26 349 0.20 0.39 1.66
S/ICNTY - 93.59 5.96 - 0.44 —
I/CNTY 0.62 93.78 3.73 0.34 0.21 1.32

by the stretching of the bond between the two carbon atoms, therefore, the ratio of the integrated
intensities (//I;) is commonly used to quantify the defect concentration in graphitic materials. From
Figure 3, an increase of the I,/I; value is observed in CNTF-N, S/CNTY and I/CNTY compared with
that of the as-spun CNTY (/,/1;~0.49), indicating the different amount of disorders.

2.3. T-type probe method

The effective thermal conductivity (k,,) of CNTYs in longitudinal direction was measured by the
T-type probe at room temperature, and the electrical conductance (0) was measured by the standard four-
probe configuration. The experimental setup is shown in Figure 3. The CNTY was located in a
homemade vacuum chamber, which was continuously evacuated by a vacuum pump and a molecular
pump to obtain a vacuum level of 10~* Pa. A short Pt wire (diameter 19.0 um, length 21.0 mm) served
simultaneously as a thermometer and a heater, which was subjected to a direct current. If both ends of
the Pt wire were ideally heat sunk to the substrate, a parabolic temperature distribution would be formed
along the Pt wire. When the free end of fiber was connected to the midpoint of the Pt wire with an
interstitial material, using the same amount of Joule heating, the temperature of the Pt wire was reduced
because some heat will conduct out through the test sample. Thus, measurements of the average
temperature rise of the Pt wire with and without the attached CNTY allowed us to determine the total
thermal resistance due to the introduction of the sample. Due to the large aspect ratio, the radiation heat
loss from the CNTY surface has a large effect on the experimental results. As a consequence, the
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Figure 4. Measurement systems, where one end of the carbon fiber is placed at the midpoint of
the hot wire

relationship between the total thermal resistance introduced by the attached CNTY and its thermal
conductivity can be expressed as

tanh (\/ ahDR )

mhDR

= R (1

where D is the diameter, & is the heat transfer coefficient, calculated by & = 4£O'T03, with the test
temperature 7, Stefan-Boltzmann constant o, and emissivty € be 1, R is the thermal resistance which

is defined by

R (2)

b
keff S

with length /, cross-sectional area S. Other details can be found in previous work [24], therefore are not
discussed here.
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3. RESULTS AND DISCUSSION

3.1. Defects effect on thermal conductance

Table 2 shows the effective thermal conductivity and electrical conductance of CNTYs. If the thermal
transport in CNTYSs is considered to contribute separately from electrons and phonons, the effective
thermal conductivity is calculated by k. = k_+ k,, where k; and k_ are lattice and electronic thermal
conductivity, respectively. According to the Wiedemann-Franz Law, i.e. k, = LoT, L is the Lorenz
number (2.45 x 1078 W Q K=2), o is the electron conductance, and T is the absolute temperature. The
electronic component of thermal conductivity is less than 5%, therefore the heat transport in CNTYs is
believed to be dominated by phonons. The lattice thermal conductivity is obtained by subtracting the
electronic contributions from the effective thermal conductivity. To eliminate the influence from the
packing density of CNTYs, we define the lattice thermal conductance as

G, =kS/l 3)

where / = 1 m. Note that the lattice thermal conductance at room temperature is mainly limited by tube-
tube contact conductance and the intrinsic thermal conductivity of individual CNTs.

The CNT bundles in S/CNTY (Figure 2d) and I/CNTY (Figure 2f) are enlarged compared with the
as-spun CNTY (Figure 2a), indicating the augmentation of the contact area among CNTs. Since the
thermal contact conductance increases by two orders magnitude from the cross contact to aligned
contact, the lattice thermal conductance is expected to increase due to the larger contact area. However,
the lattice thermal conductance of CNTYs is found to decrease after acid treatment and doping with
iodine. Therefore, it is reasonable to anticipate that the intrinsic thermal conductivity of individual CNTs
dominants the thermal transport in CNTYs, which is also verified by the recent theoretical results [19].

The intrinsic thermal conductivity of CNTs can be estimated by

k, = %cm (4)

where C is the specific heat, v is the phonon group velocity, and A is the phonon mean free path, which
is limited by the phonon-phonon scattering and phonon-defect scattering. Since the samples are all
post-processed from the same raw CNTYs, the specific heat is assumed to be constant among these
samples. The mean free path limited by the phonon-phonon scattering which is approximately
unchanged if the characteristic parameters of crystal structure [25] are assumed to have the same value
for all the samples, so the lattice thermal conductance at room temperature can be used to estimate the
effect of defect scattering on the thermal transport in CNTYs. The amount of defects to some extent
can be characterized by the crystallite size La, and /I is correlated with La by [26]

Table 2. Thermal and electrical properties of various CNTYs

[ (mm) D (nm) ko (W m~! K1) o(10*S m™) Iyl
As-spun 11.0 160 2.13 3.0 0.49
CNTY 12.1 227
Twisted 12.1 160 222 — =
CNTY 12.1 160 1.53 - -
CNTY-N 11.6 100 2.51 10.2 0.51
142 2.49
S/ICNTY 142 40 29.2 72.0 0.67
142 28.9
I/CNTY 14.1 140 2.12 8.9 0.88
14.1 2.23
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Figure 5. Lattice thermal conductance of CNTYs versus crystallite size. Inset shows the variation
of lattice thermal conductance as a function of twist level
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where A, is the laser wavelength. As shown in Figure 5, the lattice thermal conductance of CNTYs is
found to decrease smoothly as La increases except for CNTY-N. The possible explanations for the
weakly La-dependent behavior are: (1) phonon-phonon scattering in CNTYs plays a significant role at
room temperature, so the lattice thermal conductance is not sensitive enough to the defect variations
at room temperature; (2) the impurity scattering can not be ignored, which is attributed to the catalytic
agent in as-spun CNTYs and iodine inserted among CNT sheets in /CNTYs (Table 1).

It is interesting to find that the lattice thermal conductance of CNTY-N is about two times smaller than
that of the as-spun CNTYs, even though I/l remains approximately constant (Table 2). To verify the
measurement accuracy, the same as-spun CNTY is manually twisted in situ in the T type probe when the
solid contact between the CNTY and platinum wire is unchanged (similar procedure is presented in
Ref. [24]), and the twist levels are changed to 170 and 670 turns/m, respectively. The lattice thermal
conductance is found to decrease as the twist level increases. According to Eq. (4), the decrease in lattice
thermal conductivity is likely to be originated from the decrease of the phonon group velocity. High twist
level is believed to elongate the carbon-carbon bonds, which can be testified by the Raman spectrum (down
shifts of D band and G band), thus lows the vibrational frequency. Phonon softening will reduce group
velocity, and finally decreases the lattice thermal conductance. In comparison with the lattice thermal
conductance, the electrical conductance increases after twisting, which is consistent with the previous work
[11]. One explanation for this trend in electrical conductance is based on the fact that twisting process
reduces the number of dangling tubes, thus increases the current pathway. The different tendency for
thermal and electrical conductance in CNTY-N further confirms that the intrinsic thermal conductivity
plays a more important role in thermal transport than the tube-tube thermal contact conductance.

3.2. Porosity dependent thermal conductivity
The effective thermal conductivity of S/CNTYs is almost 15 times larger than that of as-spun CNTYs
(Table 2). As analysis above, the lattice thermal conductance decreases after acid treatment, therefore, it
is anticipated that the large effective thermal conductivity is mainly attributed to the relatively low
porosity of S/ICNTYs.

The theoretical close-packed density (O p) varies from 1.3 to 2.1 g cm™ [16, 27] with different
diameters of constituent CNTs. In view of the collapsed structure of carbon sheets in DWCNTs (Figure
2¢), the CNT density is estimated to be 1.7 g cm™ [28], so the porosity can be calculated by
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Figure 6. Effective thermal conductivity of CNTYs versus porosity

$=1- Penry (6)

pCNT

Pcny 18 the bulk density, which was calculated by the weight of CNTYs. The porosity of the as-spun
CNTYs is about 97%, and the corresponding effective thermal conductivity is about 2.2 W m~! K-, If
the effective thermal conductivity depends linearly on porosity, the scaled thermal conductivity of
S/ICNTY (porosity of about 55 %) is 35.2 W m~! K-!. Taking the defect scattering into consideration,
the scaled value agrees reasonable well with the experimental result (28.5 W m~! K~! for S/CNTYs).

The effective thermal conductivity depends linearly on porosity, which holds relative good for the
samples with low packing density [11, 15, 29]. However, ultrahigh thermal conductivity (over
380 W m~! K-!) was obtained recently when porosity is less than 10% [16], which obviously violates
the linear behavior. Combined with the previous data, the effective thermal conductivity of CNTYs as
a function of porosity is as shown in Figure 6. Although the qualities and structural parameters of CNTs
in different groups vary with each other, the effective thermal conductivity follows an exponential, but
not linear, relationship with porosity in the whole range: an abnormal increase is observed when
porosity is smaller than 0.5. The experimental results are fitted by

kg =k, et @)

with k, of about 1.85 W m™! K-! and A ranging from 6 to 6.7. In the recent review paper [29], the linear
relationship between the thermal conductivity and porosity is fitted coarsely for the vertical aligned
CNT films, however, it is still an open question whether the relationship holds true for low porosity
samples (porosity smaller than 0.5). Due to its anisotropic heat transport, the well-known theories in
porous materials, such as the percolation theory [30] and effective medium theory [31], can not be
directly applied to CNTYs. The precise relationship between the porosity and thermal transport in
CNTYs is not well understood, further research is needed to account for the porosity nature of CNTYs
especially for the samples with porosity less than 50%.

4. CONCLUSIONS
We measured the effective thermal conductivity of S/CNTYs, /CNTYs and CNTY-N, which were
made from the same CNTYs. The lattice thermal conductance of CNTY's at room temperature is found
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to decrease smoothly after acid treatment and doping with iodine, indicating that the intrinsic thermal
conductivity of CNTs plays a much greater role in the thermal transport in CNTYSs than the tube-tube
contact conductance. After twisting, phonon group velocity decreases, leading to the decrement of the
lattice thermal conductance of CNTY-N. The effective thermal conductivity increases linearly as
porosity decreases for the CNTYs with low packing density, however, the thermal transport in highly
densified samples is still not well understood.
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