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Thermal transport measurements in multi-wall carbon nanotube (MWCNT) bundles at ele-
vated temperatures up to 830 K are reported using a novel generalized electrothermal tech-
nique. Compared with individual CNTs, the thermal conductivity (k) of MWCNT bundles is
two to three orders of magnitude lower, suggesting the thermal transport in MWCNT bun-
dles is dominated by the tube-to-tube thermal contact resistance. The effective density for
the two MWCNT bundles, which is difficult to measure using other techniques, is deter-
mined at 116 kg/m? and 234 kg/m®. The thermal diffusivity slightly decreases with temper-
ature while k exhibits a small increase with temperature up to 500 K and then decreases.
For the first time, the behavior of specific heat for MWCNTs above room temperature is
determined. The specific heat is close to graphite at 300-400 K but is lower than that for
graphite above 400 K, indicating that the behavior of phonons in MWCNT bundles is dom-
inated by boundary scattering rather than by the three-phonon Umklapp process. The
analysis of the radiation heat loss suggests that it needs to be considered when measuring
the thermophysical properties of micro/nano wires of high aspect ratios at elevated tem-
peratures, especially for individual MWCNTSs due to their extremely small diameters.

© 2010 Elsevier Ltd. All rights reserved.

thermal transport process. As a standard thermal property
for comparison among researchers, the thermal conductivity

1. Introduction

Carbon nanotubes (CNTs) are attracting great attention be-
cause of their remarkable electrical, thermal, mechanical
and optical properties [1]. To fundamentally understand the
science of the thermal transport in CNTs, numerous experi-
mental investigations have been conducted on the thermal
properties of single-walled CNTs (SWCNTs) and multi-walled
CNTs (MWCNTSs) in various forms including films (arrays,
bucky paper) [2-9], bundles [10-16], yarns and sheets [17],
individual [11,18-21] and bulk [22-24] samples. The authors
either measure the thermal conductance G or thermal con-
ductivity k from the steady-state thermal transport process,
or measure the thermal diffusivity « from the transient

* Corresponding author: Fax: +1 515 294 3261.
E-mail address: xwang3@iastate.edu (X. Wang).

k can be converted from G with known dimensions of the
sample, and from « with the known density and specific heat
of the sample. The reported values of the measured k at room
temperature vary from 300 to 3500 W/m K for an individual
tube, either single-walled or multiwalled, and 3-150 W/m K
for the tube direction of bulk CNT samples except a scaled-
up value 200 W/m K in Ref. [2].

The significant diversity of the experimental results is
mainly due to differences in various parameters and samples
conditions, such as diameter (inner and outer diameter for
MWCNTs), length, defects and deformations in individual
tubes, purity, alignment, fabrication method and post growth
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treatment for bulk CNTs. The density and specific heat of CNT
samples also introduce differences due to different assump-
tions for them or the disparity of the measured values of dif-
ferent samples. For the density, several authors assumed that
the bulk samples including bundles and arrays have the same
density as graphite at about 1580-1900 kg/m> [4,6,10]. Actu-
ally, the density of a disk-shape MWCNT fabricated by spark
plasma sintering (SPS) from 800 to 2000 °C can be densified
from 350 to 1450 kg/m? [22]. The apparent densities of aligned
and random bucky papers were calculated at 620 and 540 kg/
m? by measured weight and dimensions, respectively [7]. Our
previous work [15] also reported a density of 310 + 40 kg/m?
for MWCNT bundles calculated by measured thermal con-
ductivity and thermal diffusivity. The effective density of
vertically aligned CNT array is directly fitted from the experi-
mental curve as 185 kg/m? [S]. Therefore, the disparity of the
density among samples contributes to the diversity of the
reported thermal conductivity. As for the specific heat ¢, it
has been reported that a linear temperature dependence of
the normalized ¢, of MWCNT between 150K and 300K is
similar to graphite with a smaller absolute value of ¢, at
300K [10]. Other reported graphite-like c,(T) of MWCNT
below room temperature [25,26] also strongly suggested that
the specific heat behavior of the bulk MWCNT is very similar
to that of graphite with the same 300K value. Therefore, it
is reasonable to take the specific heat of graphite [27] for
CNT at corresponding temperatures below 300 K. However,
there is no strong evidence that CNT materials and graphite
have the same behavior on specific heat above 300K.
Additionally, the Debye temperature for CNTs which can
be used to theoretically estimate c,(T) in the entire temper-
ature range is not completely clear, although it is expected
to be similar to that of graphite [28]. Therefore, more
research should focus on the specific heat of MWCNTSs at
high temperatures.

The temperature dependence of thermal conductivity is a
critical characteristic of CNTs for a wide range of applications.
A significant amount of experimental research has already
been conducted on this. Examples include the work on indi-
vidual MWCNT at 100-320K [18], individual SWCNT at 100-
300 K [19] and 300-800 K [20], individual and bundled MWCNT
at 8-370K [11], MWCNT bundles at 10-300K [10,14], MWCNT
arrays at 5-390K [9], 90-310K [3] and 218-473K [6], aligned
thin films of SWCNT ropes at 10-400K [2], bulk disk-shape
MWCNT at 328-958 K [23], and CNT bars at 2-300 K [24]. The
results for both individual SWCNTs and MWCNTs indicated
a peak k at about 320K. All these experimental results
showed k-T is a gradually increasing curve for bulk CNTs ex-
cept that a peak was found at near 900K for disk-shape
MWCNTs measured by the laser flash method [23]. It should
be pointed out that the radiation heat loss is very critical for
high temperature measurement in laser flash method due
to the large radiation surface area of a disk sample [29]. Pos-
sibly it is the reason for the decrease after 900K in the k-T
curve. Computational methods, especially molecular dynam-
ics simulation, were also employed by many researchers to
investigate the k-T relation for CNTs [30,31]. However, there
is no consistent and convincing conclusion on it especially
in the elevated temperature range. Little experimental re-
search was conducted on the thermal conductivity of CNTs

at elevated temperatures above 400K. Therefore, further
study of k-T of CNTs at elevated temperatures is needed.

High temperature annealing in Ar environment will affect
the electrical and thermal conductivity of MWCNT bundles in
the way which depends on the competition of dopants
removing and carriers moving enhancement [14]. Recently,
resistance reduction of carbon nanofibers was also observed
due to electrical current annealing [32]. Electrical current
annealing in graphene can also result in removal of adsor-
bates [33] and electron-hole conduction asymmetry [34].
Due to the cross contact of individual tubes in CNT bundles,
it is also possible that current tunneling effect occurs at a cer-
tain level and the thermal properties may be affected. Hence,
it is an interesting question that if current annealing process
or real-time feeding current upon CNT bundles will change
the tube-to-tube contact and then affect the electrical and
thermal conductivity permanently or temporarily.

In this paper, the temperature and electric current depen-
dence of the thermal diffusivity, thermal conductivity, and
specific heat of MWCNT bundles at elevated temperatures
are investigated by using generalized electrothermal (GET)
and pulsed laser-assisted thermal relaxation (PLTR) [16] tech-
niques with calibration of the temperature coefficient of
CNT’s resistance. The experimental details of the GET tech-
nique and the calibration are given in Section 2. In Section 3,
the results are discussed and compared with those in the lit-
erature. The thermal contact resistance and effects of radia-
tion heat loss, which are critical issues in thermal property
measurement of micro/nano-scale materials, are also dis-
cussed in detail.

2. Experimental principles and details

2.1.  Generalized electrothermal (GET) technique: transient
and steady states

The transient electrothermal (TET) technique was developed
by Guo et al. [13] to measure micro/nano-scale wires. It can
be applied to metallic, semiconductive and nonconductive
materials and is featured with strong signal level and instant
measurement results. In the original development, the TET
technique only measures the thermal diffusivity o of wire
samples from the transient phase of the electrothermal pro-
cess, and the thermal conductivity k can be calculated from
a=k/pcy, if the density p and specific heat ¢, are known. In
the present work, the steady-state of the electrothermal pro-
cess is utilized to directly determine k with calibration of the
temperature coefficient of resistance without known density
and specific heat. These two processes are combined to ob-
tain « and k simultaneously at a wider range of temperature.
To distinguish it from other electrothermal techniques using
infrared [7] or Raman signal [15] for thermal sensing, this
combined technique probing the temperature with self-resis-
tance monitoring is termed the generalized electrothermal
(GET) technique. Although the principle of the GET technique
is similar to the bridge method, the bridge method is origi-
nated from measuring the in-plane thermal properties of thin
film and it always considers the radiation effect due to the
large surface-to-volume ratio. In addition, the temperature
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increase evolution was experimentally observed by the previ-
ous developer and evaluated with an approximation equation
in the bridge method. Furthermore, the thermal diffusivity is
calculated by the characteristic point method. The GET tech-
nique was developed targeting micro/nanowires and the radi-
ation effect can be neglected except at high temperatures. An
exact analytical solution to the 1-D heat transfer in the GET
technique is provided and a global fitting of the experimental
curve is used to obtain the thermal diffusivity more accu-
rately [12].

In the TET technique, the to-be-measured wire (treated as
1-D) is suspended between two electrodes, which have very
high thermal and electrical conductivities to be good heat
sinks (as shown in Fig. 1a). The o information about the wire
is involved in its temperature evolution under a given self-
heating power. Simplifying with @(t,x) = T(t,x) — To, the solu-
tion of this 1-D heat transfer problem is [13]

O(t) 96 = 1—exp[—(2m — 1)*n%at/L?]

O(c0) 7 (2m—1)* ' @

where O(t) = foL O(t,x)dx/L denotes the average tempera-
ture of the wire at time t, ®(co0) the final steady-state average
temperature which is gL?/12k, g the electrical heating power
per unit volume, L the length of the wire between the two

a
(@) Oscilloscope

1
:
1
iSilver paste
1
1
1

~

®) ;o
heating process, transient = e,
heating process, steady = k,
4
Vv
- for samples
/ / w/ negative R'
r/ cgolmg process, stc.ady =k,
cooling process, transient = «_
r I
i E\IF probing current
I, base current
0 f

Fig. 1 - (a) The schematic of the experimental setup and the
typical temperature profile history of the wire sample, (b)
The typical two-step input DC current signal and output
voltage signal for the GET 2 technique.

electrodes, and T, the initial temperature of the wire. From
Eq. (1), for any kind of wire samples with any length, they
have the same normalized temperature increase curve with
respect to the Fourier number Fo = at/L% It should be men-
tioned that the self-heating power needs to be maintained
constant to make the solution valid. A step DC current fed
through the wire is applied in this technique in which the
fluctuation of the heating power could be neglected due to
minor variation of the wire resistance. If the sample has a lin-
ear relationship between resistance and temperature in a
small temperature range near the initial temperature T,
meaning a constant temperature gradient of resistance
R’ = fRo = [AR(t)/O(t)];, referring § as the temperature coeffi-
cient of resistance at T, we have O(t)/O(co) = AR(t)/
AR(c0) = AV(t)/AV(o0) with constant DC current. After mea-
suring and normalizing the voltage variation against time
over the sample, the thermal diffusivity can be obtained by
fitting that curve with the theoretical one represented by Eq.
(1). Actually, to determine the thermal diffusivity of the sam-
ple, the values of R' and g are not needed and it is sufficient
that they are constant. However, in realistic experiments,
the signal level AV(co) available to be captured is a major
concern. Previous discussion indicates AV(co) = IAR(c0) o
Iq « I and @(c0) . A high current gives a strong signal
as well as a large temperature variation which introduces
large uncertainty caused by non-constant heating power
and temperature-dependent thermal conductivity. Therefore,
to minimize the uncertainty, it is best to achieve a reasonable
signal-to-noise ratio with the current as low as possible.

The thermal conductivity k cannot be obtained from «
measured by the TET technique without knowing p and cp.
In this work, an extension of the TET technique, the GET tech-
nique, is developed to obtain k from room temperature to
high temperatures without knowing p and c,. It should be
noted that k appears in the steady-state average temperature
increase as ©(c0) = 4L%/12k. Combined with R’ = AR(c0)/0(c0),
k can be calculated as gL°R’/12AR(c0) with knowing the value
of g and R, in which AR(cc) = AV(c0)/I. 4 can be calculated as
I’Ro/A.L with the assumption that the resistance variation is
negligible for the heating power, in which A. is the cross-
sectional area of the wire. R’ can be obtained from references
or calibrated by experiments. With « obtained from the tran-
sient process and k obtained from the steady-state process in
this GET technique, plus the known specific heat, the density
of the wire can also be determined. In this work, a two-step
DC current input as shown in Fig. 1b is introduced to investi-
gate the effect of current on the thermal properties of CNT
bundles and at the same time extend the GET technique to
measure k at elevated temperatures. Due to the linearity of
the governing partial differential equation of this 1-D heat
transfer problem, the two-step self-heating current case has
a linearly combined solution of each solution for the one-step
current case described above. The first step current, termed
base current I, heats the wire to a high base temperature,
and the second step current, termed probing current I,, heats
the wire up as low as possible and probes the temperature
evolution to obtain k, just as in the GET technique with only
a one-step current (GET 1). The high base temperature can
be calculated from the steady-state solution @(co) = gL?/12k
of the first step self-heating after having the thermal
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conductivity from the steady-state solution of the second step
self-heating.

2.2.  Experimental setup

The schematic of the experimental setup and a typical tem-
perature profile history are given in Fig. 1a. The sample is sus-
pended between two copper block electrodes and the two
joints are glued with silver paste to reduce both the thermal
and electrical contact resistances. The entire stage with the
sample is placed on a surface insulated joule heater that is
controlled by an external adjustable transformer. The heater
is used to heat the entire stage to a stable temperature and
the temperature is sensed by a T-type thermocouple. This set-
up is housed in a vacuum chamber with the pressure below
1x 1072 Torr to make the heat convection negligible. A two-
step DC current is fed through the sample by a current source
to induce electrical heating. At the same time, the voltage var-
iation over the sample is recorded by an oscilloscope. A typi-
cal input current signal and output voltage signal are shown
in Fig. 1b. The base current I, in the first step is to heat the
sample to a certain temperature, and the probing current I,
in the second step is to heat the wire up as low as possible
and probe the temperature evolution to obtain k. A periodic
current is applied to repeat the measurement and make the
output signal easily be recognized and captured. Due to this
periodic characteristic, the first step actually has a cooling
process after the probing current is done. This cooling process
is just a reversed process of heating the sample with the
power [(I, +I,)*> — L,°]Ro and sensing temperature evolution
with I, as in the GET 1 technique. The thermal properties o,
and k. can also be respectively obtained from the transient
and steady stages of this process. These provide the informa-
tion for comparison and more understanding of the electro-
thermal coupling process in the sample.

2.3.  Experimental details

The two samples investigated in this work are bundles from a
3.5mm long MWCNT rope. One is a thin and long bundle
peeled off the rope, and the other one is a thick and short
bundle cut from it. The MWCNT ropes were synthesized using
a ferrocene assisted chemical vapor deposition (CVD) process
in quartz tube furnace. Except using a patterned catalyst area
for defining the diameter of the bundle, the details of the syn-
thesis process were described in the literature [35]. Briefly, the
catalyst consists of a 100 nm Al and 1 nm Fe layer deposited
on a Si wafer using electron beam evaporation through a sha-
dow mask with periodic holes of 200 ym in diameter. Acety-
lene was used as the carbon source gas, and it was flowed
concurrently with ferrocene sublimated from a thermal
source in the CVD process. Single ~200 pym diameter MWCNT
ropes were harvested from a large area sample for the ther-
mal properties measurements. The diameter of real samples
may be a little larger than 200 ym due to the bundle loosing
after being exposed in the air. The Raman spectra of a typical
MWCNT bundle at five different locations are shown in
Fig. 2a. They were taken with a 532 nm (2.34 eV) laser excita-
tion wavelength at 20 mW energy output. The D-band and
G-band are at 1346cm™" and 1577 cm™. The average D-G
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Fig. 2 - (a) Raman Spectra of a typical MWCNT bundle at five
different locations taken with a 532 nm (2.34 eV) laser
excitation wavelength at 20 mW energy output. (b) Picture of
the second MWCNT bundle (L = 2.90 mm, D = 233 pm) under
an optical microscope (glued on the electrodes with silver
paste).

band intensity ratio is 0.73. The diameter of the bundle sam-
ple from the rope is measured by using a high magnification
microscope (Olympus BX41). The second thick MWCNT bun-
dle is picked to show what the real sample looks like when
it is glued on the electrodes with silver paste. Fig. 2 shows
its image under an optical microscope. To capture the
transient voltage variation in the GET experiment, the current
source should have very small rise time compared with
the characteristic thermal transport time (milliseconds to
seconds) of a wire sample. A current supply - Keithley 6221
with 2 pus rise time and 100 mA maximum output current is
used for the thin bundle sample whose resistance is in the or-
der of one hundred ohms, and Keithley 2611 with 70 ps rise
time and 1.5 A maximum output current for the thick bundle
sample which has a small resistance in the order of ten ohms.
The voltage evolution is monitored and recorded using a
Tektronix TDS7054 Digital Phosphor Oscilloscope which has
a maximum sampling rate of 5GS/s. Since the CNT sample
has a negative temperature coefficient of resistance, the
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output voltage decreases in the heating process and increases
in the cooling process, as shown in Fig. 1b. With a suitable
probing current I, cross-measuring the response of different
base currents [, at different stable temperatures T, produces
the thermal properties at different temperatures. This is be-
cause the temperature gradient of resistance R’ can be ob-
tained from the resistances at difference temperatures for a
certain I, and then all the voltage variations can be converted
to temperature variations, which can help determine the
thermal conductivity. The thermal diffusivity is obtained by
fitting the normalized temperature evolution curve against
time to the theoretical curve represented by Eq. (1) with a ro-
bust program [13].

In order to investigate the annealing effect which may oc-
cur due to the periodical one-step/two-step current heating,
the GET technique with a one-step current (GET 1) is applied
while gradually increasing the current from a low value to a
high one for a few cycles. After excluding the possible anneal-
ing effect in the experiments, the electrothermal technique
with a two-step current (GET 2) is applied to the sample. For
the first long and thin bundle (3.33mm long and 94.5 um
diameter), to study the annealing effect, a current from
2 mA to 30 mA is applied with GET 1. In the following process
with GET 2 at room temperature, the probing current is fixed
at 2 mA and the base current varies from 1 mA to 28 mA. In
calibration, the entire sample is heated to a higher tempera-
ture up to 100°C, and one-step currents from OmA to
30 mA are applied and the output voltage histories are re-
corded at each stable temperature. A MWCNT bundle with a
larger diameter and sound circular cross-section (2.90 mm
length and 233 um diameter) is chosen as the second sample
for measurement at higher temperatures. To avoid the
annealing effect, this sample is applied with one-step current
from 16 mA to 320 mA for two cycles. The resistance is then
measured in the vacuum chamber as 9.276 Q. After these,
the GET 2 technique is applied. The sample is heated up to
300 °C. At each temperature, the probing current I, is chosen
at 10 mA and the base current I, scans from 20 to 300 mA.

3. Results and discussion

3.1. MWCNT bundle with L =3.33 mm and D =94.5 um

Fig. 3a shows a typical experiment voltage evolution signal
with 6 mA base current and 2 mA probing current at room
temperature for this MWCNT bundle. Periodic heating
(decreasing voltage) and cooling (increasing voltage) pro-
cesses are obviously observed in the figure. The inset shows
the global fitted experimental and theoretical curves of the
normalized average temperature evolution for one of the
heating processes. The least square fitting has a very small
deviation. The thermal diffusivity is obtained at 6.10x
10°m?s. In the annealing process applying with from
2 mA to 30 mA, 4 mA is the minimum current which can pro-
duce applicable voltage variation signal. Our later analysis
indicates that 4 mA current can induce 5K (typical) increase
for the maximum temperature (in the middle point of the
wire sample), with @(c0) o I, 30 mA current will increase
the temperature by 281K and the maximum temperature is
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Fig. 3 - (a) A typical experiment voltage evolution signal
with 6 mA base current and 2 mA probing current at room
temperature for the first MWCNT bundle (3.33 mm long and
94.5 ym thick). Periodic heating (decreasing voltage) and
cooling (increasing voltage) processes are obviously
observed. The inset shows the global fitted experimental
and theoretical curves of the normalized average
temperature evolution for one of the heating cycles. (b) The
resistance obtained in the GET 1 technique with the current
from 2 mA to 30 mA for three cycles, in order to investigate
the current annealing effect. The effect is noticeable and
disappears after 2 cycles of current annealing.

still below the breakdown temperature 800 K for CNTs in air
[20]. With the assumption that the electrical heating power
is constant at one current and then fitting experiment curve
with the theoretical curve represented by Eq. (1), the thermal
diffusivity basically increases with the current. However, «(I)
curve is not presented here because the calculated thermal
diffusivity at high temperature is higher than the true value
due to the large decrease of resistance under high tempera-
ture. Moreover, the slightly lower thermal diffusivity for the
low currents in cycle 1 and the same value for each current
in the next two cycles indicate that a slight annealing effect
occurs under the currents below 24 mA in the first cycle and
it is permanent. The annealing process changes the structure
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in the CNTs such as tube end-end contact, tube body-body
contact and tube body-end contact. These three kinds of con-
tact affect the thermal transport in different ways which are
related to the alignment of the CNTs. Briefly, the thermal dif-
fusivity is enhanced after the annealing. Electrical properties
are also a major concern when a CNT material is fabricated.
The annealing effect and the current fed through the sample
may also influence the electrical properties of CNTs. The
resistance under each current at room temperature before
heating is plotted in Fig. 3b. The “zero current” resistance is
measured under very low current (pA) in the vacuum cham-
ber before the GET experiments. The result shows that the
resistance is close to the “zero current” resistance at small
currents, and after a short increase it decreases roughly line-
arly above 8 mA current. The measurements on several test
samples before this measurement also give the results about
the curve of resistance against current that there is a small in-
crease part before it decreases linearly. The differences for
several samples are the currents at which the resistance be-
gins to decrease and the decrease extent. The likely explana-
tions for this phenomenon are as follows: (1) as the current
increases from a very small value, more electrons flow
through each individual CNT in the bundle. Due to the small
diameter of an individual CNT, the electron boundary scatter-
ing is enhanced when more electrons flow in the sample,
which means an increase of resistance; (2) as the current
increases further, the enhancement of electron boundary
scattering becomes weak. On the other hand, considerable
tube-to-tube junctions begin to carry currents due to the cur-
rent tunneling effect. This effect contributes to the resistance
decrease. The lower resistances in the second and third cycles
indicate that the periodic heating and cooling processes
induced by one-step DC current has a slight effect on the
resistance and the effect becomes negligible after two cycles.

The results of the GET 2 measurement show that the stea-
dy-state resistance at each current linearly decreases with the
temperature. The slope of the linear curve R’ is negative and
increases with the current as shown in Fig. 4a. The reason
for the increase is that the steady-state resistance R, de-
creases with the current due to the increasing self-heating
power and resistance reduction. With the calibrated R/, the
thermal diffusivity and thermal conductivity against the base
current are calculated and shown in Fig. 4b. The thermal
diffusivity of 5.5-7x107>m?/s and thermal conductivity of
5-8.5 W/mK for this MWCNT bundle have the same order of
magnitude as those of MWCNT bundles [10,16], spark plasma
sintered bulk MWCNT [22,23], aligned MWCNT arrays [3,4],
and CNT bars [24]. At the same time, they are two to three
orders of magnitude lower than the experimental and theo-
retical values of individual CNTs.

Basically, the thermal diffusivity does not vary with the
current much except a slight increase at large current. The
small difference (<5%) between the thermal diffusivity ob-
tained from the transient heating and cooling processes is
probably due to the relatively lower signal-to-noise ratio in
the cooling step. For the thermal conductivity from the two
processes, the difference is smaller because the error intro-
duced by the noise is almost removed by averaging data from
the steady state. From Fig. 4b we can see that the thermal
conductivity increases with the current. Because the base
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Fig. 4 - (a) The temperature gradient of resistance as a
function of current. (b) The thermal diffusivity and thermal
conductivity measured at different base currents. The solid
blue line is a guide to the eye.

current heats the sample to a high temperature, these curves
may reflect the temperature dependence of the thermal prop-
erties. Actually, the temperature dependence of the thermal
properties can be obtained from the calibration data (GET 1)
at different temperatures for a minimal current with a good
signal-to-noise ratio. It is found that the data of 4 mA current
produces sound results with low uncertainties. These data
give a slightly increasing temperature dependence curve for
k and a slightly decreasing temperature dependence curve
for o at the range of 20-100 °C, as shown in Fig. 5a. Based on
estimation for GET 2 data, 11 mA current can heat the sample
to about 100 °C. Comparing k and « in Fig. 5a obtained from
GET 1 data of 20-100 °C and in Fig. 4b from GET 2 data of
4-11 mA base current, they agree with each other well. To
have a wider comparison, the stage temperature should be
higher. These measurements were performed on the second
sample and will be discussed later.

Since « = k/pcp, the density p can be estimated which is not
easy to measure using other techniques. As discussed in
Introduction, it is reasonable to take the specific heat of
graphite for CNT below 300 K. Thus, after taking an interpo-
lated value c,(24 °C) = 704.4 J/kg K from Ref. [25], the effective
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Fig. 5 - Temperature dependence of the thermophysical
properties of the first MWCNT bundle: (a) thermal diffusivity
« and thermal conductivity k; (b) specific heat c,.

density of this MWCNT bundle at 24°C is calculated at
116 kg/m?, which is one order lower than the bulk density of
MWCNT at ~1600 kg/m? from other work [36] and is in the same
order of the density 234 kg/m® [3] and 185 kg/m? [5] of aligned
CNT arrays. Actually, a MWCNT sheet can be densified from
1.5 kg/m? to 600 kg/m> [37] and a disk-shape MWCNT sintered
from 800 to 2000°C can also be densified from 350 to
1450 kg/m? [22]. Thus, our reasonable low value of the density
indicates that the sample was fabricated with a low packing
fraction. The peeling process from a MWCNT rope may also
make the sample a little loose. The low packing fraction guar-
antees that the change of the apparent bundle diameter in
the vacuum due to thermal expansion is negligible even at high
temperatures. Thus, it is proper to assume the density is
constant during the whole measurement, which is also the
assumption Yi et al. made when they concluded the linear spe-
cificheat of MWCNT at 10-300 K after measuringk and o by the
3w method [10]. With this assumption, the specific heat above
room temperature is calculated and is shown in Fig. 5b. For
comparison, c,(T) of graphite and MWCNTs [26] are also plotted
in the figure. It is seen that the behavior of c,(T) for MWCNTs
is still close to graphite at 300-400 K. A wider comparison will
be presented later with respect to the other sample.

The pulsed laser-assisted thermal relaxation (PLTR) tech-
nique is another suitable method to measure the thermal
properties of wires and thin films at micro/nano-scales with
fast experiment implementation and high signal-noise ratio
[16]. In this work, the PLTR technique is also employed to pro-
vide a benchmark for the GET 2 technique. Besides the same
equipment and experiment setup as in the GET 2 technique, a
Nd:YAG laser operated with a 7 ns pulse width is used to heat
the sample. The measurements with different DC currents as
those used in the GET 2 technique are performed and both re-
sults are shown in Fig. 6. Both curves reveal a similar ten-
dency and a small oscillation is observed in the PLTR curve
due to the relatively large uncertainty. The PLTR results are
a little lower than the GET 2 results for all currents. It should
be mentioned that this PLTR measurement was performed
half a day later after the GET 2 measurement. A slight struc-
ture change like tube-to-tube breakdown and tube breaking
inside can increase the thermal resistance because the tem-
perature at the tube-to-tube junctions reaches the burning
temperature of CNTs at high stage temperature and high cur-
rent during the GET 2 measurement. Taking the extreme case
for example, in the last measurement of the calibration pro-
cess, the highest current 30 mA was fed through the sample
at the highest temperature 100 °C. The maximal temperature
at the middle of CNT bundle can be calculated at ~800K by
(4L?)/8k, in which the resistance used to calculate heating
power is chosen at 80 Q, a value between the before-heating
and after-heating resistances, and k is chosen at 8 W/mK
from previous results. Considering the fact that most part of
the heat is first generated at the tube-to-tube junctions due
to their large contact resistance, it is very possible the maxi-
mal temperature exceeds 1000 K, which is close to the ther-
mal oxidation temperature of CNTs at 800-900K in air and
~1200K in N, gas. This will result in the tube-to-tube break-
down. In addition, the extra vacuum pumping and sample
stage movement may also lead to some tube bending and
breaking.

3.2 MWZCNT bundle with L =2.90 mm and D = 233 ym

Fig. 7a shows the thermal diffusivity from the transient heat-
ing stage at different temperatures and different currents. It is
observed the current only has a negligible effect on the ther-
mal diffusivity. From room temperature to 200 °C, the thermal
diffusivity stays at 4.2+0.3x10>m?%s. At temperatures
above 200°C, « decreases to 2.8+ 0.2x 107> m?%s at 240°C
and 2.4 + 0.4 x 10 °> m%/s at 280 °C. The steady-state resistance
values under the base currents at different temperatures are
used to calculate the temperature gradient of resistance. In
this calibration process, it is observed that all the steady-state
resistances under different base currents at temperatures
above 200 °C are abnormal. For each base current, the stea-
dy-state resistance smoothly decreases with temperatures
below 200°C and then has an unexpected jump above
200 °C. Considering the sudden drop of the thermal diffusivity
at high temperatures above 200 °C shown in Fig. 7a, it is be-
lieved that the sample undergoes some structural change at
high temperatures which can reduce « significantly. Probably
there is tube-to-tube junction burning caused by powerful
self-heating as previously described, or tube breaking induced



CARBON 49 (2011) 1680-1691

1687

10 — T T T T ]
—u—GET2

9 + PLTR ]
- [ B
g L .
S ]
£ ]
s 7F m """:.1
= ]
: [ - [ ]
£ [ I / d
| . g 3
E '. u TTem see ® o ]
= r 4
E st eeeette, ]
= [ '0' .® j
= [ b ]
E 4L ]
< r B
£ ]
= ]
ir ]

Y S USRI S S RIS S S SRR RS
0 5 10 15 20 25 30

Current (I, for GET 2) (mA)

Fig. 6 - The thermal diffusivity at different base currents
obtained from both the GET 2 and PLTR techniques.

by a considerable stress along with the noticeable thermal
expansion of the block electrode at high temperatures. There-
fore, the steady-state resistances at temperatures over 200 °C
are not used for calibrating the temperature gradient of resis-
tance. Actually, the resistance does not ideally decrease line-
arly with the temperature within the range of 26-200 °C.
There is a slight up-deviation from the linear curve at high
temperatures. Considering the high sensitivity of R’ to k, the
R(T) curve is fitted to a parabolic curve with least square fitting
and then R’ is calculated at each temperature. As a result,
every temperature at every current has an individual R’ and
k is then obtained with them as shown in Fig. 7b. The results
indicate no obvious increase or decrease for k(l,) and k(T) and
hence k is statistically calculated as 8.6 +0.4W/mK at 26—
200 °C and 20-300 mA.

Although the data for o and k at different temperatures is
shown in Fig. 7, they deserve separate plots to clearly see the
relationship. Although the base current has a negligible effect
on thermal transport in the sample, it heats the sample up.
Thus, « and k obtained at a stage temperature and a base cur-
rent are actually the ones at the temperature which has the
extra temperature rise caused by the base current. This extra
temperature rise can be calculated as I?RoL/12Ack. k used in
this calculation is the thermal conductivity obtained in the
corresponding stage temperature and base current. This cal-
culated temperature rise is a little lower than the actual one
due to the low estimation of the heating power using the de-
creased steady-state resistance. After this procedure, the
thermal properties « and k at temperatures up to about
830K are obtained, as shown in Fig. 8a. It indicates that o de-
creases and k increases slightly with the temperature. Many
literatures have reported that o of bulk CNT materials mea-
sured by different techniques does not vary with temperature
much from 100K to 470K [3,6,10] and k almost increases lin-
early with temperature below 300 K [2,10,24]. In our result, the
maximum « decrease is about 12% from 300K to 830K and
this percentage level is neglected in other experiments [3].
Above 300K, k still increases, but the increasing rate obvi-
ously becomes slower. Only 9.3% increase from 300 to 400 K
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Fig. 7 - The thermophysical properties from the heating
process at different temperatures and currents. (a) The
thermal diffusivity « is 4.2 = 0.3 x 10~> m?/s at 26-200 °C,
2.8+0.2x10>m?%/s at 240 °C and 2.4+ 0.4x 10> m?%/s at
280 °C, respectively. The very possible reasons for the lower
o at temperatures above 200 °C are the structure change in
the sample caused by the junction burning and the thermal
expansion of the block electrode. (b) The thermal
conductivity k remains constant at 8.6 + 0.4 W/m K.
Considering the structural changes above 200 °C, the
resistance cannot be used for R’ calibration and hence, k at
these temperatures cannot be obtained.

for an aligned thin film of SWCNT ropes was reported [2],
which is similar to our 15% increase for a MWCNT bundle.
The k increase above 300 K indicates that the dominant pho-
non scattering mechanism at high temperatures is boundary
and point-defect scattering rather than the three-phonon
Umklapp scattering in many bulk solid materials which re-
sults in a decreasing k at high temperatures. The effect of
radiation on measurement at high temperatures will be dis-
cussed later.

With ¢,(300 K) = 709 J/kg K, the effective density is calcu-
lated at 234kg/m® from k/ac, with the measured k and «,
about twice the density of the first peeled sample. The possi-
ble reasons for the difference are (1) the cross-section of the
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Fig. 8 - Temperature dependence of the thermal properties
of the second MWCNT bundle: (a) thermal diffusivity « and
thermal conductivity k, the measured values at high
temperatures are slightly overestimated due to the radiation
heat effect; (b) the lower specific heat c, values indicate that
the behavior of phonons in MWCNT is dominated by
boundary and point-defect scattering rather than the three-
phonon Umklapp process.

first peeled sample is not a perfect circle and the diameter is
overestimated, and consequently, g, k and p are underesti-
mated; (2) the peeling process made the first sample looser
than the whole rope. Using this density, the specific heat from
300K to 800K is calculated, as plotted in Fig. 8b against c,(T)
of graphite and MWCNTs [26]. The figure shows that ¢, of
MWCNTSs above 300K is lower than that of graphite.

3.3.  Analysis tube-to-tube thermal
resistance

of the contact

The above obtained k for these MWCNT bundles is in the order
of 10 W/m K, which is two to three orders of magnitude lower
than the value for an individual CNT predicted theoretically
[30,31] and measured experimentally [11,18]. Many authors
attribute the significant difference to the large thermal contact
resistance of the tube-to-tube junctions in bulk CNT samples
compared with the intrinsic thermal resistance of an
individual CNT. Based on this, an equation was developed

by using the atomistic Green’s function approach to describe
the relationship between the bulk thermal conductivity k and
the interfacial thermal conductance ¢ at tube-to-tube junc-
tions as k= 0.090lp/(ndpgraphene) for SWCNT bundles [38],
where | is the curvature length of the tube between two adja-
cent contact points, pgraphene = 7.6 x 107 kg/m? is the surface
mass density of graphene, p and d are the density of bulk
CNT and diameter of a single tube, respectively. A correspond-
ing correlation for MWCNT samples was also established by
our group [8] as k~ 2¢dlp/p [n(df—d%)pg], where d; and d,
are the outer and inner diameter of the MWCNT, respectively.
pg is the volumetric density of graphene which is equal to
7.6 x1077/(3.4x 107'%) = 2235 kg/m®. SEM and TEM images of
the samples are obtained to characterize the structure and
diameters of the CNTs. Typical SEM images of the samples
are shown at different magnifications in Fig. 9a and b.
Although the MWCNTSs are wave-like, the alignment is very
noticeable and the direction of the waves follows the axial
direction of the bundle. The typical outer diameter of the indi-
vidual MWCNT in the sample is 18-26 nm and the wall num-
ber is typically in the range from 12 to 18, as shown in the
TEM images Fig. 9c and d. The average outer and inner diam-
eter of the individual tube is statistically calculated at 21 and
15 nm from considerable sampling measurements on many
TEM images of different areas. The thermal conductance ¢
of CNT-CNT contact was computed as 10-100 pW/K for
different chiralities [38]. With a typical p=200kg/m*® and
k =9 W/mK, the mean curvature length of two adjacent tube
contact points is estimated in the range of 340-3400 pm using

kR~ 26lp/p {n(dffdg)pg}. The thermal conductance G of a

MWCNT in such length is calculated by G =kA/l at about
100-1000 pW/K assuming the intrinsic thermal conductivity
of MWCNT is 2000 W/m K. This thermal conductance is much
larger than that of the CNT contact point, which means that
the tube-to-tube thermal contact resistance is dominant in
thermal transport in MWCNT bundles.

According to the kinetic theory, the phonon mean free
path (MFP) 1 in bulk materials can be calculated from
k = Cul/3, where C is the heat capacity per unit volume, and v
is the phonon group velocity. It also can be represented by
I =30/v. It should be point out that the thermal transport in
MWCNT bundles is dominant by the thermal contact resis-
tance. Given the effective k value, the obtained I is not real
phonon MFP in tubes and it is only the effective one in the
bundles. Thus, taking the phone group velocity at about
10* m/s [28], the effective phonon MFP is about 20 nm for the
first sample and about 13 nm for the second sample at room
temperature. It is an order of magnitude lower than the intrin-
sic phonon MFP in individual CNTs. [(T) will simply follow the
same temperature dependence as the thermal diffusivity.

3.4.  Effect of radiation heat loss

Previous work on the laser flash method for measuring the
thermal diffusivity of a disk-shape sample indicated that
the radiation heat loss plays an important role at high tem-
perature measurement [29]. The radiation heat loss from
the wire surface may also be critical in the GET technique,
although the convection heat loss is reduced to be negligible
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Fig. 9 - SEM and TEM images illustrating the aligned MWCNT bundles.

by placing the system in high vacuum chamber. The radiation
heat loss from the wire surface induced by the self-heating of
probing current is approximated by q,,4 = eondL [(To + AT)*—
T¢], where ¢ is the emissivity, ¢ the Stefan-Boltzmann con-
stant 5.67x10° W m 2K %, d the diameter, L the length,
and AT the average temperature rise over the sample. Mean-
while, the heat generation is ¢, = AcqL. With AT = qL?/12k,
the ratio  of radiation to heat generation is estimated as

Qg comdL(4TAT + 6T3AT” + 4ToAT® + AT?)
T Goen AL

qgen
o &eol’Tg. 2
3kd

The approximation is valid when AT « T,. This radiation
and generation estimation is for the steady state of the wire
with a uniform heat generation inside. For the transient state,
the ratio is smaller due to gradually increasing temperature.
Thus the radiation has less effect on the thermal diffusivity
than on the thermal conductivity and the ratio in Eq. (2) is
the upper bound value. From Eq. (2), it is seen that the radia-
tion effect is sample-dependent. A longer sample with a
smaller diameter will have a larger radiation heat loss. Here,
the first thin MWCNT bundle measured by GET 1 with a
4 mA current is taken for example. The average temperature
increase is no more than 12 K which is much less than the
lowest ambient temperature 300 K. The emissivity of carbon
materials is close to 1. For extreme situation with ¢ = 1, the ra-
tio n is 4.1% with k=5.83 W/m K at To=300K and 8.4% with
k=7.11W/mK at To =400 K. Since the ratio is much less than
1, the radiation heat loss is negligible for the measurement of
the first sample. Eq. (2) also shows the initial temperature Ty
is an important factor to evaluate the radiation effect. If Ty
is higher, the ratio y could be larger and the radiation heat
loss cannot be neglected. For the second sample measured
by the GET 2 technique with 10 mA probing current, a large
base current can heat up the sample by hundreds of Kelvin,

which will affect the ratio significantly. The maximum
ratio is 15.5% with k =9 W/m K at To = 800 K. This large ratio
means that the radiation effect at high initial temperatures
is noticeable and the corresponding k is overestimated in pre-
vious calculations. Thus, the real curves of «(T) and k(T)
should be lower at high temperatures from the measured
ones shown in Fig. 8a. Considering the large variety of
existing measured thermal conductivity, a ratio 10% with
k=9 W/mK at To=700K is an acceptable uncertainty. For
other materials with very low emissivity and high thermal
conductivity such as metals, the radiation heat loss should
be much lower than the above values. This analysis calls
attention to the consideration of radiation heat loss when
measuring the thermal properties of micro/nano wires at
high temperatures, especially individual CNTs due to the
extremely high aspect ratio.

4, Conclusion

In this work we report on two different techniques for mea-
suring the thermophysical properties of MWCNT bundles.
An extended technique GET 2 based on the GET 1 technique
was developed to evaluate the thermophysical properties of
wire-samples at elevated temperatures. From measurements
of two samples with different diameter and length, the results
show that the feeding current has negligible effect on the
thermophysical properties of the MWCNT bundles. The ther-
mal diffusivity o and thermal conductivity k at room temper-
ature are 6x10°m?%s and 5.8 W/mK for the first MWCNT
bundle, 4.6 x 107> m?%/s and 7.6 W/m K for the second bundle,
respectively. The obtained k is larger than the reported values
of unaligned bundles and arrays and comparable to the re-
ported data of aligned ones. Compared with the experimental
and theoretical values of individual CNTs, the two magnitude
lower k also illustrates that the thermal transport in CNT bun-
dles is dominated by the thermal contact resistance of tube-
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to-tube contacts. The effective density of the two MWCNT
bundles was measured at 116 kg/m?® and 234 kg/m>, respec-
tively. The possible reasons for the difference are the uncer-
tainty in cross-sectional area calculation for the first sample
and structure looseness induced by the peeling process. The
temperature dependence of o and k at temperatures up to
830K was studied. o decreased and k increased slightly with
temperature. Unlike the decreasing k at high temperatures
for many solid materials, the increasing k at high tempera-
tures for the MWCNT bundles indicates that the dominant
phonon scattering mechanism is boundary and point-defect
scattering instead of three-phonon Umklapp scattering. The
specific heat ¢, above room temperature was evaluated for
the first time. It is seen that the behavior of cy(T) for CNTs is
close to graphite at 300-400 K but lower than that for graphite
above 400 K, indicating a higher Debye temperature. Thus, the
phonons at very high frequencies (optical phonons) in
MWCNTs also contribute to thermal energy storage. The pres-
ence of some optical phonons also implies that the behavior
of phonons in MWCNTs is dominated by boundary and point-
defect scattering rather than the three-phonon Umklapp
scattering. The thermal contact resistance at tube-to-tube
junctions in bulk CNT samples results in significant k reduc-
tion. The mean curvature length of two adjacent tube con-
tacts in these bundles was estimated in the order of
micrometer to millimeter. The analysis of radiation heat loss
shows that it needs to be considered when studying the ther-
mal transport in micro/nano wires at high temperatures,
especially for individual CNTs due to their extremely high as-
pect ratio.
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