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a b s t r a c t

In high temperature annealing of carbon nanotube (CNTs) bundles for structure and thermal conductivity
(k) improvement, the statistical errors from sample-wide structure variation and sample transfer/
preparation significantly overshadows the understanding of structure-k correlation and change. In this
work, the sequential process of current-induced thermal annealing (CITA) on improving the structure,
electrical and thermal conductivities of chemical vapor deposition grown CNT bundles is studied for the
first time. Our in-situ k measurement using the transient electro-thermal technique uncovers the con-
jugated dynamic electrical, thermal, and structural properties. The electrical resistance and thermal
diffusivity evolution of CNT bundles during CITA is studied. The thermal diffusivity and k before and after
CITA are measured from room temperature down to 10 K to uncover the reduction of defect density and
enhancement of inter-tube connection strength after CITA. Our micro-Raman spectroscopy study from
the most annealed region to the non-annealed region reveals significantly improved order in sp2 bonding
carbon structure and reduced defects along the sample length. The resulting k has 5e19 times increase at
the most annealed region of CNT bundles. The intrinsic k of CNT walls against the annealing temperature
is also determined, which reaches a level as high as 754W/m$K after CITA.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) are allotropes of carbon with a cylin-
drical nanostructure. Considerable interests have been attracted by
its exceptional properties. Various promising potential applications
of CNTs in nanostructured engineering have been reported [1e7].
CNTs have exceptionally high young's modulus (Y¼ 1.8 TPa) [8] and
tensile strength (as high as 0.15 TPa) [9,10], high electronic mobility
(tens of thousands of cm2 V�1 s�1 at room temperature has been
reported) [11,12], and high thermal conductivity [13]. Among those
excellent properties, the high thermal conductivity (k) is of signif-
icant importance for CNTs' application. Very high k values of indi-
vidual CNTs in the order of 3000W/m$K at room temperature (RT)
were reported [14e16]. 3000 and 2000W/m,K have been reported
for multi-walled CNT [17] and single-walled CNT [16] respectively,
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which is comparable to k of diamond and much higher than that of
pure metals. However, for bulk forms of CNTs, the thermal con-
ductivities are much lower due to the high structure defects and
large inter-tube thermal contact resistance. Bauer et al. measured k

of vertically aligned CNTarrays to be only 49e79W/m$K [18]. Other
works reported even lower values (<25W/m$K) [19,20]. k of
MWCNT films were reported to be about 15W/mK by using a
photothermal reflectance technique [21]. For SWCNTs mats, k was
measured to be about 35W/m,K according to Hone et al. [22].

Chemical vapor deposition (CVD) is a dominant method for
high-volume CNT production. By producing in large quantity, using
low-cost feedstock, increasing yield and reducing energy con-
sumption, CNT price has been substantially reduced. However, the
large-scale CVDmethod always yields CNTs with contaminants and
lattice defects. The existence of defects and impurities including
nanoparticles, amorphous carbon and multi-shell carbon nano-
capsules, significantly inhibits the electrical and thermal proper-
ties of CNTs. CNTs often form bundles, which are macroscopic as-
semblies of axially aligned CNTs. Past work reported that CNT
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arranged in regular arrays of bundles is a promising candidate for
devices requiring high-intensity electron beams from field emis-
sion sources [23]. SWCNT bundle interconnects showed significant
advantages over Cu in terms of performance, power dissipation, as
well as thermal management/reliability [24]. Due to the existence
of defects and impurities, tube-to-tube thermal contact resistance,
and low density, k of CNT bundles was reported to be two to three
orders of magnitude lower than that of individual CNTs [20]. There
is considerable room for improvement of thermal conductivity by
reducing defects and impurities and improving interconnection
strength in CNT bundles.

High-yield purification to separate and eliminate impurities and
defects in CVD grown CNTs is undergoing intense study. Among
various purification methods, high temperature annealing (be-
tween 800 �C and 3000 �C) under vacuum environment is reported
to be especially effective and simple to remove microstructural
defects and impurities in CNTs [25e29]. In order to find the opti-
mum conditions for thermal annealing, extensive work has been
conducted to characterize structure change and understand the
kinetic thermal properties evolution during thermal annealing. Kim
et al. studied sequential structural changes of bundles of double-
walled CNTs (DWNTs) as a function of heat treatment tempera-
ture for the first time by using Raman spectroscopy and high-
resolution transmission electron microscopy (HRTEM) [30]. Jin
et al. reported that the thermal conductivity of CNTs are sensitive to
sample crystallinity that was greatly improved by high-
temperature annealing [31]. However, it is still challenging to
study sequential evolution of thermal and electrical properties of
CNTs during annealing process. The challenges are summarized as
following: first, the CNT material could be contaminated or
damaged during the process of transferring sample to the experi-
mental set-up for thermal characterization. In addition, it is too
difficult to control the quality variation among different samples to
make cogent thermal properties comparison. No comprehensive
work about the sequential thermal and electrical evolution of CNTs
during thermal annealing process has been reported to our best
knowledge.

Like direct high-temperature annealing, electric current-
induced thermal annealing (CITA) is simpler yet highly effective.
The effect of large current on conductor includes electromigration
and joule heating [32]. It has been reported that electromigration
has an insignificant effect on the resistance or morphology of CNTs
[33]. However, CITA is still different from high temperature
annealing in some respects. For inhomogeneous structures, elec-
trical resistance distribution is nonuniform in space. When a large
current is applied, regions with larger electrical resistance will
experiencemuch higher density of joule heating power. Thus, these
regions are easily burnt or melt, which results in changes in the
inner structure. Past works showed that electric current has a
positive effect on the structure of carbon materials including gra-
phene and graphite [34,35]. Moser et al. introduced current-
induced cleaning of graphene at low temperatures inside a cryo-
stat. By applying an electrical current through graphene device of
microns width, the ultrahigh current density was able to effectively
remove contaminations absorbed on surface of graphene [32].
Furthermore, applying current is very useful in maintaining the
wall number and diameter of SWCNTs during high temperature
annealing [36]. Because of the structure improvement, thermal and
electrical properties of CNT materials are also enhanced, which is
significant for their application in electronic, solar energy storage
and other related areas. Bolotin et al. reported that current-induced
annealing resulted in a significant enhancement of electrical
transport in suspended single-layered graphene [37]. However, to
our best knowledge, no work has been done about the thermal
conductivity/diffusivity enhancement by CITA.
Herein, we demonstrate how this electric current-induced
thermal annealing can be combined with the transient electro-
thermal technique (TET) to study the sequential thermal and
electrical properties evolution of CNTs materials during annealing.
The TET technique is a fast, simple and robust method developed in
our lab for characterizing thermal properties of solid materials
[38e42]. By using the same experimental set-up for annealing and
thermal characterization, this method avoids the errors resulted
from the sample to sample quality variation as well as contami-
nation and damage caused by sample transferring process. For
comparison, traditional high temperature annealing anneals a
group of samples at different temperatures in furnaces followed by
thermal characterization. The uncertainty caused by quality varia-
tion among samples and samples contamination during trans-
ferring process could be very large, which overshadows the
annealing effect on structure and physical properties.

In this work, the CITA effects on improving the electrical and
thermal properties of CNT bundles are reported. The structure
change of CNT bundles from thermal transport aspect is studied by
measuring the temperature-dependent thermal diffusivity and
conductivity of the same sample before and after CITA. Raman
spectroscopy is conducted to investigate the annealing effect on
improving the structure of material and reducing impurities. The
temperature distribution along the length direction of a single CNT
bundle during CITA is evaluated using finite difference modeling.
The different annealing levels at different positions of sample is
harnessed for studying and comparing the temperature effect,
which significantly reduces the deviation from sample quality
variation. The resulting improvement of localized thermal con-
ductivity and intrinsic thermal conductivity of CNT walls against
annealing temperature during CITA process is also presented.

2. Synthesis and structure characterization

The vertically aligned multi-walled carbon nanotube (MWCNT)
bundles arrays on a Si (100) wafer are synthesized by chemical
vapor deposition (CVD) process in a quartz tube furnace. Briefly, a
two-layer metal catalyst film with 10 nm of Al and 1 nm of Fe is
used. 9 cm3/min at STP (SCCM) of acetylene, 100 SCCM of hydrogen,
250 SCCM of helium, and 4mg/h of thermally evaporated ferrocene,
Fe(C5H5)2 is introduced as feedstock for the CNT growth. Ferrocene
enhances the efficiency of the pre-deposited catalyst film and
postpones growth termination, resulting in higher CNT growth
rates and thicker CNT films. The diameter of the bundle is
controlled by using a patterned catalyst area. MWCNT bundles with
bundle diameter of about 200 mm are harvested from a large area
sample for thermal properties measurements. The details of the
synthesis process can be found in the literature [43].

Fig. 1 presents the morphology and structure of a single CNT
bundle sample. Figure (a)- (b) are SEM images with different
magnification from 500� to 15000�. The CNT bundles sample
presents a cylinder-like shape. Hundreds of thousands of CNTs form
a bundle by aligning along the axial direction. Under higher
magnification, coil-like CNTs can be seen. The coil-like CNT mor-
phologies are driven by the competing factors of collective growth
and spatial constraints during CVD process [44]. The diameter and
wall thickness of individual CNT in the bundle are characterized
using transmission electronmicroscopy (TEM). Fig.1 (c)-(d) are two
of the TEM images of the MWCNTs in the bundle. TEM reveals that
the CNT bundles consist of MWCNTs with typical outer diameter
from 18 to 25 nm. The wall thickness ranges from 15 to 22 layers.
The wall of the MWCNT is not smooth. As indicated by the yellow
arrows, amorphous region and defects are observed along the walls
of CNTs. Wall thickness also varies along the axial direction.

Raman result of CNT bundles is obtained under 20� objective by



Fig. 1. Morphology and structure characterization of CNT bundles. (a)e(b) SEM images of the CNT bundles under �500 and �15000 magnifications. (c)e(d) TEM images. The yellow
arrows indicate the amorphous region. (e) Raman spectrum. (f) XRD spectrum. (g) The X-ray photoelectron spectra. In the insets are the deconvoluted spectrums for O 1s and C 1s.
(To be continued). (A colour version of this figure can be viewed online.)
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using 532 nm laser excitation with 6 s integration time (Olympus
BX51). The power of laser is 4.98mW. The result is presented in
Fig. 1 (e). Three pronounced peaks are observed which correspond
to the D peak, G peak and 2D peak respectively. The G peak
(1583.0 cm�1) is from stretching of the C-C bond in graphitic ma-
terials, which is usually assigned to zone center phonons of E2g
symmetry. Its intensity reflects the degree of carbonization [45].
Near the G band, there is an additional shoulder peak at about
1618 cm�1, called D0 band. The D0 band is a unique Raman band for
MWCNTs, which also originates from disorder, defects or ion
intercalation between the graphitic walls [46]. The D peak at
around 1348.1 cm�1 involves the resonantly enhanced scattering of
electrons via phonon emission by defects or sidewalls that breaks
the basic symmetry of the graphene plane [47], which can be used
as an indicative of structural disorder from amorphous carbon and
other defects. The integrated intensity ratio between the D band
and G band shows a value of ~0.86, which is smaller than the
previously reported value for CVD grownMWCNTs and graphitized
MWCNTs [46]. The 2D peak (2689.5 cm�1) is activated by double
resonance processes [48], which indicates the long-range order.
These results reveal the fair graphitic structure and the existence of
defects in the CNT bundles.

X-ray diffraction (XRD) is performed to obtain detailed struc-
tural and phase information about the CNT bundles. Three peaks
are observed in the XRD profile presented in Fig. 1(f). The strong
and sharp (002) peak at around 25.8� corresponds to the inter-
planar spacing of 0.34 nm, which is very close to that of pure
graphite (0.335 nm). This result indicates that the inter-wall
impurities are rare. The other two diffraction peaks at the angles 2q
of 42.8� and 53.4� are indexed to the (100) and (004) reflections.
The (100) peak gives a crystallite size of 27.5 nm (crystallite size
along axial-direction of a CNT). The crystallite size is calculated
according to the Scherrer Equation: B¼Kl/(Lcosq), in which B is the
line broadening at half the maximum intensity, after subtracting
the instrumental line broadening, in radians; K is a dimensionless
shape factor, with a value close to unity; l is the X-ray wavelength;
q is the Bragg angle. To further measure the elemental composition
and chemical bonds at the surface of the samples, X-ray photo-
electron spectroscopy (XPS) spectrum is collected. The XPS survey
spectra and the three-element narrow scanning are presented in
Fig. 1(g). In XPS survey, there are mainly three signals: C1s (at
around 284.4 eV), O1s (at around 529.9e533.472 eV), and Au 4f (at
around 83.9 eV). The Au signal is from the Au coated steel sample
holder, which is used to limit the C and O contamination on the
sample holder surface and serves as an internal energy calibration
reference. There are some small peaks at around 320e360 eV,
which are also from Au. Since Au is not the element of our interest
and the intensity is quite low, they are not scanned. The resulting
atomic concentration of the elements is summarized to be 96.32% C
1s and 3.68% O 1s. The XPS C 1s spectrum has 2 peaks centered at
284.4 and 291 eV respectively. The peak centered at 284.4 eV is
assigned to C-C/C¼C in aromatic rings, which is a characteristic of a
sp2 type C network. The higher binding energy shoulder peak at
~291 eV is due top -p* satellite of the sp2 type C. The O 1s spectrum
shows three O environments. The low binding energy peak at
~529.9 eV is due to the iron oxide from signal of the steel sample



Fig. 1. (continued).
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holder (only part of the steel sample holder is coated with Au). The
peak at ~532.0 eV and the peak at ~533.5 eV are from C-O species
and C¼O species respectively in the CNT bundles. From these re-
sults, there are oxygen-containing functional groups on the surface
of CNT bundles.
3. Thermal characterization and annealing method

3.1. Method for annealing

Three CNT bundles are annealed by applying large DC currents
to them under high vacuum conditions. The three samples are
denoted as S1, S2 and S3 respectively. Details of the three samples
can be found in Table 1. Each sample is subjected to DC currents
whose value is increased from low to high till the sample is burnt
broken. The duration for each DC current are set to be 2 s for S1 and
S2, and 20 s for S3. The voltage profiles over the samples during
current annealing are collected using an oscilloscope. After each
annealing, using the same experimental set-up, a TET measure-
ment is conducted to measure the in-situ thermal diffusivity. It
makes sure that the minimum and optimum current for improving
thermal diffusivity can be observed clearly.
Table 1
The details of the measured CNT bundle samples.

Index S1 S2 S3 S4

Suspended Length (mm) 2.37± 0.07 2.77± 0.04 2.37± 0.06 1.05± 0.04
Diameter (mm) 280± 12 222± 13 225± 10 44.4± 8
3.2. Method for measuring thermal diffusivity

The TET technique is a fast and robust method for measuring
thermal diffusivity of various solid materials [38e42]. Fig. 2 shows
details of experiment set-up and principle. Fig. 2 (a) shows a digital
camera photo of the MWCNT bundles array, fromwhich individual
bundles are obtained. Fig. 2 (b) displays a microscopy image of a
suspended CNT bundle sample. In the experiment, the CNT bundle
is suspended between two gold coated silicon electrodes and
connected using small amount of silver paste. Fig. 2 (c) shows the
schematic of the experimental set-up. The sample is then put in a
vacuum chamber, where the air pressure is maintained below 0.5
mTorr.

During TET measurement, a small step current (around 50mA)
is fed through sample by a current source to induce a fast joule
heating. The voltage profiles are collected using an oscilloscope.
Upon heating, the temperature of the sample has a fast increase and
then reaches a steady state. The joule heat is transferred by thermal
conduction along the length direction of the sample and thermal
radiation to the environment. Heat convection can be neglected
due to the low air pressure in the chamber. Thermal diffusivity is
the thermal conductivity divided by density and specific heat ca-
pacity. During the TET measurement, two competing processes
determine how fast/slow the temperature of the sample increases:
one is the Joule heating, and the other is the heat conduction from
the sample to the electrodes. A higher thermal diffusivity of the
sample will lead to a faster temperature evolution and a shorter
time to reach the steady state. Thus, the transient temperature
change can be used to determine the thermal diffusivity. Assuming
one dimensional heat transfer model, the normalized temperature



Fig. 2. Experimental set-up and principle of the transient electro-thermal (TET) technique for in-situ thermal characterization. (a) A digital camera photo of the MWCNT bundles
array. (b) A microscopy image of a suspended CNT bundle sample. (c) A schematic of experimental set-up. (d) Selected normalized temperature profiles of TET of S1 after different
currents annealing. The dots are raw data and lines are fitting curves from TET model. The corresponding thermal diffusivity values (a) are also presented in the figures. (A colour
version of this figure can be viewed online.)
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profile for this transient state can be derived as [38e42].
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The current used for the TET measurement is around 50mA.
Within the small temperature range during joule heating in TET
measurement, the temperature coefficient of resistance is reason-
ably assumed constant. Under this circumstance, the normalized
temperature rise can be obtained by normalizing voltage profile.
Since CNT bundles have a negative temperature coefficient of
resistance, the voltage presents a decreasing and stabilizing
pattern. Some of the normalized temperature profiles of TET of S1
after different currents annealing is presented in Fig. 2 (d),
including data after 50mA, 434mA and 1 A annealing. As the
annealing current is increased, the time for the voltage/tempera-
ture to reach steady state becomes shorter and shorter. This reveals
that the thermal diffusivity of S1 is increased after CITA in Fig. 2 (d).
From Fig. 2 (d), the thermal diffusivity after 434mA annealing is
higher than that after 1A, and the thermal diffusivity after 1A
annealing is higher than that after 50mA annealing. The corre-
sponding effective thermal diffusivity is 1.35� 10�5m2/s after
50mA annealing, 3.33� 10�5m2/s after 434mA annealing, and
4.38� 10�5m2/s after 1 A annealing. The thermal diffusivity evo-
lution during the whole CITA process will be presented in section
4.2.

3.3. Method for measuring thermal conductivity

The steady-state electro-thermal (SET) technique [49,50] is used
for measuring the thermal conductivity at low temperatures. The
experimental set-up is the same as that of TET. The difference is that
the SET technique utilizes the data before and at the steady state of
the joule heating. During the measurement, a small DC current
(around 50mA) is applied to the sample to induce joule heating. In
this method, k at each temperature is obtained by:

k ¼ I2R1LðdR=dTÞ
12AcDR

: (2)

In the equation, k is the measured thermal conductivity, I the
current flowing through the sample, R1 the resistance of the sample
at steady state, dR/dT is obtained by measuring the electrical
resistance (R) at different temperature and differentiating the R-T
curve, Ac the cross-sectional area of the sample, and DR the resis-
tance change induced by the joule heating.
4. CITA results and discussion

4.1. The reduced electrical resistance

The electrical resistance of the samples is calculated using
voltage data and DC current value (R¼V/IDC). Fig. 3 shows the
resistance profiles of S3 during CITA of currents from 120mA to
1.05 A. The evolutions consist of two stages. The first stage shows a
sharp decreasing pattern, while the second stage presents a slowly
decreasing behavior. The decrease in the first stage sources from
fast joule heating like that in TET measurement. Within the first
stage, the temperature of S3 is raised sharply by joule heating. The
fast decreasing resistance reflects the fast temperature change.



Fig. 3. The resistance profiles of S3 during the large current annealing from 120mA to 1250mA. Two-stage evolution is observed. (A colour version of this figure can be viewed
online.)
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After the first stage, the sample's temperature has reached steady
or quasity-steady state. In the second stage, as the high density of
electrical current continues to anneal the sample, the high tem-
perature removes the contaminations absorbed on the surface of
the CNT bundles and heals the lattice defects which impede the
transport. More electron transport is facilitated. This results in a
slowly decreasing resistance. Therefore, the resistance keeps
decreasing slowly. Under the annealing current from 120mA to
800mA, the annealing effect is the dominant effect on changing
electrical resistance in stage 2. Thus, the electrical resistance de-
creases slowly with time.

However, since the CNT bundles are composed of hundreds of
thousands of individual CNTs aligned along the axial direction, the
interface contact resistance among the neighboring CNTs is also
another important factor affecting the overall electrical resistance
of the samples. The thermal expansion coefficient is different
among the CNTs with different level of defects. When temperature
is raised by large joule heating, the thermal expansion mismatch
results in a loosened connection among CNTs, which increases the
interface contact resistance and the overall electrical resistance of
the CNT bundle. When the annealing current is low, this effect is
overshadowed by the annealing effect on the electrical resistance.
When the annealing current exceeds 1050mA, the thermal
expansion mismatch becomes so significant that the effect of the
increased electrical contact resistance starts to dominate the elec-
trical resistance. Thus, under the annealing current from 1050mA
to 1250mA, the overall electrical resistance starts to increase with
time. It should be noted that this thermal expansion mismatch is a
temporary effect. When the temperature of the sample cools down
to room temperature, the connection among CNTs is recovered and
the interface contact resistance goes down again. When measured
at room temperature, the overall electrical resistance of CNT bun-
dles after annealing is reduced compared to that before annealing.
The resistance at room temperature will be discussed in the
following section.

In addition to the joule heating effect and annealing effect, there
is another effect which should be taken into consideration when
analyzing the resistance change. When the distance between two
adjacent CNTs is sufficiently small, electron tunneling takes place
across the connecting sites under large current. This causes a
nonlinear I-V curve of CNT bundles. Under small currents, the en-
ergy is not high enough for exciting electrons to overcome the
energy barriers at the connection. Therefore, the original resistance
measured at the beginning of I-V curve of CITA is much lower than
that measured from small current. For example, the resistance
profiles after 800e1250mA show an original resistance of
3.9e4.25U. However, the resistance measured by using a small
current (46e50mA) is much higher (>7U). The resistance profiles
measured using small current during TET will be discussed in the
next paragraph [Fig. 4 (a)]. This discrepency indicates the existance
of the electron tunneling. Thus, the slowly decreasing behavior of
the electrical resistance profiles in the second stage is also a com-
bination effect of permanent structural improvement from
annealing and the nonlinear I-V curve under large current. This is an
issue which requires further in-depth work.

The in-situ thermal and electrical characterization is conducted
by alternating CITA process with TET measurement: a few minutes
after each CITA (wait for the samples to cool down), TET mea-
surement is conducted. The small current used for the TET mea-
surement is in the range of 38e52mA, which causes a ~1%
resistance decrease in the samples. Fig. 4 shows the results for the
resistance and thermal diffusivity. They are measured at room
temperature after each annealing. The electrical resistance is
measured by measuring the voltage and the current of the sample.
The experimental uncertainty of the resistance is estimated to be
about ±3%. For clarity, it is not presented in Fig. 4 (a). The resistance
of the three samples [Fig. 4 (a)] begin to decrease when the heating
current is increased to about 100mA. For S1, it drops from the
original value of about 7.4U to the final value of about 6.8U, which
is 8% decrease. For S2 and S3, it decreases by 7.6% and 4.4% of their
original resistance respectively. Overall, the electrical resistance is
not improved significantly by CITA.

As illuminated before, the resistance decrease is mainly due to
healing of structural defects and removing of impurities in CNT
bundles. However, the resistance profiles do not follow a mono-
tonically decreasing pattern. Instead, a valley is observed for all the
three samples at around 200mA. S3 presents an extra valley at
around 800mA. These valleys are attibuted to the removal of sur-
face adsorbed content. Previous works reported that annealing
reduced the adsorbed oxygen content on the surface of CNTs, which



Fig. 4. The experimental result of CITA effect. (a) The electrical resistance against
annealing current. The experimental uncertainty of the resistance is estimated to be
about ±3%. For clarity, error bars are not presented in the figure. (b) Effective thermal
diffusivity of CNT bundles against annealing current. (A colour version of this figure
can be viewed online.)
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could also weaken the tube-tube contacts such that carriers can
now be trapped there [51]. Therefore, this should be the reasonwhy
a small increasing region of R0 from 200mA to 400e520mA is
observed. In CNT bundles, there are oxygen-containing C-O and
C¼O functional groups on the surface. The temperatures required
for removing different oxygen groups are different, which causes an
extra valley in resistance profile of S3.

4.2. The enhanced effective thermal diffusivity and phonon
scattering principle

The effective thermal diffusivity (aeff) after each annealing is
summarized in Fig. 4(b) aeff is increased significantly by CITA. The
original aeff of S2 and S3 is about 2.76-2.96� 10�5m2/s. For S1, the
original aeff is lower (1.32� 10�5m2/s). This indicates that S1 is
originally inferior in quality than S2 and S3. Similar to the evolution
of electrical resistance, low DC current (lower than 200mA) has no
effect on aeff. aeff stays constant before 200mA. After being sub-
jected to 200mA CITA, aeff of all the three samples begin to in-
crease. For S2 and S3, aeff keep increasing with the annealing
current till burnt broken. Their aeff before broken is about
5.80� 10�5 and 5.20� 10�5m2/s respectively, which accounts for
110% and 76% increase over the original thermal diffusivity. For S1,
aeff reaches a maximum and becomes relatively stable after being
annealed by current higher than 897mA. The stable value from
897mA to 1.4 A indicates that the thermal diffusivity of the sample
cannot be improved by CITA any further. This value represents a
saturated thermal diffusivity of S1. The upper limit of aeff of S1 is
4.44� 10�5m2/s, which is 236% increase over the original value.

The threshold of electrical resistance and aeff changed by current
are different. The threshold of aeff has a delay compared to that of R0
at the beginning. Furthermore, no very obvious valleys are
observed in the aeff profiles. This indicates that aeff is less sensitive
to the small structure changes at inter-tube interfaces and inner
alignment. As discussed above, removing oxygen contents at inter-
tube interfaces impedes tunneling of electrons, which is respon-
sible for the valleys in the resistance profiles. On the other hand,
tunneling does not apply to phonons. Phonons are always scattered
at inter-tube interfaces. Removing the oxygen contents only re-
duces the phonon scattering intensity, which facilitates propaga-
tion of phonons. Therefore, aeff is monotonically enhanced by
reduced impurities and inter-tube thermal contact resistance.

To further understand the thermal properties enhancement of
our CNT bundles, temperature dependent thermal diffusivity and
conductivity (k) of a same CNT bundle sample from 295 K to 10 K
are characterized. This sample is denoted as S4, whose details can
be found in Table 1. Fig. 5 (a) shows the SEM image of S4. The
annealing current is 20mA. The temperature dependent a and
thermal conductivity (k) of S4 before and after CITA are presented
and compared in Fig. 5 (b) and (c) respectively. The a- T curve is
measured using the TET technique. The vacuum and stable low
temperature environment is supplied by using the Janis closed
cycle refrigerator (CCR) system. As temperature goes down, a first
increases and then decreases. Before CITA, the peak of a- T curve is
6.30� 10�5m2/s at 147.8 K. After annealing, the peak position shifts
to 122.3 K at 8.82� 10�5m2/s. a after CITA is higher than that
before CITA. At RT, it has a 33.6% enhancement. At peak position, it
has a 40% increase. This result demonstrates the thermal diffusivity
of CNT bundle is improved consistently by CITA from RT to as low as
75 K. Below 75 K, a of after-annealing shows a decreasing behavior
which is much faster than that before annealing.

The peak of the a-T curve is resulted from the special nano-
structure of the CNT bundles. Phonons are the main heat carriers in
carbon materials. For most of the carbon materials with seamlessly
interconnected inner structures, phonon-phonon scattering (U-
scattering) and phonon-defect scattering are the two main mech-
anisms controlling the thermal diffusivity. When temperature goes
down, lattice vibration weakens and the phonon population de-
creases, which results in a reduced phonon scattering intensity and
an increased phonon mean free path. Thus, their a monotonically
increases as temperature goes down. In comparison, CNT bundles
are composed of individual CNTs aligned along the axial direction.
Besides the U-scattering and the impurities-phonon scattering
[52,53], the tube-tube interface also makes a significant contribu-
tion to the phonon scattering [20,31]. Only phonons with a wave
vector larger than G/2 (G is the reciprocal lattice vector of the first
Brillouin zone) can participate in the thermal conduction by colli-
sion. At near RT, almost all phonons have enough energy to
participate in the thermal conduction. Thus, phonon-phonon
scattering dominates the thermal conduction. As temperature
goes down, lattice vibration weakens and the phonon population
reduces. The phonon-phonon scattering intensities decreases
subsequently, which leads to an increase of a. Therefore, as tem-
perature goes down from RT to 122.3 K- 147.8 K, a of S4 shows an
increasing behavior.

As temperature goes down further, the phonon-phonon scat-
tering becomes too weak to dominate thermal conduction. The
effect of intra-tube defect scattering and tube-tube interface
scattering becomes significant. The intra-tube defects induced



Fig. 5. (a) One of the SEM image of S4 after annealing. The insets are zoom-in images
for diameter measurement. (b) The comparison of temperature-dependent thermal
diffusivity of S4 before and after 20mA CITA. (c) The comparison of temperature-
dependent thermal conductivity of S4 before and after 20mA CITA. (A colour
version of this figure can be viewed online.)
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phonon scattering intensity can be assumed independent of
temperature. The tube-tube interface scattering starts to dominate
the phonon scattering at low temperatures (below 122.3 K-
147.8 K). The decrease of a is resulted from the low-temperature
induced structural change in the sample. From the structure
characterization, the CNT bundle material is not a simple solid
material. Instead, its inner structure is composed of hundreds of
thousands of coil-like CNTs aligned along the axial direction. The
thermal expansion coefficient is different for CNTs with different
levels of defects. At low temperatures, the thermal expansion
mismatch causes a deteriorated thermal contact among the
neighboring CNTs, which provides more phonon scattering at the
tube-tube interfaces. As a result, as temperature goes down to
below 122.3 K- 147.8 K, the phonon scattering intensity increases
with the decreased temperature. a starts to decreases. Therefore,
the a- T profiles show a peak at around 122.3 K- 147.8 K.

During CITA, part of CNTs with higher density of structural de-
fects and higher electrical resistance could be burnt or melt due to
the localized higher joule heating power. This inner structure
change results in a stronger ability in holding the inter-connection
among neighboring CNTs. Therefore, after CITA, it requires lower
temperature and higher thermal strain for deteriorating the inter-
connection. The temperature from which the decreasing behavior
begins to emerge is lower after CITA. This stronger interconnection
strength after CITA is the reason for the peak shift of the a- T curve.
Before CITA, the peak of a-T curve is at 147.8 K. After annealing, the
peak position shifts to 122.3 K. From the a- T curve, before CITA, the
low temperature decreasing accounts for 24.3% over the peak value.
After CITA, the decreasing takes 52.2% over the peak value. After
CITA, the effect of low temperature on the interface scattering be-
comes more significant than that before CITA.

Fig. 5 (c) shows the temperature dependent thermal conduc-
tivity of S4 before and after CITA. The k -T curve is measured using
steady-state electro-thermal (SET) technique. The experiment set-
up is the same as that of TET. Thus, the sample stays on the same
experiment set-up during the whole thermal characterization and
CITA process. Details of the SET technique can be found in the
experiment section 3.3 and in our past work [49,50]. The mea-
surement uncertainty for SET is estimated to be about ±10%. For
clarity of comparison, the error bars are omitted in the figure. k of
after-annealing is consistently higher than that before-annealing.
At RT, k presents a 3.32-fold increase over the before-annealing
value. This further proves that the structure of the sample has
been significantly improved by CITA. Both k profiles present a
monotonically decreasing behavior as temperature goes down. This
behavior is similar to that of defected graphitematerials reported in
previous works. Both k tend to reach zero as the temperature ap-
proaches 0 K. The decreasing rate of k is higher after annealing,
which is resulted from the higher decreasing rate of a after
annealing. The main reason for the different temperature-
dependent behavior between the thermal diffusivity and thermal
conductivity is the volumetric specific heat (rcp). rcp is also a
function of temperature. At very low temperatures, rcp decreases
with the decreased temperature very sharply. Since k¼ rcp�a, the
fast decreasing rcp overshadows the peak of a-T. Thus, in the k-T
profile, the peak at around 122.3 K- 147.8 K in the a- T profile is not
very visible.

4.3. The unevenly distributed annealing effect along length
direction

Three samples S1-S3 are annealed using large electrical current
till they are burnt broken. Fig. 6 (a)-(b) show the morphology of S1
after broken. From Fig. 6 (b), the hollow structure can be seen
clearly. A clean and smooth breaking edge near the center point is
observed. Instead of 45� breaking line (caused by tensile break), the
breaking lines are almost perpendicular to the axial direction of the
sample. This breaking morphology indicates that the breaking is
mainly caused by melting under high temperature. For the three
samples, the melting occurs under 1.4 A, 1.35 A and 1.25 A for S1, S2



Fig. 6. The morphology and characterization of the structure after CITA. (a)e(b) The SEM images of the breaking point under low to high magnifications. The insets in figure (a) is
the SEM and Raman signal of the amorphous carbon film sputtered on the glass substrate from the molten CNT bundle. (c) Change of the Raman signal with the distance from the
breaking point (DFB). The Lorentz fitting result of the Raman signals, including (d) the ratio of intensity of the D peak to the G peak. (e) The Raman shift of G peak. (f) The full width
at half maximum (FWHM) of G peak. (A colour version of this figure can be viewed online.)
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and S3 respectively. The melting temperature will be evaluated and
discussed in the next section. From Fig. 6 (a), the surface of glass
substrate is also burnt by heat radiation from sample. The molten
CNT bundle sputters a thin layer of carbon film on the surface of the
glass substrate. A magnified SEM image of the thin layer of carbon
film is displayed as an inset in Fig. 6 (a). Raman spectroscopy is
conducted to find out the structure of the carbon film and is also
displayed as an inset. The Raman spectrum is acquired under a 50�
objective. It exhibits a very broad band centered at around
1558 cm�1, which is a characteristic of amorphous carbon [54]. The
peak at around 1960 cm�1 could be resulted from background
reflection of the glass substrate and second-order combined scat-
tering of the two main structures at 550 and 1550 cm�1 [55]. The
melting of CNT bundles sputters a thin layer of amorphous carbon
film on the glass substrate.

Under CITA heating, the temperature distribution along the axial
direction of samples is not uniform: temperature near center point
is much higher than that near electrodes. The higher temperature
near center point results in a higher level of annealing. Therefore,
annealing effect also varies along axial direction. To confirm this
distribution, Raman spectroscopy data is acquired from different
locations along the axial direction of S1 [Fig. 6 (c)]. Three pro-
nounced peaks are observed. The G peak (around 1580 cm�1) is
from the stretching of the C-C bond in graphitic materials, which is
usually assigned to zone center phonons of E2g symmetry. The D
peak at around 1350 cm�1 involves the resonantly enhanced
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scattering of electrons via phonon emission by defects or sidewalls
that breaks the basic symmetry of the graphene plane [47], which
can be used as an indicator of structural disorder from amorphous
carbon and other defects. The 2D peak (around 2690 cm�1) is
activated by double resonance processes [47], which indicates the
long-range order. For sp2 nanocarbons such as graphene and car-
bon nanotubes, Raman spectroscopy not only characterizes the
density of doping, defects and other crystal disorder, but also pro-
vides information about crystallite size and the clustering of the sp2

phase [48,56]. Although the Raman spectrum gives little informa-
tion about how the CNTs assemble in the CNT bundles, it can tell
about the structural disorder of the CNTs within CNT bundles. Since
the CNT bundles consist of CNTs, when the structural disorder in
CNTs is reduced, the structural quality of the CNT bundles is
improved. Thus, the Raman spectra is used for characterizing the
localized structural quality of the CNT bundles.

As the position of acquisition is moved from near electrode to
the breaking point, the intensity of D peak shows an evident
decrease, while the intensity of G and 2D peak both present a
gradual increase. The intensity ratio of D band to G band (ID/IG) can
be related linearly to the inverse of the crystallite size along the
basal plane by the TK equation named after Tuinstra and Koenig
[45,57]: ID/IG¼ C(l)/La, in which C(l) is a constant related to the
wavelength of the excitation laser (l), and La is the cluster size. ID/IG
can also be used for quantifying the density of disorder in CNTs.
Analyzed using Lorenzian fitting, ID/IG is obtained and plotted
against the distance from the breaking point (DFB) in Fig. 6 (d). ID/IG
changes from 0.75 near electrode to 0.29 near breaking point,
which accounts for 61.3% reduction. This variation points out a
dramatically reduced degree of disorder and increased crystallite
size near the breaking point. The Raman shift and full width at half
maximum (G) of G peak are also presented in Fig. 6 (e) and (f). It
shows that CITA results in a red-shifted G peak from 1588 cm�1 to
1582 cm�1. Ring orders other than six tend to decrease the G peak
height and increase its width. G of the G peak is a measure of the
bond-angle disorder at sp2 sites, and increases with the increased
structure disorder [56]. G of G peak decreases from 53 cm�1 to
36.6 cm�1, revealing increased graphitic structure order from two
ends to the breaking point of the sample. The D0 peak is quite weak,
so it is omitted for the ease of fitting. The Raman results demon-
strate the effect of CITA on reducing defect of CNTs along axial di-
rection from near center point to the two ends.

4.4. Thermal conductivity evaluation by numerical calculation

4.4.1. The averaged and localized annealing effect
It should be noted that the experimentally measured aeff in our

TET experiment represents an averaged effect across the whole
length of the samples. The annealing effect varies along axial di-
rection as demonstrated in the previous section. In this section, to
find out exactly how the localized thermal conductivity (k) of CNTs
changes with the localized temperature (T), finite difference
modeling (FDM) is carried out to calculate the k and T evolution
along the axial direction during CITA and TET experiments. The
FDM method has been widely used for solving temperature dis-
tribution and heat transfer problems [58,59]. To validate our
FEM model for calculating the one-dimensional temperature
distribution, we used this model to simulate a TET measurement
process for a known material, Pt wire. The properties of Pt
wire including thermal conductivity (71.6W/m,K), specific heat
(133 J/kg$K), density (21450 kg/m3) [60], electrical resistivity
(0.1086� 10�6U,m), and temperature coefficient of resistance
(0.003927 K-1) [61] are from references and used in the calculation.
The length is set to be 5.08mm, diameter is set to be 25.4 mm, and
the DC current is set to be 78.06mA, which is the same as that in an
experimental study in our previous work [38]. The sample is
divided into 1000 grids in the calculation. The evolution of the
averaged temperature of the sample against time is calculated.
Then we fit the simulated T-t curve and determine the thermal
diffusivity. The resulting thermal diffusivity is 2.59� 10�5m2/s
from our FDM method, which is very close to the value
2.51� 10�5m2/s at 300 K from literature [60]. The error is about
3.2%. It is conclusive that our FDM modeling can simulate the
transient thermal behavior during TET with sufficient accuracy.

Due to the large length to diameter ratio of CNT bundles, only
the axial direction heat transfer is considered. Besides, since the
temperature distribution is symmetric around the center point
along the axial direction, only half of the suspended sample needs
to be calculated. The geometries of the half CNT bundle sample and
the electrodes are depicted in Fig. 6 (c). The system has an initial
temperature of 290 K. The length, diameter, and electrical resis-
tance of the sample is set according to the experimental conditions.
The volumetric specific heat of the CNT bundles at room temper-
ature is calculated by rcp ¼ k=a, in which k is measured using the
SET technique, and a is the thermal diffusivity measured using TET
technique. Details about the SET and TET techniques can be found
in section 3.2 and 3.3. The resulting rcp before CITA is determined to
be 2.1� 105 J/m3$K. In the TET experiment, since the temperature
increase is in a very small range, the variation of rcp within the
small temperature range is negligible. In the CITA simulation, we
are only interested in the steady-state temperature which is inde-
pendent of rcp. Therefore, the rcp value is reasonably set to be a
constant during simulation. Meshes are generated in the length
direction with a grid size of 1 mm.

After CITA, k improvement is different along the length direc-
tion. To simplify, we assume k has a linear relationship with the
distance from the center point (lc). Near the center point of the
sample, the temperature is the highest, so k has the maximum
value. It is denoted as kc. Since the two electrodes have much larger
volume compared to sample, the temperature of the electrodes
stays constant during the large current annealing. The two ends of
sample near electrodes experiences only very small temperature
increase, so k of two ends of the sample in the electrodes is
assumed unchanged. It is denoted as k0. Therefore, the thermal
conductivity is expressed as k ¼ k0 þ ðkc � k0Þ� ðL� lcÞ=L, in which
L is the suspended length of the sample. Here, k0 is the thermal
conductivity of sample before annealing. It is measured using SET
technique which is presented in section 3.3 [49,50].

There are two steps in the simulation. In the first step, the TET
measurement process at RT is simulated. The objective is to find kc.
Different kc values are tried to calculate the evolution of the aver-
aged sample temperature (Ta) during TET heating. The temperature
profile which gives the best fitting of the experimental data is
selected. The corresponding kc value is determined as the thermal
conductivity value at the center point. The second step is to
simulate the CITA process using the obtained thermal conductivity
profile. The purpose is to find the localized temperature distribu-
tion over space during CITA. At time equals zero, a large current is
supplied through the length direction of the sample to induce joule
heating. The temperature evolution during the joule heating pro-
cess is calculated. Since the experiment is conducted in a vacuum
environment, heat convection effect is neglected. Only heat con-
duction, heat radiation with environment, and joule heating is
taken into consideration during this process.

In TET measurement, since the temperature increase is quite
small (DT « T) and the sample's aspect ratio is very large, the radi-
ation effect contributes insignificantly for determining thermal
diffusivity (less than 1.5%). Under this situation, error from emis-
sivity is very small in TET measurement at RT. During CITA, because
of the very high temperature induced by joule heating, heat
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radiation effect becomes one of the most important factors in
thermal transport. From literature, the emissivity of SWNTs forest is
reported to be 0.98e0.99 across a wide spectral range from UV
(200 nm) to far infrared (200 mm) [62]. In our simulation, the CNT
bundle is treated as a black body (emissivity¼ 1). This will result in
a overestimated radiation effect, which gives an underestimated
temperature increase of the sample. However, if we reduce the
emissivity by 10%, the temperature increase will rise by ~2.4% ac-
cording to our calculation. Thus, error from emissivity uncertainty
is still very small.

Fig. 7 shows the simulation result, in which figure (a) shows the
effective thermal diffusivity (aeff) of the sample as a function of the
averaged sample temperature (Ta). aeff is improved at a very high
rate in the temperature range of 546e1093 K for S1, 620e941 K for
S2, and 637e783 K for S3. After the fast increasing temperature
zone, increase of aeff slows down and finally becomes relatively
stable. aeff is an averaged value representing the thermal properties
of the whole length of samples. To investigate how the localized
thermal conductivity is increased by the localized high tempera-
ture, the center point of sample is studied in detail. The right y axis
Fig. 7. (a) The effective thermal diffusivity of CNT bundles against the averaged sample
temperature during CITA. It shows an averaged effect of annealing. (b) Right y axis: the
thermal conductivity of the center point of CNT bundles against the temperature of the
center point during CITA. It shows the localized annealing effect at the center point.
Left y axis: calculated intrinsic thermal conductivity of CNT walls (kintr) against the
annealing temperature. The orange rectangular shows the fast annealing zone. The
green rectangular indicates a saturated annealing state of S1. (A colour version of this
figure can be viewed online.)
in Fig. 7 (b) presents the thermal conductivity of the center point
(kc) as a function of the annealing temperature at the center point
(DTc). kc shows a similar behavior as the effective thermal diffu-
sivity. For S1, kc has a fast increase between 303 K and 1497 K and
then becomes relatively stable till breaking at 2202 K. For S2 and S3,
before breaking, kc has a fast increase temperature zone and then a
slow increase temperature zone. The changing points of the
increasing rate are 888 K and 671 K for S2 and S3 respectively. The
highest kc of the three samples are 41.3W/m,K at 2491.8 K for S1,
32.6W/m,K at 2995.7 K for S2, and 28.3W/m,K at 2537.0 K for S3
respectively.

4.4.2. The intrinsic a and k of CNT walls in CNT bundles after
annealing

To realize the desired performance of CNT bundles in novel
applications requires sophisticated understanding and control of
thermal transport at the nanoscale. The thermal conductivity of the
CNT bundles is significantly influenced by two factors. One factor is
the assembling pattern of the bundles, and the other factor is the
intrinsic k of CNT walls (kintr) within the bundles. CNT bundles
consist of CNTs with walls formed bymultiple rolled layers of atom-
thick sheet of carbon. From XRD result [Fig. 1 (f)], the interlayer
spacing between layers in CNT walls (3.4 Å) is very close to that in
graphite. kintr means the ability of the CNT walls to conduct heat
along the axial direction. The thermal transport in CNT bundles
occurs via phonon propagation along the CNTs walls. It is of great
interest to study the thermal conductivity of the CNT walls as it
plays a big role in determining the overall thermal conductivity of
CNT bundles. In this section, we further study the evolution of kintr
against the annealing temperature. This will lay the foundation for
a better understanding of the thermal conductivity of CNT bundles,
as well as provide theoretical guidance for further improvement of
thermal conductivity of CNT bundles in the future.

The models for computing the thermal conductivity of two-
phase materials based on the thermal conductivity of the two
phases and their volume fraction have been systematically
compared in our previous work [63]. However, these models are
not applicable for calculating the intrinsic solid thermal conduc-
tivity within the unique structure of CNT bundles. For example, the
Maxwell effective medium approach has been used for calculating
the solid conduction in uniformly distributed solid-gas systems
[64], but it is not applicable for the CNT bundles of highly aligned
fine structures with very high aspect ratio. In general, the Maxwell
model is expected to be valid at low volume fractions (4≪ 1, in the
order of 0). Also it is assumed that the domains are spatially
separated and the interactions among inclusions do not matter
[65]. However, the volume fraction of CNT bundles is not very low
(4 ~ 13%) and the CNTs are connected with each other. In addition,
the CNT bundles have highly ordered structure inside. As seen from
the SEM images, the CNTs in the sample have a hollow cylinder
structure. The cylinder walls are composed of coil-like structured
CNTs with a specific curvature. Also the CNTs are aligned along the
axial direction. Thus, the solid network within CNT bundles is not
like randomly distributed particles as that described in theMaxwell
model [63]. The Maxwell approach is not applicable for CNT
bundles.

The measured volumetric specific heat of CNT bundles [(rcp)CNT
bundles] in our work is about 2.1� 105 J/m3 K at RT. For full dense
carbon materials, such as graphite, the volumetric specific heat is
generally about 1.6� 106 J/m3 K [66]. The discrepancy between CNT
bundle and other full dense carbon materials is due to the large
viodage in the sample. As seen from the SEM images in Fig. 1, the
CNT bundles are hollow cylinders, where large opening space is
observed inside the cylinder walls. The cylinder wall is composed of
individual CNTs, which leaves voids between the neighboring CNTs.
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All of the viods contribute to the much lower density of CNT bun-
dles than that of full dense carbon materials.

In this work, we calculate the intrinsic thermal conductivity
from the heat transfer path aspect by calculating the intrinsic
thermal diffusivity of CNT walls (aintr) and the volumetric specific
heat of CNT walls separately. The method for calculating aintr is
based on the following model. One-dimensional heat transfer
model is assumed in CNTs, where the heat conduction in the radial
direction is neglected. This is a reasonable assumption and has been
widely used in literature [15]. For one-dimensional heat transfer
model without considering heat radiation, the normalized tem-
perature profile during TET measurement is derived as that in
equation (1). From equation (1), it can be seen clearly that the
thermal diffusivity is proportional to the square of the length of the
sample. For CNT bundles, this length is the suspended sample
length. For CNTs, because heat is conducted along the path of the
curved CNTs, the intrinsic thermal diffusivity of CNTs should be
larger than the measured effective thermal diffusivity of CNT
bundles. Take an extreme case for example, for one single curved
CNT, when measured using the TET technique, the length used in
equation (1) should be the total length of the 3D curve, not the
straight distance between the two electrodes. This method has
been used in our previous work for characterizing a single carbon
nanocoil. The length for calculating the real thermal diffusivity was
the total length of the carbon nanocoil by taking the helical
morphology into consideration [67]. In our work, we used the
straight-line length of the CNT bundle sample for calculating am of
CNT bundles. To further obtain the intrinsic thermal diffusivity of
the CNTs in the bundles, the curved morphology should be taken
into consideration. From the above analysis, am=L2 ¼ aintr=L2curve, in
which L is the straight-line length, Lcurve is the total length of the
curved CNT. As is indicated in the SEM image in Fig. 1 (b), CNTs in
the samples resemble a coil-like shape. The red line shows part of
the shape of one single CNT. During joule heating, heat is trans-
ferred following the path of the curve from point A to B. The length
of the curve is much larger than the straight-line distance between
A and B. After evaluating several heat transfer pathes, the average
ratios of the actual heat transfer route over the axial-direction
distance in the sample is estimated to be 1.24. The 3D length of
the CNTs is larger than that observed in the 2D picture. Taking the
radial symmetry property of the CNT bundle into consideration,
since

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2x þ L2y

q
¼ 1:24, the 3D ratio of the curvatural length of CNTs

over the straight line length can be estimated as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2x þ L2y þ L2z

q
¼

1:52. Thus, the intrinsic thermal diffusivity of the CNTs at the
center point of the bundle can be calculated as aintr ¼ 1:522 � ac. ac
is the thermal diffusivity of the center point of the bundle. It can be
calculated by ac¼ kc/(rcp). The intrinsic thermal diffusivity of CNT
walls is equal to the intrinsic thermal diffusivity of CNTs since the
heat is conducted along the wall of CNTs. This value includes the
effect of phonon scattering within CNT walls and at the interfaces
among the neighboring CNTs.

To obtain kintr, the volumetric specific heat of the CNT walls is
needed. The effect of the hollow structure of CNTs and other void
space in the CNT bundles needs to be taken out. It is known that
MWNTs consist of multiple rolled layers (concentric tubes) of gra-
phene. The interlayer distance in MWNTs is close to the distance
between graphene layers in graphite, approximately 3.4 Å. Thus,
the density (rgraphite) and specific heat of graphite (cpgraphite) is used
for calculating the volumetric specific heat of CNT walls. Using the
density of graphite (2230 kg/m3) and specific heat value of graphite
(710 J/Kg$K at RT) [66], kintr can be evaluated as kintr¼ aintr� rgra-

phite� cpgraphite. The result against annealing temperature is plotted
in Fig. 7 (b) (left y axis).

kintr presents a three-stage process as the annealing tempera-
ture increases from RT to as high as the melting temperature of
CNTs. kintr of S1 has a fast increasing rate from about 593 K to 928 K.
After 928 K annealing, the increasing rate of kintr is reduced. kintr
finally reaches a saturation value after 1787 K. Increasing annealing
current does not improve kintr any more. For S2 and S3, kintr first
increases quickly and then keeps increasing slowly till broken.
There is a changing point of increasing rate, which is 1178 K and
961 K for S2 and S3 respectively. Before annealing, kintr is about
39.3W/m$K for S1, and 98.7W/m$K for S2 and S3. After annealing,
kintr goes to 753.7W/m$K, 568.1W/m$K and 492.1W/m$K for S1, S2
and S3 respectively. The results indicate that the CITA dramatically
increases kintr, which is brought up to 5e19 times higher than that
before annealing. However, kintr after annealing is still not as high as
the reported highest value of highly oriented pyrolytic graphite
(~2000 W/m$K at RT). The reason is the residual impurities as well
as the inter-tube thermal contact resistance, which cannot be
removed by CITA. Based on our result, the most efficient temper-
ature range for improving kintr is in the range of 600e1100 K.
Within that temperature range, kintr is enhanced dramatically. This
provides details for the sequential thermal conductivity enhance-
ment process by CITA.

CITA has a higher effect on the thermal conductivity of S1 than
the other two samples. The reason can be interpreted as following.
The vertically aligned CNT bundles arrays are synthesized by CVD
method on a Si wafer, and the single CNT bundles with diameter of
about 200 mm are collected by peeling them off from the MWCNT
bundles array. Although the dimensions of S1 are similar to S2 and
S3, the quality is quite different. Before annealing, aeff of S1 is two-
times lower than the other two samples, which demonstrates that
the quality of S1 is inferior than S2 and S3 (S1 could have more
functional groups). The higher defects and impurities density en-
dows S1 more room to improve. Another reason is the early
breaking of S2 and S3. As seen from Fig. 7 (b), the two samples are
burnt broken before their thermal conductivity reach a saturation
value. Before broken, kintr still presents an increasing behavior. The
early breaking is a consequence of localized overheating due to
localized structure defects. In comparison, the thermal conductivity
of S1 reaches its saturated value before broken. The melting tem-
perature of the three samples are 2491 K, 2996 K, and 2537 K
respectively. Literature reported a very highmelting temperature of
perfect single-walled CNT to be around 4800 K. However, the ex-
istence of defects caused a premelting temperature at around
2600 K [68]. The melting temperature of the three samples are
consistent with the literature value. The difference could be
resulted from the different defect density in the sample and the
thermal strain effect.

The thermal conductivity improvement result is very promising
compared to the previously reported thermal annealing or com-
bined annealing results. Jin et al. reported a 9-time increase in the
thermal conductivity at RT for MWCNT bundles after the sample
was annealed at 2800 �C in Ar for 4 h [31]. Matsumoto et al. con-
ducted a combined annealing. After optimum (at 800 �C,
150 A cm�2 for 1min) treatment to single-walled CNTS, the
resulting electrical and thermal properties presented a 3.1e3.7
times increase [36]. Our results from sole current-induced thermal
annealing give a 5e19 times thermal conductivity increase. This
result demonstrates the high efficiency of the CITA in improving
thermal conductivity of MWCNTs. In addition, applying current can
also help prevent undesirable structure changes during direct
thermal annealing. Matsumoto et al. attributed the increased
thermal and electrical properties of single-walled CNTs during high
temperature annealing to the increased wall number, diameter, and
crystallinity. The change in wall number and diameter could be
undesirable, which can be prevented by applying current to the
sample while being thermally treated simultaneously [53]. There-
fore, CITA is demonstrated to be a very effective method for
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purifying CNTs materials.

5. Conclusion

In this work, the sequential process of current-induced thermal
annealing on improving the structure and thermal conductivity of
CVD grown CNT bundles was studied for the first time. By
combining current annealing in vacuum environment and in-situ
TET characterization, the statistical errors from sample-wide
structure variation and contamination during sample transfer/
preparation process can be averted. The electrical resistance
reduction and thermal diffusivity improvement of the same sam-
ples at different current levels were reported. The annealing
resulted in a 4.4%e8% reduction in the electrical resistance, and
76%e236% increase in the effective thermal diffusivity. The thermal
diffusivity and thermal conductivity of a same sample from RT
down to 10 K before and after CITA are measured and compared to
better understand the annealing effect. CITA process reduced de-
fects within CNTs, and strengthened the inter-tube connections,
which reduced the phonon scattering intensity considerably. This
explains the much higher thermal conductivity after CITA. Raman
spectroscopy was used to characterize the sp2 bonding carbon
structure improvement along the length direction of the bundles,
which gives a 61.3% decrease in ID/IG at near breaking point
compared to near electrodes. The thermal properties against
annealing current were translated into a temperature dependent
profile by finite difference modeling. CITA resulted in a 5e19 times
thermal conductivity increase from about 2.3W/m$K to 43.1W/
m$K at the most annealed region of CNT bundles. By taking the
curvature and void space effect into consideration, the intrinsic
thermal conductivity of CNTwalls in the bundlewas also evaluated.
It increased from about tens ofW/m$K to as high as 753.7W/m$K at
RT. Based on our result, the most efficient temperature range for
improving kintr is in the range of 600e1100 K. This work sheds light
on the understanding of thermal properties evolution during cur-
rent induced thermal annealing process.
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