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A B S T R A C T   

Vertically aligned arrays of carbon nanotubes (CNTs) are attractive for a wide range of macroscopic applications 
which can exploit the remarkable properties of individual nanotubes. In this work, an abnormal behavior of CNT 
bundles in heat conduction is discovered under the transient electro-thermal characterization. The measured 
voltage change over the sample shows a dual-pace thermal response (DTR), which could not be fitted using a 
single thermal diffusivity heat transfer model. Instead, two thermal diffusivities are determined from the DTR 
phenomenon. Three rounds of cryogenic experiments are conducted to investigate the physics behind DTR 
phenomenon. It starts to emerge when the temperature is reduced to a certain level. After two rounds of cryo
genic experiments, the DTR phenomenon becomes permanent from 295 K to 10 K. The nano-scale structure 
separation induced by the increased thermal strain leads to macroscale structure separation, which results in two 
parallel heat conduction paths responsible for the DTR phenomenon. By building a new parallel heat transfer 
model taking both the transient and steady-state electrical and thermal response into consideration, the area 
ratio of separated CNTs is determined. This result uncovers the existence of coiled morphology and nano- 
structure evolution of CNTs under cryogenic state and its effect on thermal and electrical transport, especially 
on their transient behaviors. Knowledge of the thermal transport in these CNTs arrays is important considering 
the fact that transient thermal response strongly affects their mechanical, optical, and electrical behaviors.   

1. Introduction 

Vertically aligned arrays of carbon nanotubes (VACNTs) are attrac
tive for a wide range of macroscopic applications which can exploit the 
remarkable properties of individual CNTs [1]. Application of VACNTs in 
thermal interface management [2–4], thermionic and field-emission 
electron sources [5], strain and temperature sensors [6], loudspeakers 
[7,8], incandescent displays [9], energy conversion [10] and storage 
[11], etc. have been widely reported. Thermal chemical vapor deposi
tion (CVD) is a technique capable of directly producing vertically 
aligned arrays of CNTs on various substrates [12–14], which uses ther
mal energy to promote the reaction between the carbon source and the 
catalyst at high temperature by thermal decomposition. In terms of the 
theoretical limits of electrical and thermal conductivities for individual 
CNTs, alignment of CNTs is an important factor. However, in most cases, 

CNTs are not perfectly aligned in VACNTs [15], where helical and zigzag 
morphology are usually observed. Wang et al. investigated the evolution 
of straight tubes and coiled tubes during CVD process and found that the 
coiled morphologies were driven by the competing factors of collective 
growth and spatial constraints [16]. Due to their helical morphology, 
helical CNT bundles exhibit different physical properties, such as 
superelasticity, high specific strength, chirality, and electromagnetic 
cross-polarization characteristics [17], which bring them advantages in 
applications such as field emission [18], microwave absorbing [19], and 
strain sensor [20]. Knowledge of thermal transport in these micro/
nanoscale structures has become indispensable considering the tem
perature and thermal response of materials strongly affect their 
mechanical, optical, and electrical properties. 

The random alignment and curvatures of CNTs provide significant 
phonon and electron scattering sites. Furthermore, the effect of thermal 
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contact resistance is also significant in CNTs network [21–24]. As a 
result, the thermal conductivity (k) of VACNTs arrays is much lower 
than the intrinsic k of CNTs. The transient electro-thermal (TET) tech
nique [25,26], thermal bridge [27], 3ω method [28], laser-flash [29], 
and Raman method etc. [30–33] have been used for thermal charac
terization of CNTs materials. Bauer et al. measured k of vertically 
aligned CNT arrays to be only 49–79 W m−1 K−1 [34]. Other works re
ported even lower values (<25 W m−1 K−1) [35,36]. k of MWCNT films 
were reported to be about 15 W m−1 K−1 by using the photothermal 
reflectance technique.[37]. For SWCNTs mats, k was measured to be 
about 35 W m−1 K−1 according to Hone et al. [38] To study the effect of 
thermal contact resistance, T-type method [39], micro-heater/sensor 
method [40], as well as laser-flash Raman mapping method [41] have 
been used for characterizing the thermal contact resistance between 
individual carbon tubes. In addition, it should be noted that the porosity 
level and density of CNT samples also cause differences in k. The density 
of a disk-shape MWCNT fabricated by spark plasma sintering (SPS) from 
800 to 2000 ºC were from 350 to 1450 kg m−3 [42]. The apparent 
densities of randomly aligned multi-walled CNTs buck papers were 
calculated at 459 and 543 kg m−3 [30]; while for MWCNTs bundles, it 
was reported to be 116–234 kg m−3 [35]. By taking the porosity effect 
into consideration, Xie et al. reported the intrinsic k of CNT walls in 
CNTs bundles to be as high as 754 W m−1 K−1 after the thermal 
annealing treatment [26]. 

Compared with thermal conductivity, thermal diffusivity tells more 
about the CNT-CNT contact effect and curvature effect since it is less 
affected by the porosity level. Guo et al. found that the curvature 
morphology reduced the thermal diffusivity (α) of multiwalled CNT 
bundles by 10 folds by elongating the heat propagation route from first 
order estimation based on the alignment [43]. Xie et al. calculated the 
intrinsic k of CNT walls from the heat transfer path aspect, where the 3D 
ratio of the curvature length of CNTs over the straight-line length was 
estimated [26]. Deng et al. studied the thermal diffusivity and conduc
tivity of carbon nanocoils from 290 to 10 K and uncovered a correlation 
between α and the line diameter [44]. To have a better understanding of 
phonon scattering mechanisms, the temperature-dependent thermal 
reffusivity (the reciprocal of thermal diffusivity) has been proposed and 
studied[45]. It is an intrinsic property of materials which can be used to 
directly characterize the phonon transfer resistivity. It was found that as 
temperature goes down, the thermal reffusivity of normal carbon ma
terials including graphite, graphene foam, and carbon nanocoils 
decreased and finally reached a residual value at the 0 K limit, whose 
value was dependent on the structural domain size of materials 
[45–48]. However, for composite materials such as the VACNTs arrays, 
where large amount of inter-tube contacts exist, the behavior of the 
phonon scattering can be more complex. In addition, due to the exis
tence of both straight and coiled morphologies of CNTs, the interplay of 
the two morphologies is expected to be responsible for macroscopic 
thermal and electrical behaviors [49,50]. 

In this work, an abnormal thermal behavior of CNT bundles in heat 
conduction is discovered by using the TET technique. Upon step DC 
current heating, the sample experiences a first fast resistance decay and 
then a slow one, meaning dual-pace thermal response (DTR). Contrast to 
normal sample’s exponential variation with a single time constant, DTR 
cannot be simply interpreted by normal transient heat conduction. This 
phenomenon is impossible to observe in other heat conduction studies, 
especially studies using the steady state method. To uncover the physics 
of DTR, three rounds of cryogenic experiments are conducted to inves
tigate the thermal diffusivity, thermal conductivity, and specific heat 
from 295 K to 10 K. The unique structure of the CNT bundles constitutes 
parallel distinct thermal transport paths which result in DTR. A new 
parallel heat transfer model is developed to interpret the observed DTR 
phenomenon by taking both the transient and steady state electrical and 
thermal response into consideration based on the micro-structure evo
lution of VACNT arrays. 

2. Material synthesis and structure characterization 

The VACNTs is grown by chemical vapor deposition (CVD) on a Si 
100 wafer using a two-layer metal catalyst film consisting of 10 nm of Al 
and 1 nm of Fe. The experimental details can be found in the literature 
[51]. Briefly, the catalyst film is deposited on a Si wafer using electron 
beam evaporation through a shadow mask with periodic holes of 200 µm 
diameter. Acetylene is used as the carbon source gas, which is flowed 
concurrently with ferrocene sublimated from a thermal source in the 
CVD process. After that, a vertically aligned array sample of 4.5 mm 
thickness is obtained. The resulting CNTs are aligned vertically and 
formed into bundles by Van der Waals forces, where continuous CNT 
bundles can be easily drawn from the VACNTs. MWCNT bundles with a 
diameter of about 200 µm are then harvested from the array for the 
subsequent thermal transport study. 

The micro-structure of the as-prepared CNT bundles is observed 
under scanning electron microscope (SEM). As shown in Fig. 1a, a good 
alignment along the axial direction under low magnification can be 
observed. However, the coexistence of two morphologies of CNTs, one 
being relatively straight whereas the other taking regularly coiled 
morphology, is also evident under higher magnifications (Fig. 1b). These 
morphologies are resulted from the competing effects of collective 
growth and spatial constraints during the CVD process [16]. Fig. 1c is a 
transmission electron microscopy (TEM) image of a MWCNT in the 
bundle, which 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. X-ray diffraction (XRD) was performed to study the 
crystallite structure of the CNT bundles. As presented in Fig. 1d, three 
peaks are observed in the XRD profile. 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 0.335 nm for pure graphite. This result indicates 
that the inter-wall impurities are rare. The other two small diffraction 
peaks at 42.8◦ and 53.4◦ correspond to the (100) and (004) reflections. 

In order to investigate the orientation distribution of CNTs inside the 
bundle, a polarized Raman experiment is performed. Fig. 1e shows one 
of the Raman spectrum of the CNTs bundles. Fig. 1f shows the CNT 
bundle and polarization direction of the continuous wave (CW) laser. 
Here, θL is the polarization angle, and αL represents the orientation of 
each nanotube inside the bundle. It has been proved that the light 
polarization-dependent absorption of CNT is proportional to cos2(θL −

αL) [52], which shows that the light absorption by a nanotube reaches 
maximum when it is parallel to the light polarization direction. Knowing 
that Raman intensity is higher when the light absorption is higher, using 
the light absorption relationship with polarization and individual 
nanotube’s orientation, the orientation distribution function g(αL) of 
CNTs inside the bundle affects the polarized Raman intensity as 

f (θL) =

∫ 360◦

0◦
g(αL)cos2(

θL − αL
)
dαL, (1)  

where f(θL) is directly proportional to the Raman intensity at angle θL. 
Function g(αL) represents the probability of finding nanotubes at 
different direction αL with respect to the bundle’s axial direction. Here, 
using the polarized Raman experiment, we can find the polarized Raman 
intensity of G peak of CNT bundle against θL. 

Fig. 1g shows the polar contour of Raman spectra of CNT bundle in 
the range of 1400–1750 cm−1 under 532 nm CW laser irradiation. The 
Raman intensity of G peak against θL is indicated in the figure. The 
Raman intensity of the G peak is maximum near 0◦ and 180◦. The in
tensity of G peak is normalized by the Raman intensity of G peak of high 
purity graphene paper to discard the effects of beam splitter and other 
optical components of the Raman system [53]. The normalized Raman 
intensity of the G peak is fitted by Eq. (1) to find the orientation dis
tribution g(αL) of CNTs. The fitted g(αL) function is plotted in Fig. 1h. As 
shown in this figure, the probability of finding CNTs aligned with the 
bundle’s axial direction reaches the maximum at 0◦ and 180◦. This value 
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is two times higher than the minimum probability, which happens at 90◦

and 270◦. This sine-wave-like alignment distribution shows that 
although the majority of the nanotubes are aligned along the bundle’s 
axial direction, a significant amount of them are also aligned in other 
directions. 

3. DTR phenomenon discovered in TET characterization 

3.1. Physics of TET characterization 

The DTR phenomenon is discovered during the thermal diffusivity 
(α) measurement of CNT bundles by using the transient electrothermal 
(TET) technique (Fig. 2a). The TET technique features strong signal level 
and fast measurement, and can be applied to metallic, semi-conductive 
and nonconductive materials [47,54–57]. The measurement accuracy of 
this technique has been extensively examined by characterizing known 
materials, including both metallic and dielectric materials with 

measurement uncertainty better than ±10% [47,54–57]. In the experi
ment, the sample is suspended between two gold coated silicon elec
trodes on a glass wafer and connected by using a small amount of silver 
paste. Fig. 2b shows a microscopy image of the suspended CNT bundle 
sample. The sample is then placed in a vacuum chamber, where the 
vacuum level is maintained below 0.5 mTorr. Due to the low air pressure 
in the chamber, the heat convection by air can be neglected. 

Fig. 2a shows the schematic of the experimental set-up. During TET 
measurement, a small step current is fed through the sample by a current 
source to induce fast joule heating, which leads to a fast temperature 
rise. The corresponding voltage-time profiles (V-t) are collected by using 
an oscilloscope. In general, the higher α of the sample, the faster tem
perature evolution and shorter time to reach the steady state. The 
transient temperature change can be used to determine α of the to-be- 
measured sample. During this transient process, the heat transfer in 
the sample can be treated one-dimensional with sound accuracy. The 
governing equation is expressed as [54,58]. 

Fig. 1. (a)-(b) SEM images of the CNT bundles under different magnifications. (c) The TEM image of CNT in the bundle. (d) The XRD spectrum. (e) One of the Raman 
spectrum of CNT bundles. (f) The schematic of the polarized Raman experiment. (g) The polar contour of Raman signals against θL in the range of 1400–1750 cm−1 

under 532 nm CW laser irradiation. (h) The normalized function g(αL) against the orientation angle. 
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1
α

∂θ(x, t)
∂t

=
∂2θ(x, t)

∂x2 +
I2R

kLAc
+

Qrad

kLAc
. (2) 

In this equation, θ = T –T0 is the temperature rise of the sample (T: 
temperature, T0: initial temperature), α is the thermal diffusivity, t is 
time, L and Ac are the suspended length and the cross-sectional area of 
the sample, respectively, I is the current passing through the sample, R 
the resistance of the sample, and Qrad the heat transfer rate of radiation 
from the sample surface. The solution to the partial differential equation 
can be obtained by integral of Green’s function, which is: 

GXII

(

x, t

/

x′, τ
)

=
2
L

∑∞

m=1
exp

[
− m2π2α

(
t − τ

)/
L2]

× sin

(

mπ x
L

)

sin

(

mπ x′

L

)

(3) 

The temperature distribution along the sample is expressed as T(x,t)
= T0 + α/k⋅

∫ t
τ=0

∫ L
x′=0 q0GXIIdx′dτ, where α, cp, and k are the density, 

specific heat, and thermal conductivity of the sample, respectively [54, 
58]. The steady-state heat transfer governing equation is: k∂2T/∂x2 + q0 

= 0. Here, k is the thermal conductivity and q0 is the joule heating rate 
per unit volume. The temperature distribution along the sample can be 
expressed as T(x) = T0 − q0(x2 − xL)/(2k), where x is the position along 
the axial direction and L is the sample length. The temperature is the 
maximum at the center point, while stays at room temperature T0 at the 
two electrodes. 

The normalized temperature rise for the transient state, which is 
defined as T∗ = [T(t) − T0]/[T(t→∞) − T0], can be derived as [54]: 

T∗ ≅
48
π4

∑∞

m=1

1 − ( − 1)
m

m2

1 − exp
[

− m2π2αmt
/

L2
]

m2 . (4) 

Note this normalized temperature rise can also be simplified as T∗ =

1 − 0.99e−9.911×αmt/L2 [59]. The small current used for the TET mea
surement (around 50 mA) induces only a small temperature rise, within 
which the temperature coefficient of resistance can be assumed con
stant. Thus, T∗ can be obtained by the normalized V-t curve. Fig. 2c 
shows a typical V-t curve of the CNT bundle sample obtained at 295 K in 
the first round of cryogenic experiment, where the signal can be divided 
into two parts: the transient state and the steady state. This is a normal 
TET signal for materials with negative temperature coefficient of resis
tance. Upon the step current heating, the V-t curve presents a fast 
decreasing behavior due to the joule heating. Then the temperature 
reaches a steady state, resulting from the energy balance of joule heat
ing, heat conduction and thermal radiation. The normal V-t curve can be 
very well fitted by using the least square fitting (LSF) method based on 
Eq. (4) [54] as shown in Fig. 2c. The trial α value which gives the best fit 
of the experiment data is taken as the sample’s α. 

In the experiment, we used silver paste to connect the sample with 
gold-coated silicon electrodes. The particle size of the silver paste is 
much smaller than that of the bundle, which makes the electrical and 
thermal contact resistance negligible. In our previous work, the thermal 
diffusivity of silver paste connected samples with high electrical and 
thermal conductivity (electrical resistance less than 2 Ω and thermal 
conductivity of hundreds of W m−1 K−1) have been measured by using 
the TET technique, including platinum wires and high purity graphene 
films. Sound agreement was obtained between the measured thermal 
diffusivity and reference values, which indicated that the thermal con
tact resistance is negligible [54]. In addition, for the high purity gra
phene film samples, it was found that the connection by silver paste 
results in only less than 0.2 Ω contact resistance [59]. The contacting 
method for our CNT bundles is similar to that for the high purity gra
phene film. Moreover, the thermal contact resistivity between a high-Tc 
superconductor and a copper block connected by silver paste is quite 
stable at around 102 mm2 K/W above 40 K [60]. If the contacting area 
between the sample and silver paste is 0.2 mm × 0.5 mm × 4, the 

Fig. 2. (a) Schematic of the experimental set-up of TET characterization. (b) The suspended CNT bundle sample under optical microscope. (c) A typical V-t curve 
from the TET measurement of the sample at 295 K in the first round of cryogenic experiment. It can be fitted by LSF based on the single-α model in Eq. (4) with sound 
accuracy. (d) One of the V-t curve where the DTR phenomenon emerges. It cannot be fitted by LSF based on the single-α model in Eq. (4) for the entire curve. (e) A 
schematic of the macroscopic CNT morphologies where some of the initially straight CNTs develop coiled morphologies due to the competing factors of collective 
growth and spatial constraints [16]. (f) A schematic showing the parallel heat transfer model in the VACNTs arrays. 
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thermal contact resistance at two ends of the sample can be estimated as 
250 K/W. For comparison, the thermal resistance of the CNT bundle 
sample is calculated to be about 9.37 × 103 K/W at RT. Thus, the 
thermal contact resistance takes less than 2.7% of the thermal resistance 
of the sample if calculated from Fujishiro et al.’s experimental report. 

In our TET measurement, the thermal radiation effect is always 
evaluated with great care to ensure validity of the measurement data. 
The thermal radiation effect with the surrounding environment con
tributes insignificantly in the determined thermal diffusivity/ conduc
tivity (calculated to be less than 2%). The measured thermal diffusivity 
and conductivity consists of two parts, which includes the real thermal 
diffusivity/conductivity and the thermal radiation with surrounding 
environment as: km = kreal + 16εrσT0

3l2/(π2D) [47,61]. In TET mea
surement, since the temperature increase is quite small (ΔT≪T) and the 
sample’s aspect ratio is very large, the radiation effect contributes 
insignificantly in the determined thermal diffusivity/conductivity 
(calculated to be less than 2%). Therefore, the error from the thermal 
radiation with environment is insignificant on the final result. In addi
tion, for the thermal radiation between the carbon nanotubes, the effect 
is even smaller. The reason is the very small temperature difference 
between the carbon nanotubes. Thus, the effect of thermal radiation 
between the carbon nanotubes is negligible. 

3.2. Discovery of DTR phenomenon and temperature’s effect 

The DTR phenomenon is first discovered during the cryogenic TET 
characterization and it only emerges at certain temperatures. To study 
the thermal properties of CNT bundles at cryogenic temperatures, the 
sample is put on a cold head in a vacuum chamber (Janis, closed cycle 
refrigerator system) where the temperature is controlled to vary from 
295 K to 10 K. As shown in Fig. 2a, the electrode base with the sample is 
placed on the cold finger of the system. The cold finger is covered by a 
radiation shield to block the thermal radiation from environment. A 
heater and thermometer are installed on the cold finger to precisely 
control the sample temperature through a temperature controller. The 
temperature points and the cooling/heating rate are set as the same for 
the three rounds of experiments. The TET experiments are conducted 
after the temperature of the cold finger reaches the desired temperature. 
During the TET characterization, the temperature of the cold finger is 
controlled to be constant. 

The TET characterization is conducted every 5–30 K. As temperature 
goes down to 35 K, we observe a DTR phenomenon. Fig. 2d shows one of 
the DTR signals. It can be seen that the V- t curve shows a fast decreasing 
pattern just like that in Fig. 2c at the beginning. However, there is an 
extra slower-decreasing part emerging after the fast-decreasing part. As 
shown in the figure, this abnormal DTR V- t curves cannot be fitted by 
the LSF based on the model described by Eq. (4), which indicates that the 
heat transfer process in these situations are more complex than the 
model presented in Eq. (4). As will be discussed later, these abnormal 
processes have nothing to do with electrical inductance or capacitance 
effect as their magnitude is proportional to the joule heating power, not 
the electrical current level. 

As illustrated in the structure characterization section, two distinctly 
different CNT morphologies developed in the CNTs arrays. One 
morphology is relatively straight tubes, while the other is coiled tubes. 
Fig. 2e shows a schematic of the root growth mechanism illustrating that 
some of the initially straight CNTs develop into coiled morphologies in 
latter stages of growth during CVD process. Based on the structure 
characteristics and the observed TET signals, we speculate that the 
observed DTR phenomenon is resulted from two parallel routes of heat 
conduction in the CNT bundles where the straight and coiled CNTs 
constitute two parallel heat transport paths for phonons. As illustrated in 
Fig. 2f, when heat is conducted from the middle point of the sample to 
the end, two parallel heat paths are available. α1 and α2 correspond to 
the thermal diffusivity of the straight tubes and the coiled tubes, 
respectively. R1 and R2 are the corresponding electrical resistance of the 

two structures, respectively. As shown in Eq. (4), for the one- 
dimensional heat transfer model, the speed of the temperature rise is 
dependent on the thermal diffusivity α and the suspended length l as 
α/l2. The real heat transfer length of the straight CNTs is shorter than 
that of the coiled CNTs. Therefore, since the thermal diffusivity of the 
CNTs can be assumed the same, the straight CNTs show a faster but 
lower temperature rise; while the coiled ones show a slower but higher 
temperature rise. Below we show how to use this two-pace parallel heat 
conduction model to fit the experimental data. 

In our first round cryogenic experiment, it is discovered that the DTR 
phenomenon starts to emerge when the temperature is reduced to a 
certain level. To illustrate this, the normalized temperature rise profiles 
obtained by the normalized voltage curve as 
T∗ = [V(t) −V0]/[V(t→∞) −V0] at selected temperatures are presented in  
Fig. 3a with offset for comparison. The T*-t profiles present a normal 
single-stage temperature increasing pattern at the temperature range of 
295–55 K. When the temperature is lowered down to 35 K, they begin to 
show a DTR pattern: a fast-increasing stage and a slow-increasing stage. 
The slow-increasing pattern continues to develop in TET when the 
temperature is further lowered down to 10 K. This DTR pattern cannot 
be fitted using the TET model as presented in Eq. (4). Instead, a dual-α 
physical model can be used to fit the DTR data [59]: 

T∗ = Ae−9.911×α1 t/L2
+ Ce−9.911×α2 t/L2

+ B. (5) 

In this model, α1 and α2 are two different thermal diffusivities cor
responding to two simultaneous heat conduction in CNT bundles. The 
dual-α model assumes two simultaneous thermal transport processes in 
CNT bundles and considers them independent of each other. As shown in 
Fig. 3a, the model fits the DTR T*-t curves with excellent accuracy. 

To study if the DTR phenomenon induced by low temperature is 
reversible or not, the same sample is measured for three rounds. For the 
three rounds of cryogenic experiments, the sample is kept inside the 
vacuum chamber all the time to avoid the influence of environment 
change. In each round of the cryogenic experiment, the temperature of 
the cold head is lowered down from 295 K to 10 K and then slowly 
returned to 295 K. The normalized T*-t data for the second and third 
round at selected temperatures are shown in Fig. 3b and c, respectively. 
It is found that the temperature of DTR emergence is different for the 
three rounds. For the first round, the DTR phenomenon emerges at 35 K. 
For the second round, the DTR phenomenon starts at 55 K and exists at 
lower temperatures. For the third round, the DTR phenomenon is 
observed in the whole temperature range of 295–10 K. The physics for 
the development of the parallel heat transport path under low temper
atures will be investigated in the following sections. 

4. DTR heat conduction by structure separation 

4.1. Dual-mode thermal diffusivity and structure separation 

As shown in Fig. 3, the dual-α model fits the V-t curves for the DTR 
phenomenon in the three round of cryogenic experiment excellently. 
From this parallel dual-α heat conduction model, two different thermal 
diffusivity values are determined and denoted correspondingly in Fig. 3. 
The higher thermal diffusivity is denoted as α1, and the lower one is 
denoted as α2. The α1 and α2 results are summarized in Fig. 4a. For the 
first round, α2 first emerges at 35 K; while for the second round, α2 
appears at 55 K and continues to exist when the temperature is reduced 
to 10 K. For the third round, α1 and α2 are both observed in the whole 
temperature range of 295–10 K. At 295 K, α1 (3.72–4.19 × 10−5 m2 s−1) 
is 3–4 times higher than that of α2 (9.91 × 10−6 m2 s−1). This indicates 
that for the observed two thermal transport processes illustrated in 
Fig. 2f, one transfers heat much faster than the other one. 

For the one-dimensional heat transfer model expressed in Eq. (4), if 
an effective sample length (Le) instead of the real heat conduction length 
(Lr) is used in data fitting, the determined effective α is proportional to 
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L2
e /L2

r . The coil-shaped CNTs have a much longer real heat transfer path 
than the straight CNTs. Therefore, if we evaluate the heat transfer at the 
sample length scale (effective length), the effective α of straight CNTs 
will be much higher than that of coiled CNTs. After evaluating several 
heat transfer paths under SEM, the average ratios of the actual heat 
transfer route of the coiled CNTs over the axial-direction distance in the 
sample is estimated to be 1.24. Taking the radial symmetry property of 

the coiled CNTs into consideration, since 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
L2

x + L2
y

√
= 1.24, the 3D ratio 

of the curvatural length of the coiled CNTs over the straight line length 

can be determined as 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
L2

x + L2
y + L2

z

√
= 1.52. Thus, the relationship 

between the effective thermal diffusivity of the straight CNTs and the 
coiled CNTs can be calculated as α1 = 1.522 × α2 = 2.31α2. 

Yue et al. reported the thermal property of CNT fibers measured 
under different elongation ratios and temperatures. They observed a k 
enhancement of 28% at all temperatures with applied mechanical 
stretching less than 5% in the axial direction. The value of electrical 
conductivity showed about 4.4% increase with the elongation [62]. In 
the randomly oriented sample, the real heat conduction length should be 
much longer than that in the aligned sample. Thus, if an aligned sample 
is measured, the thermal diffusivity will be higher than that of the 
randomly oriented one. In addition, the faster growth speed and higher 
density of catalyst particles bring in higher density of defects and/or 

impurities in the coiled CNTs inevitably, which could also contribute to 
a lower intrinsic α of coiled CNTs. This will make the estimated α1/α2 
ratio even higher than 2.31, closer to the ratio of 3–4 observed in 
experiments. 

As temperature goes down, α1 shows a slowly increasing pattern 
from 3.72–4.19 × 10−5 m2 s−1 to 2.94–8.55 × 10−5 m2 s−1, while α2 
slowly decreases from 9.91 × 10−6 m2 s−1 to about 3.70 × 10−6 m2 s−1. 
For an individual CNT, α should increase with the decreased tempera
ture according to the thermal reffusivity theory.[45,46] Phonons are the 
main heat carriers in CNT-based materials. During phonon propagation, 
phonons encounter scattering from not only other phonons (Umklapp 
scattering), but also structural defects. To participate in the Umklapp 
process, the energy of phonons needs to be in the order of kBθ/2, in 
which kB is Boltzmann constant, and θ is the Debye temperature [63]. At 
high temperatures where most phonons are excited, the Umklapp scat
tering dominates the phonon scattering process. As temperature goes 
down, the lattice elastic vibration weakens and phonon population de
creases. The Umklapp scattering intensity is reduced correspondently, 
which results in the increased thermal diffusivity[44–46]. While α1 
shows a slowly increasing pattern which agrees well with that of the 
thermal reffusivity theory, α2 slowly decreases as temperature goes 
down from room temperature (RT) to 10 K. This completely reversed 
trend of α2 –T indicates a dominating effect of phonon scattering at in
terfaces among neighboring CNTs [64]. The CNT-CNT contact in α2 is 

Fig. 3. The normalized temperature rise against time curve with offset during TET characterization for the first round (a), the second round (b), and the third round 
(c) of cryogenic experiment. 
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worsened greatly by the reduced temperature, which even offsets the 
significantly increasing intrinsic α pattern with the reduced tempera
ture. Thus, the α–T curve demonstrates that the dominating mechanism 
for α1-T variation is the Umklapp scattering, while for α2 is the interfaces 
phonon scattering. This indicates that in the coiled CNTs, the interface 
phonon scattering effect is more significant than that in the straight 
ones. 

Fig. 4b shows the measured electrical resistance of the sample for the 
three rounds of experiments. The R0-T curves for the three rounds of 
experiments present a very similar linearly increasing pattern as tem
perature goes down. However, the increasing rate dR/dT becomes a little 
higher from the first round to the third round of cryogenic experiment. A 
linear fitting can be used to fit the R0-T curves for the three rounds of 
experiments. The fitting result is R0 = 12.35–0.0081T for the first round, 
R0 = 12.28–0.0096T for the second round, and R0 = 12.58–0.010T for 
the third round of experiment. The slope of the R0-T curves (dR0/dT) 
increases as the cryogenic experiment cycles increase, which indicates 
R0 becomes more sensitive to temperature change as the cryogenic 
experiment cycles increase. Also these R-T relations show that there is no 
abrupt dR/dT change when T changes. This helps exclude any dR/dT 
factors in the observed DTR phenomenon. 

We speculate that there is a nano-scale structure separation between 
the relatively straight CNTs and the coiled CNTs in the CNT arrays as 
temperature goes down, which is responsible for the DTR phenomenon. 
As shown in Fig. 4c, the two CNTs of coiled and relatively straight 
morphology are in good contact by Van der Waals (vdW) force at RT 
before the cryogenic experiment. As temperature goes down, the nega
tive thermal expansion coefficient of CNTs results in the thermal 
expansion in the length direction. Due to the coiled morphology, the 
expansion of the coiled CNTs is expected to be much smaller than that of 
the straight ones in the axial direction. Thus, as the thermal strain is built 
up by the decreased temperature, a thermal expansion mismatch occurs 
between the two different CNTs, leading to a structure separation at low 

temperatures (35 K for the first round of cryogenic experiment). 
In our previous work, we have observed the thermal strain and nano- 

structure separation generated by temperature variation. By using 
Raman-based dual thermal probing, the interface spacing change of 
graphene/Si and graphene/SiO2 interfaces due to the structure separa
tion was evaluated quantitatively on the basis of corrugation-induced 
Raman enhancement [65]. In addition, when we studied CVD gra
phene supported on PMMA, we found that part or most of the graphene 
separated from PMMA when the temperature was reduced to around 
150 K [56]. The thermal strain and the structure separation caused by 
the thermal expansion coefficient (TEC) mismatch between graphene 
and the substrates, affecting the physical properties of graphene at 
cryogenic or elevated temperatures, have also been reported in other 
literatures [66,67]. It is true that there are CNTs with defects in the 
bundles. However, it is not likely for the bundle with high-quality and 
low-quality of CNTs to show the same phenomenon. The reason is that in 
the bundles, the low quality CNTs are in contact with the high quality 
CNTs. When a joule heating is applied, they are in thermal equilibrium. 
As a result, the thermal response will show an average effect where only 
single-pace thermal response can be observed. 

For the first round of cryogenic experiment, the structure separation 
is found to be reversible as temperature is increased up. This is why the 
V-t curves of the second round of experiment are consistent with that of 
the first round in the temperature range of 295–75 K. However, the DTR 
phenomenon begins to appear at 55 K in the second round of cryogenic 
experiment. This indicates the structure separation becomes easier after 
the first round of cryogenic experiment. In the third round of cryogenic 
experiment, the DTR phenomena are observed for the whole tempera
ture range from 295 K to 10 K. This illustrates that the structure sepa
ration becomes irreversible after the second round of cryogenic 
experiment. Such structure separation could also happen among CNTs in 
contact in the axial direction, leading to reduction of the overall thermal 
conductivity [confirmed in Fig. 5c]. As reported in the literature, dR/dT 

Fig. 4. (a) The measured thermal diffusivity. (b) The electrical resistance of the CNTs bundles. (c) The schematic showing the structure separation process of the two 
CNTs of different morphologies as temperature goes down. 
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of annealed CNTs fibers and isotropic films, as well as acid-doped and 
iodine-doped fibers showed an evident change at low temperatures [68]. 
However, the R-T relations for our CNT bundles show that there is no 
abrupt dR/dT change when T changes. The structure separation leaves 
very little effect on the electrical resistance, probably due to the electron 
tunneling effect at the CNT-CNT contact points. Quantitative informa
tion about the thermal strain and nano-structure separation generated 
by temperature increase requires more future investigations. Due to the 
complexity of the CNT bundle structure, the experiment is extremely 
challenging and will need very delicate design. 

4.2. Reduced CNT-CNT contact 

The dual-pace thermal response starts to emerge when the temper
ature of the cold finger is reduced to a certain level. We can control the 
temperature rise of the sample by adjusting the amplitude of the applied 
step current. In the TET experiments, we use step currents as small as 
possible in order to induce a very small joule heating. The temperature 
rise during the TET characterization is very small, only a few degrees 
(ΔT≪T). However, when larger step currents are applied, the dual-pace 
thermal response can still be observed. To confirm the collected V-t 
signals of DTR in TET characterization are from the joule heating effect, 
we study the dV-I3 curves at 10 K as an example. For one-dimensional 
heat transfer along the CNT bundle, the temperature rise in steady 
state can be derived as ΔT = I2RL/12kAc, where I2R is the joule heating 
power induced by the step current at steady state, L the suspended 
length of the sample, and Ac the sample’s cross-sectional area [64,69, 
70]. It can be seen clearly from this equation that the temperature rise of 
the sample induced by the joule heating effect is proportional to the 
supplied current as: ΔT∝ I2. In a small temperature range, the change of 
electrical resistance ΔR can be considered proportional to ΔT. There
fore, if the voltage change in the TET signals is induced by the small 

joule heating effect, the resulting voltage change [dV = V(t→∞) − V0] 
should be linearly related to I3 as dV∝I3. 

As shown in Fig. 5a, the absolute value of dV at 10 K in the third 
round of experiment shows a good linear relationship with I3, which 
clearly confirms the joule heating effect. Furthermore, for the dual-α 
physics model in Eq. (5), the coefficient A and C are proportional to the 
voltage change induced by the two different thermal diffusivities α1 and 
α2 respectively. The corresponding absolute values of A and C resulted 
from the four different step currents are also presented in Fig. 5a. It can 
be seen clearly that both |A| and |C| also show a good linear relationship 
with I3. These results firmly demonstrate that the observed DTR signals 
in the TET experiment are resulted from joule heating. There must be 
two heat transfer channels responsible for the observed dual-paced 
thermal response. 

To understand the corresponding micro-structure evolution govern
ing this DTR process, the dV/I3 against temperature curves are calcu
lated. As presented in Fig. 5b, dV/I3 increases as temperature goes down. 
For the first round of cryogenic experiment, dV/I3 slowly increases from 
70.36 V mA−3 at 295 K to 569.51 V mA−3 at 10 K, which is 8-fold in
crease. For the second round of cryogenic experiment, dV/I3 shows a 
faster increase from 70.36 V mA−3 at 295 K to 1572.19 V mA−3 at 10 K, 
which is 22-fold increase. For the third round of experiment, dV/I3 in
creases sharply from 116.67 V mA−3 at 295 K to 7630.54 V mA−3 at 
10 K, which is 65-fold increase. The overall voltage change is 
dV = I⋅ΔR = I⋅ΔT⋅dR/dT. At steady state, we have ΔT = I2RL/(12Ac⋅k). 
Therefore, dV/I3 = RLdR/dT/(12Ac⋅k), where Ac is the cross-sectional 
area of the sample. As shown in Fig. 4b, R and dR/dT change little 
from round 1 to round 3. Therefore the changes of dV/I3 from round 1 to 
round 3 mostly are induced by the change of thermal conductivity k. The 
joule heating during TET characterization can reverse some of the 
structure separation while the number of contacts that can be recovered 
is limited. This explains the significantly increased dV/I3 uncovered in 

Fig. 5. (a) |dV|, |A|, and |C| against I3 at 10 K in the third round of experiment. (b) dV/I3 against temperature illustrating the reduced CNT-CNT contact. (c) The 
measured apparent thermal conductivity. (d) The volumetric specific heat of the CNTs bundles from the first round of experiment. 
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the experiments. 
The apparent thermal conductivity (km) is characterized by using the 

steady-state electro-thermal (SET) technique [64,69,70]. The experi
mental set-up is same as that of the TET technique. In this method, k at 
each temperature is obtained by: km = I2RL(dR/dT)/12AcΔR. In the 
equation, km is the apparent thermal conductivity, I the DC current 
flowing through the sample, R the resistance of the sample at steady 
state, dR/dT is obtained by differentiating the R0-T curve, and ΔR the 
resistance change induced by the joule heating. The resulting thermal 
radiation effect is calculated and found to take less than 2% of km. 
Therefore, the error from the thermal radiation effect is insignificant on 
the final result. The measurement uncertainty of SET is estimated to be 
about ±10%. For clarity of comparison, the error bars are omitted in the 
figure. 

Fig. 5c shows the result of km for the three rounds of cryogenic ex
periments. In the first round, km undergoes a decreasing pattern from 
9.14 W m−1 K−1 to 0.32 W m−1 K−1 as temperature goes down from 
295 K to 10 K, which shows a quartic relation with temperature. In the 
second round of cryogenic experiment, the measured km presents a good 
consistency with that of the first round in the temperature range of 
295–75 K. However, as temperature is further lowered down to 55 K, k 
begins to drop fast and significantly deviates from km of the first round, 
which decreases from 1.90 W m−1 K−1 at 75 K to 0.03 W m−1 K−1 at 
10 K. For the third round of experiment, k decreases from 5.32 W m−1 

K−1 to 0.13 W m−1 K−1, following a quartic relation with temperature, 
which is a very similar decreasing pattern as that of the first round. 
Nevertheless, the value of km is 1.72–2.55 times lower than that of the 
first round in the whole temperature range of 295–10 K. This indicates 
the micro-structure of the CNT array undergoes an irreversible change 
after the second round of cryogenic experiment. 

The volumetric specific heat (ρcp) against temperature profile is 
obtained using the measured thermal diffusivity α1 and measured 
thermal conductivity km in the first round of experiment as ρcp = km/αm. 
Fig. 5d shows the resulting volumetric specific heat. ρcp decreases lin
early with the trend similar to that of graphite. As temperature goes to 
zero, the specific heat goes to zero. Since α1 is dominated by the intrinsic 
thermal properties of the CNTs as illustrated in the thermal diffusivity 
discussion above, this result demonstrates the good accuracy of the km 
and αm result. Based on the measured volumetric specific heat of the 
bundle and the specific heat of graphite at 295 K (cp = 710 J kg−1 K−1), 
[71] the density of the bundle is estimated to be 316.9 kg m−3. The 
porosity can be obtained as φ = (1-ρbundle/ρgraphite) × 100%, where 
ρbundle and ρgraphite are the density of the bundle and graphite 
(2230 kg m−3). The porosity is determined to be 85.8%. 

4.3. The parallel heat transfer model 

In this section, the proportion of the straight CNTs and coiled CNTs 
under different temperatures will be investigated to have a closer look at 
the structure evolution. For the two parallel resistances R1 and R2 as 
shown in Fig. 2f, we have: 

ΔR =
ΔR1R2

2

(R1 + R2)
2 +

ΔR2R2
1

(R1 + R2)
2. (6) 

If the temperature coefficient of resistance for the two parallel re
sistances is assume to be β1 and β2, respectively, the overall temperature 
coefficient of resistance (dR/dT) can be derived as: 

dR
dT

=
β1R2

2

(R1 + R2)
2 +

β2R2
1

(R1 + R2)
2. (7) 

Thus, the overall temperature change (ΔT) due to joule heating, 
which is obtained as ΔT = ΔR/ (dR/dT), can be derived by combining 
Eqs. (6) and (7) as: 

ΔT =
ΔR1R2

2 + ΔR2R2
1

β1R2
2 + β2R2

1
. (8) 

Since for the two resistance, ΔR1 = ΔT1⋅β1 and ΔR2 = ΔT2⋅β2, we 
have: 

ΔT =
β1R2

2ΔT1 + β2R2
1ΔT2

β1R2
2 + β2R2

1
. (9) 

For each heat transfer path, its temperature rise is ΔT =

V2L/(12RAck). Here L and Ac are the real heat transfer length and cross- 
sectional area, respectively. If we assume the two structures have the 
same intrinsic thermal conductivity and electrical resistivity, and their 
only difference is the morphology, then we have ΔT1 = ΔT2. Such 
assumption is physically reasonable since the two structures follow the 
same growth mechanisms. This conclusion also tells that during the 
dual-path heat conduction, there is no heat exchange between the two 
structures. Then it can be seen clearly that the overall temperature rise is 
equal to that of the two parallel resistances, ΔT = ΔT1 = ΔT2. 

During the TET characterization, dV is related to I as dV = I⋅ΔR. 
Combined with Eq. (6), we have: 

ΔV =
I0ΔR1R2

2

(R1 + R2)
2 +

I0ΔR2R2
1

(R1 + R2)
2. (10) 

Since ΔR1 = ΔT⋅β1 and ΔR2 = ΔT⋅β2, and it has been demonstrated 
above that the overall temperature rise is equal to that of the two par
allel resistances, ΔT = ΔT1 = ΔT2, the voltage change can be derived as: 

ΔV = I0ΔT
β1R2

2

(R1 + R2)
2 + I0ΔT

β2R2
1

(R1 + R2)
2. (11) 

Combining the dual-α thermal transport model in Eq. (5), for the two 
different morphologies of CNTs, we have A∝I0ΔTβ1R2

2/(R1 + R2)
2 and 

C∝I0ΔTβ2R2
1/(R1 + R2)

2. Therefore, the ratio A/C can be expressed as A/

C = (β1/β2)⋅(R2
2/R2

1). As shown in Fig. 6a, A/C is less than 1 in the 
temperature range of 55–295 K, while it increases to more than 2 at 
temperatures below 15 K. This result indicates that although R2 is larger 
than R1, the increasing rate of R2 is faster than that of R1, which makes β2 
much higher than β1 at relatively high temperatures. This is because 
structure 2 has fewer CNT-CNT contacts than structure 1. The much 
higher β2 results in the ratio of A/C less than 1. While at very low 
temperatures (below 55 K), since the value of R2 increases to very high 
value, the term (R2

2/R2
1) becomes dominating in A/C, which makes A/C 

increases to a value higher than 2. 
If we assume that the total cross-sectional area of the CNTs bundle is 

Ac, the proportion that structure 1 (relatively straight CNTs) takes is A∗
1, 

and the proportion that structure 2 (coiled CNTs) takes is A∗
2, then the 

real cross-sectional area of structure 1 and structure 2 is A1 = Ac⋅A∗
1 and 

A2 = Ac⋅A∗
2, respectively. Note Ac for the total CNT bundle includes the 

effect of open space among CNTs. A1 and A2 for the relatively straight 
and coiled CNTs are only for the area of the solid part. Also we assume 
the real heat transfer path of structure 1 and structure 2 is L1 and L2, 
respectively. For the one-dimensional heat transfer model in steady 
state, the apparent thermal conductivity can be derived as keff = (V2/R)⋅ 
L/(12ΔTAc), where V2/R is the joule heating power induced by the step 
current, L is the suspended length of the sample [64,69]. Combined with 
the parallel resistance model, by simple mathematical derivation, keff 
can be expressed as: 

keff =
V2L1

12A1ΔT⋅R1
⋅
A1

Ac
⋅
L
L1

+
V2L2

12A2ΔTR2
⋅
A2

Ac
⋅
L
L2

. (12) 

In addition, from Eq. (4), it can be seen clearly that the effective 
thermal diffusivity is reversely proportional to the square of real heat 
transfer length, which leads to ̅̅̅̅̅α1

√ ∝L/L1 and L/L2∝ ̅̅̅̅̅α2
√ . For the one- 

dimensional heat transfer model in steady state, the intrinsic thermal 
conductivity of structure 1 and structure 2 can also be expressed as k1 =
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(V2/R1)L1/(12A1ΔT) and k2 = (V2/R2)L2/(12A2ΔT). The intrinsic 
thermal conductivity k1 and k2 can be regarded as equal to a constant k. 
Therefore, after the structure separation, keff can be expressed as 

keff ,2 = nA∗
1

̅̅̅̅̅
α1

√
+ nA∗

2
̅̅̅̅̅
α2

√
, (13)  

where n∝k is a constant. While before the structure separation, we have 

keff ,1 = nA∗
0

̅̅̅̅̅
α1

√
, (14)  

where A∗
0 = A∗

1 +A∗
2 is the total cross-sectional area of structure 1 and 

structure 2. By combining Eqs. (13) and (14), using the experimental 
data of apparent thermal conductivity from the first round of cryogenic 
experiment as keff,1 (before structure separation) and that from the third 
round of cryogenic experiment as keff,2 (after structure separation), the 
ratio of the normalized cross-sectional area of structure 1 and structure 2 
can be calculated. Fig. 6b presents the results of A∗

1/A∗
0 and A∗

2/A∗
0. It can 

be seen that A∗
1/A∗

0 stays almost constant at around 0.2, while A∗
2/A∗

0 at 
around 0.8. This indicates that after the structure separation, the pro
portion of structure 1 in the cross section is about 20% while that of 
structure 2 is about 80%. Therefore, the coiled CNTs play a dominating 
role in the thermal conduction process of the CNTs bundles after the 
structure separation. As shown in Fig. 4c, before structure separation 
(round 1 and round 2), structure 1 (relatively straight CNTs) are in good 
contact with the coiled ones. This provides some shortcuts of heat 
conduction in structure 2 (coiled CNTs). Thus, heat does not have to flow 
over a long distance in the coiled CNTs. Nevertheless, after the structure 
separation, heat has to flow in the coiled CNTs, making the effective 
thermal diffusivity and conductivity lower. 

The dual-pace thermal response can be a common feature for 
VACNTs with two morphologies under certain conditions. For the dual- 
pace thermal response to occur, there needs to be both straight and 
coiled morphologies in the VACNTs. In addition, they need to be sepa
rated from each other so as to transfer heat independently. Under this 
circumstance, it is expected to also show the similar dual-pace thermal 
response. How strong the dual-pace signals can be depends on the ratio 
of the two morphologies. If the proportion of the separated straight and 
coiled nanotubes are comparable, it is very likely to show a strong dual- 
pace transient heat transfer; while if one morphology significantly 
dominates in the structure, it is possible that only a single-pace thermal 
response will be observed since the other one could be overshadowed. 

5. Conclusions 

In this work, an abnormal DTR phenomenon in vertically aligned 
CNT arrays was discovered under TET characterization. Three rounds of 
cryogenic experiments were conducted to confirm and investigate the 
emergence of the DTR phenomenon. As temperature decreased, the DTR 

phenomenon emerged at a certain temperature and existed over the 
lower temperatures. Such phenomenon became permanent over all the 
temperatures of 295–10 K after two rounds of cryogenic experiments. 
The voltage change in TET signals was found to be linearly related to I3, 
confirming the DTR phenomenon was induced by joule heating. The 
DTR voltage-time profiles can be fitted using two thermal diffusivities, 
reflecting a dual-pace transient thermal response. As temperature went 
down, the larger thermal diffusivity (α1) showed a slowly increasing 
pattern from 3.72–4.19 × 10−5 m2 s−1 to 2.94–8.55 × 10−5 m2 s−1, 
while the smaller thermal diffusivity (α2) slowly decreased from 
9.91 × 10−6 m2 s−1 to about 3.70 × 10−6 m2 s−1. The unique structure 
of CNT bundles constitutes parallel heat conduction paths which result 
in DTR. The nano-scale structure separation induced by the increased 
thermal strain led to a thermal diffusivity/conductivity separation 
phenomenon. To understand the corresponding micro-structure evolu
tion governing this DTR process, the dV/I3 against temperature curves 
were calculated. The significantly increased dV/I3 in the experiments 
uncovered the reduced CNT-CNT contact as temperature went down. 
The measured thermal conductivity variation against temperature also 
supported the proposed structure separation model. By further building 
a new parallel heat transfer model taking both the transient and steady- 
state electrical and thermal response into consideration, the ratio of the 
cross-sectional area of the separated two different CNTs was determined. 
It was found that the coiled CNTs played a dominant role in the thermal 
conduction process after structure separation. Our findings uncovered 
that coiled CNTs and nano-structure evolution of CNTs could have sig
nificant effect on the thermal and electrical transport of CVD grown 
CNTs arrays, especially their transient responses. The dual-pace thermal 
response can be a common feature for VACNTs with two separated 
morphologies. The developed parallel heat transfer model will be of 
great value in analyzing experimental results and designing CNTs arrays 
for various applications. 
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