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a b s t r a c t

It is very important to know whether the thermal conductivity of carbon fibers in the directions of fiber
axis (axial thermal conductivity, ka) and fiber radius (radial thermal conductivity, kr) are anisotropic.
Relevant measurement is strongly hindered by microsize of carbon fibers in the radial direction. In this
work, a novel method by combining frequency domain energy transport state-resolved Raman and
transient electrothermal techniques is developed to overcome this drawback to achieve thermal con-
ductivity anisotropy study of lignin-based microscale carbon fibers. Four fibers are characterized and the
difference of ka among them is very small, and ka is around 1.8Wm�1 K�1 while the difference of kr is
very large. The kr varies from 0.11 to 8.0Wm�1 K�1, revealing strong structure anisotropy and radial
structure variation. The thermal conductivity variation against temperature also shows very different
behavior. ka features a reduction of more than one order of magnitude from room temperature to 10.4 K
while kr shows very little change from room temperature to 77 K. For the same carbon fiber, there is also
a large difference of kr at different axial positions. Detailed Raman study of the axial and radial structures
uncovers very strong structure anisotropy and explains the observed anisotropic thermal conductivities.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon fiber (CF) is one kind of materials that permits the
integration of high-performance and rich functionalities [1e4]. The
three most important precursors for CF production are poly-
acrylonitrile (PAN) [5], mesophase pitch (MPP) [6,7] and lignin
[8e10]. Currently, CF has been widely used in aerospace structures
[11], nuclear reactors [12], turbine blades [13], etc. In these appli-
cations, measuring the thermal conductivity of single CF has
attracted much attention due to the fundamental role in evaluating
the heat transfer characteristics of CFs. In addition, a single CF is
also very promising to be used in thermal management and design
in microelectric and micromechanic fields [14e16]. Therefore, it is
also very important to understand the thermal conductivity of a
. Deng), xwang3@iastate.edu
single CF. However, it is still very challenging to measure the radial
direction thermal conductivity of a CF since it has a diameter of
several tens of microns or less.

Some previous studies have reported the axial thermal con-
ductivity direction of different carbon fibers by using different
methods. Zhang et al. [17] used the steady-state shot-hot-wire
method to measure the thermal conductivity of a single CF. The
thermal conductivity of the single CF was determined based on the
relations among the average temperature rise of the hot wire, the
heat generation rate, the temperature at the attached end of the
fiber, and the heat flux from the hot wire to the fiber. Gallego et al.
[18] measured the thermal conductivity of ribbon-shaped fibers by
two methods: a thermal potentiometer as a steady-state apparatus
to measure CF's thermal response to a controlled thermal gradient,
and an Angstrom's method to measure CF's thermal response to an
oscillating heat input. Wang et al. [19] used a T type method to
measure the thermal conductivity of individual pitch-derived CFs
in the temperature range of 100e400 K. In this method, a hot wire
served as both a heating source and a thermometer. The thermal
conductivity of CF was determined by comparing the average
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temperature rise of the hot wire with and without the CF.
Emmerich [20] presented a model of continuous defective gra-
phene nanoribbons to predict the thermal conductivity of meso-
phase pitch-based carbon fibers in a single physical framework.
Pradere et al. [21] measured the specific heat and the longitudinal
thermal diffusivity (a) of three carbon fibers (rayon-based,
polyacrylonitrile-based and pitch-based). Then, the thermal con-
ductivity (k) of these carbon fibers was calculated by the relation
k ¼ arcp, where rcp was the volumetric heat capacity of the sample.
Qiu et al. [22] used a modified 3u method to measure the thermal
conductivity of an individual polyacrylonitrile-based CFs processed
under different treatment temperatures. Yuan et al. [23] calculated
the thermal conductivities of the various round-shaped CFs ac-
cording to the relationship between electrical resistivity and ther-
mal conductivity. Liu et al. [24] measured the thermal conductivity
of the CFs from room temperature (RT) down to 10 K by the cryo-
genic TET technique.

Though different methods have been used to measure the
thermal conductivity of CFs, only the axial thermal conductivity is
obtained. The radial thermal conductivity has never beenmeasured
and understood while such data is critical to understand the
structure anisotropy. To date, it is unknown whether the radial
thermal conductivity and the axial thermal conductivity of CFs are
anisotropic or not. In this work, we develop a novel method by
combining the frequency domain energy transport state-resolved
Raman (FET-Raman) technique with the transient electrothermal
(TET) technique to measure the axial and radial thermal conduc-
tivities of lignin-based CFs. The temperature effect on the thermal
conductivities in the two directions is explored. The temperature
ranges from 77 K to RT for radial thermal conductivity measure-
ment, and from 10.4 K to RT for axial thermal conductivity
measurement.
2. Sample preparation and characterization

The carbon fibers used in this work are synthesized from py-
rolytic lignin (PL). PL is obtained by pyrolyzing red oak at 500 �C,
and collected as stage fraction 1(SF1) of the vapor condensates [25].
SF1 is further washed with deionized water three times to remove
sugars. The water washed PL is thermally treated at 105e130 �C
with addition of sulfuric acid as catalyst [26]. The obtained PL
precursor is subjected to melt-spinning at 140e150 �C with a
winding speed of 50m/min to get the as-spun fiber. The as-spun
fiber is mounted on a metal rack and oxidatively stabilized in a
convection oven at 0.3 �C/min from RT to 250 �C, and then is held at
250 �C for another 1 h. Then the stabilized fiber is carbonized in a
tubular furnace with argon as carrier gas. The heating program
used for carbonization is 3 �C/min from RT to 1000 �C, and then
held at 1000 �C for another 1 h. Typical scanning electron
Fig. 1. (a) SEM image of several CFs. (b) SEM image of the su
microscope (SEM) images of the produced carbon fiber are shown
in Fig. 1. As shown in Fig. 1(a), the diameters of the four CFs are all
around 50 mm. Fig. 1(b) and (c) are the SEM images to zoom in the
surface and cross-section of a single CF. As shown in these two
figures, the surface of the CF is smooth, and the cross-section has a
very good circular shape.

X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) have been used to study the microstructure and elemental
composition of the CFs in our previous work [24]. Two broad peaks
were observed at 23.53� and 43.18� in XRD characterization, cor-
responding to (002) peak and (100) peak in the XRD results. Then,
the lattice spacing of (002) peak was determined to be 0.378 nm.
For PAN-based CFs, the value was 0.3395e0.353 nm. And for highly
graphitized carbon, this value should be less than 0.344 nm
[27e29]. As a result, non-graphitizable carbon with turbostratic
structure and a certain small amount of cross-links may exist in the
lignin-based CFs.

The XRD result also indicated low crystallinity of the CFs. Based
on our previous XRD results, the crystallite size was determined at
0.9 nm in the cross-plane direction (002) and 1.2 nm in the in-plane
direction (100). The Scherrer constants used for determining these
two values were all equal to 0.9. The ratio of the crystallite size in
the in-plane direction (La) and the crystallite size in the cross-plane
direction (Lc), La/Lc, was less than 10. This indicated that the CF
formed by red oak was graphitizing [30]. However, as the red oak
was pyrolyzed at 500 �C, a finely porous structure was likely
exhibited. That is, non-graphitizable carbon may exist in the CF
[31]. The XPS was used to do the chemical analysis. The elemental
compositionwas determined as: C (93.4%), H (0.74%), and O (4.55%).
The functional groups existing in the sample included CeH, CeC,
C]C (these three totally 84.83%), CeO (7.87%), and OeC]O (7.29%).
And most of the CeO and OeC]O functional groups were situated
in the cross-links or defective regions between carbon layers. Due
to these functional groups, the lattice spacing between carbon
layers was larger than that of PAN-based CFs. Because of the low
crystallinity, the axial thermal conductivity of the lignin-based CFs
was very low [22,32].
3. Physical principles for anisotropic thermal conductivity
characterization

3.1. Characterization of the thermal conductivity in the axial
direction

The TET technique is used to determine the thermal conduc-
tivity (ka) in the axial direction of CF. In our TET measurement, as
shown in Fig. 2(a), a single CF is suspended between two aluminum
electrodes. Silver paste is used to secure the contact between the
sample and the two electrodes. A small step DC current is applied to
rface for a single CF. (c) Cross-sectional view of the CF.



Fig. 2. (a) Illustration of the TET technique. A small current is applied over the CF, and the voltage variation is used to probe the temperature change. The axial thermal conductivity
of CF can be determined. (b) Illustration of the FET-Raman technique. A function generator is used to generate a square wave to modulate the CW laser. Two different energy
transport states in the frequency domain with the same objective lens (20� ) are constructed. The radial thermal conductivity of CF can be obtained. (A colour version of this figure
can be viewed online.)
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induce Joule heating. The electrical resistance (R) of CF, which is
temperature dependent, will decrease during this heating process.
As a result, the voltage over the sample will also decrease. And this
voltage variation can be used to probe the temperature variation of
the sample. Due to the large aspect ratio of CF (L=D>32, L: sample
length, D: sample diameter), the governing heat transfer equation
of the sample can be considered as a 1-D heat transfer, that is:

v
�
rcpT

�
vt

¼ ka
v2T
vx2

þ _q�
4εs
�
T4 � T40

�
D

; (1)

where _q is electrical heating power per unit volume. The term
4εsðT4 � T4

0Þ=D represents the radiation heat loss, where ε is the
surface emissivity and s is Stefan-Boltzmann constant. The initial
condition of this problem is Tðx; t ¼ 0Þ ¼ T0, where T0 is the initial
temperature of the sample. Since the aluminum electrodes are
much larger than the sample dimension, they can be considered as
thermal reservoirs that their temperature remains unchanged
during the electrical heating. As a result, the boundary conditions
are Tðx ¼ 0; tÞ ¼ Tðx ¼ L; tÞ ¼ T0. The temperature distribution
along the wire can be expressed as Tðx; tÞ ¼ R t0 R x0 Tðx0; tÞdx0dt [33],
which indicates that the temperature depends on both the position
along the fiber and the time. Here Tðx0; tÞ is the Green's function for
the temperature response to a pulse heating at x0 and t. Then, a
normalized temperature rise which is defined as T*ðtÞ ¼ ½TðtÞ� T0�
=½Tðt/∞Þ� T0�, where Tðt/∞Þ is the temperature at steady state,
can be written as below [34]:

T*ðtÞ ¼ 96
p
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.
L2
�

ð2m� 1Þ4
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Here aeff is the effective thermal diffusivity including the radi-
ation effect. We can obtain aeff based on the relation between
temperature variation and voltage variation. More details could be
found in our previous work [33,35,36]. The real axial thermal
diffusivity (aa) can be obtained by subtracting the contribution of
radiation as aa ¼ aeff � 16εsT3L2=p2Drcp [24].

Here, we use ε ¼ 0:85 [37]. The effective thermal conductivity
(keff ) can be obtained by comparing the solution at steady state (t ¼
∞) to the solution at initial state (t ¼ 0), as keff ¼ I2RL=12ADT [38],
where A is the cross-sectional area of the fiber, and DT ¼
ðRðt/∞Þ� Rðt ¼ 0ÞÞ=ðvR=vTÞ. vR=vT is obtained from R-T
correlation. Additionally, using the obtained aeff and keff , we can
calculate rcp as keff =aeff .
3.2. Characterization of the thermal conductivity in the radial
direction

The FET-Raman technique is used to measure the thermal con-
ductivity (kr) in the radial direction of CF. In the FET-Raman tech-
nique, we probe the thermal response of CF by irradiating the CF
using a continuous-wave (CW) laser with 532 nmwavelength. And
two energy transport states are constructed with the same laser.
Fig. 2(b) shows the physical principle of this technique. The first
energy transport state is the steady-state heating. CF will absorb
the laser energy and transport it along the axial and radial di-
rections. As ka is obtained by using the TET technique, the energy
transport in this direction is known. By collecting the excited
Raman signals during laser heating, we can obtain the temperature
profile of CF. Note here we do not need to measure the real tem-
perature rise of the sample. By using different laser power (P), a
parameter called Raman shift power coefficient (RSC) could be
obtained: jCW ¼ vu=vP ¼ aðvu=vTÞf1ðkr;kaÞ. jCW is determined by
laser absorption coefficient (a), temperature coefficient of Raman
shift (vu=vT), the thermal conductivity in the radial direction (kr),
and the thermal conductivity in the axial direction (ka).

To construct the second energy transport state, a square-wave
with a specific frequency is generated to modulate the CW laser
amplitude. After a sufficient number of heating cycles, the sample
temperature will vary periodically. Compared to the total laser
irradiation cycles in the experiment, this time, which is called
warm-up time, is short and negligible [39]. In each period of this
modulated laser, there is a laser-on time (th) and a laser-off time
(tc). If the frequency is very low, the temperature of the sample will
reach the steady-state during th and return to initial temperature
during tc. The average temperature rise during th is equal to that
under the first energy transport state. This temperature rise is
named qs. If the frequency is very high, the temperature variation
during th and tc will be very small, and this variation is almost
negligible. As a result, the temperature of the sample can be
regarded as a constant after the warm-up process. This state is
named quasi-steady state and the temperature rise is named qqs.
With the decrease of frequency, the energy transport state changes
from quasi-steady state to steady state, and the corresponding
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temperature rise increases from qqs to qs. In our previous study, we
found empirically that qqs ¼ qs=2 within experimental un-
certainties [39e41]. To have a good sensitivity, an appropriate
frequency is needed to construct the second energy transport state.
In this work, the modulation frequency is selected for different CFs
and different temperatures. And the selected frequencies are all
around the middle of quasi-steady state to steady state range based
on our preliminary study. Similarly, by using different laser power,
the RSC value could also be obtained: jFR ¼ vu=vP ¼ aðvu=vTÞf2ðkr;
ka; rcpÞ. jFR is determined by laser absorption coefficient, temper-
ature coefficient of Raman shift, volumetric heat capacity, and the
thermal conductivities in the two directions. And the thermal
diffusion length in the two directions are different from the steady
state. That is, the contribution of heat conduction, which is highly
related to the thermal conductivity of CF, to the two RSCs are
different for the two cases.

Based on these two RSCs, a dimensionless normalized RSC is
defined as Q ¼ jFR=jCW ¼ f3ðkr ; ka; rcpÞ. The effects of laser ab-
sorption coefficient and temperature coefficient are completely
ruled out in Q. The laser power used in the experiment is very low
to control the temperature rise of CFs at a moderate level. In this
work, rcp and ka of the sample are measured by using the TET
technique. Then,Q is only related to the unknown kr of CF. Based on
the different contribution of heat conduction under the two energy
transport states, Q could be used to determine kr . A 3D heat con-
duction model is used to simulate the temperature rise under the
two energy transport states. A relationship between Q and kr of CF
could then be built to obtain the theoretical curve of Q against kr .
Then, the experimental Q is interpolated into the curve to deter-
mine kr . And this FET-Raman technique has been verified by
comparing the experimental results with that of other methods in
our previous study. Based on our previous study, the modulation
frequency should be selected to make Q fall within the range of
0.7e0.8 to have a small measurement uncertainty [41].

In our FET-Raman measurement, for the steady-state heating,
the energy transport in the sample is governed by the differential
equation [42,43] as below:

ka
v2TCW
vx2

þ 1
r
,
v

vr
,

�
r,kr,

vTCW
vr

�
þ _q ¼ 0; (3)

where TCW (K) is the temperature rise in steady-state heating, _q
volumetric Gaussian beam heating and is given as:
Fig. 3. (a) Microscopy image of one CF sample in TET measurement. (b) Measured voltage va
are the experiment data and the red line is the fitting curve. (c) The theoretical curve based
radial thermal conductivities of the sample used in the simulation. The inset shows the
determined by interpolating the experimental result into the curve. (A colour version of th
_qðr; zÞ ¼ I0
tL

exp

 
� r2I
r20

!
exp

�
� zI
tL

�
; (4)

where I0 ¼ P=pr20 is the laser power per unit area at the center of
laser spot, r0 (mm) the radius of the CW laser spot, rI radial position
from the center of the laser spot, tL the laser absorption depth and
could be obtained based on the equation tL ¼ l=ð4pkLÞ [44], where
l (532 nm) is the laser wavelength, kL the extinction coefficient of
CF, and zI the distance from the sample surface in the laser inci-
dence direction. We have tL(CF)¼ 34.7 nm [45].

For the frequency-resolved state, the energy transport in CF is
governed by the differential equation [46] as below:

ka
v2TFR
vx2

þ 1
r
,
v

vr
,

�
r,kr,

vTFR
vr

�
þ _q ¼ rcp

vTFR
vt

; (5)

where TFR is the temperature rise in the transient state and _q could
be calculated using Eq. (4). By solving Eqs. (3) and (5), the ratio of
temperature rise of CF under the two heating states could be ob-
tained. In our experiments, this ratio is equal to the measured Q. As
ka and rcp are obtained from the TET experiments, Q could be used
to determine kr based on the different contribution of heat con-
duction under the two energy transport states. Based on Eq. (4), the
Raman signal from various depths in the radial direction is
considered. And for the frequency-resolved state, the Raman signal
at different time is also considered. That is, the experimental Q
basically is based on Raman intensity-weighted temperature rise in
both time and space. All these are also considered in our 3D heat
conduction model as we do in the previous study [47].

4. Experimental details

In the TET experiment, a current source (Keithley 6221) is used
to generate a small step current. And this current is applied to the
sample shown in Fig. 3(a). The length and diameter of the sample
are 1.82mm and 53.9 mm, respectively. And an oscilloscope (Tek-
tronix DPO3052) is used to measure the voltage variation during
the Joule heating process. Fig. 3(b) shows the measured voltage
variation of the sample.

In the Raman experiment, RT Raman spectra are collected
automatically under different laser power to get the RSC. A
20�objective lens is used for the two energy transport states, one
lower and one higher laser power are used to irradiate CF. As shown
riation of the sample during the TET characterization and the fitting. The black symbols
on the ratio of temperature rise under two energy transport states against the different
laser spot used in the experiment. The radial thermal conductivity of the CF is then
is figure can be viewed online.)
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in Fig. 3(c), the diameter of the laser spot is also measured by using
a high-resolution CCD camera of the microscope. The two laser
powers should be maintained as low as possible to control the
temperature rise at a moderate level and to stay within the linear
temperature dependence range of the Raman shift. Raman exper-
iments using the two laser powers are repeated 45 times, and the
corresponding Q values are obtained. Then these values are aver-
aged to increase the accuracy of the experimental results.

A 3D numerical modeling based on the finite volume method is
conducted to calculate the temperature rise under the two energy
transport states to determine kr . The 3D numerical modeling pro-
cess is similar to that reported in our previous work [48]. Similarly,
a Raman intensity weighted average temperature rise over space
under stead state and a Raman intensity weighted average tem-
perature rise over space and time under frequency-resolved state
are obtained. Then the ratio of these two values is used to deter-
mine the theoretical Q against kr . The averaged Q from the exper-
iments could be interpolated to determine kr of CF.

5. Results and discussion

5.1. Representative sample for the anisotropic thermal
characterization

Based on the measured voltage variation shown in Fig. 3(b), the
normalized voltage variation, which is V*ðtÞ ¼ ½VðtÞ�
V0�=½Vðt/∞Þ� V0�, can be used to mimic the temperature varia-
tion. Here, V0 is the initial voltage and Vðt/∞Þ is the steady state
voltage. Then aeff can be obtained to determine aa and ka, which are
measured at 1.10� 10�6m2 s�1 and 2.15Wm�1 K�1 for this
selected CF. Based on the theoretical curve of Q against kr and the
experimental ratio shown in Fig. 3(c), kr of the selected CF is
0.88Wm�1 K�1. Based on the results of TET experiment and Raman
experiment, kr and ka are very much different. That is, the anisot-
ropy of thermal conductivities in the radial and axial directions
exists. And this anisotropy is highly related to the structure of the
lignin-based CFs, which will be explained in detail in the following
sections.

5.2. Variation of anisotropic thermal conductivities

To further verify the anisotropy of thermal conductivities in the
two directions, four CFs (named S1, S2, S3, and S4) are used, and
three positions (named P1, P2, and P3) are selected on each CF. All
these results are summarized in Table 1. The uncertainty of these
results is about 10%. Note that ka obtained from the TET technique is
an average value of the CF. Among different CFs, the ka values are all
around 1.4e2.15Wm�1 K�1 at RT. Considering the structure dif-
ference among samples, the axial thermal conductivities show
good consistency with each other. As a result, we can assume that
the structure of the CF in the axial direction (termed “axial struc-
ture”) is uniform. This structure assumption will be verified in
section 5.4. Based on this assumption, the ka values at different
positions of the same CF should be the same. The FET-Raman
technique is used to measure kr at different positions of the same
CF, and the kr of different CFs. Table 1 shows that the anisotropy of
Table 1
Summary of kr and ka of four CF samples.

Sample Index S1 S2

Position Index P1 P2 P3 P1 P2

kr(W,m�1,K�1) 8.0 7.6 5.5 0.19 0.11
ka(W,m�1,K�1) 1.4 1.6
the thermal conductivities in the two directions exists for all the
four CFs. As shown in Table 1, the kr values at different positions of
the same CF are also very different, which indicates that the
structure of CF in the radial direction (termed “radial structure”) is
not only different for different CFs, but also different at different
axial positions of the same CF. For S1, the kr values at three different
positions are all larger than ka, which means the degree of radial
structure order is higher. For S2, the kr values at three positions are
all much smaller than ka, which means the degree of radial struc-
ture order is much lower. However, for S3 and S4, the kr values at
some positions are smaller than ka, while at some positions are
larger than ka. All these results indicate that the radial structure
order varies in a large range. As the lattice spacing of (002) peak for
pristine graphite is about 0.335 nm [49], Lc of the CF is about 1.2 nm.
This indicates that three layers or less exist in one crystallite unit. As
Lc is larger than three times lattice spacing of pristine graphite,
defective regions and cross-links may exist in the crystallite. And
due to the different distribution of these defective regions and
cross-links in different CFs, kr will also vary much. Though the
lignin-based microscale CFs may vary from sample to sample, the
value of this work is that we realize the axial and radial thermal
conductivity measurement of CFs for the first time, and uncover the
anisotropy for the same sample.
5.3. Effect of temperature on anisotropic thermal conductivities

Sample S2 is used to explore the effect of temperature on
anisotropic thermal conductivities. For the TET experiments, the
temperature ranges from 10.4 K to RT for this temperature effect
study. The sample is suspended between two gold coated silicon
electrodes and connected using small amount of silver paste. Then
the sample is put in the vacuum chamber, where the air pressure is
maintained below 0.5 mTorr. Fig. 4(a) shows the V ~ t profiles at
different temperatures. As shown in Fig. 4(a), the initial and steady
state voltages are different at different temperatures. This is caused
by two factors: the difference among the step currents applied to
the sample at different temperatures, and the temperature induced
change of the electrical resistance of the CF. Although the initial and
steady state voltages are different, the characteristic time, which
refers to the transient time in the V ~ t curves, is not affected by the
difference. Since the length (L) of the sample is much larger than
the phonon mean free path (L), the thermal transport is taken as
diffusive transport. Therefore, ka is determined by various scat-
tering mechanism. That is, the phonons are scattered by other
phonons, grain boundaries, and defects. Then the phonon relaxa-
tion time can be approximated as: t�1 ¼ t�1

U þ t�1
b þ t�1

d [24],
where tU , tb, and td are phonon relaxation time due to phonon-
phonon scattering (Umklapp scattering), phonon-boundary scat-
tering, and phonon-defect scattering, respectively. Then, L can be
related to t as: L ¼ nt, where n is the phonon group velocity. The
axial thermal conductivity can be determined based on ka ¼
1=3rcpnL. Therefore, the variation of ka against temperature con-
tains information about specific heat as well as phonon scattering.

Due to the temperature dependence of heat capacity, the
phonon scattering information cannot be obtained evidently from
thermal conductivity. To get rid of the effect of heat capacity, the
S3 S4

P3 P1 P2 P3 P1 P2 P3

0.21 0.82 4.9 3.3 0.51 1.5 7.5
1.85 2.15



Fig. 4. (a) The TET voltage profiles for CF at different temperatures: RT (295 K), 210 K, 130 K, 70 K, and 10.4 K respectively. The symbols are the experiment data and the red lines are
the fitting curves. (b) Temperature dependence of the axial thermal diffusivity for CF from RT to 10.4 K. Standard deviation of the thermal diffusivity is also shown in the figure. (c)
Temperature dependence of the volumetric heat capacity for CF from RT to 10.4 K. (d) Temperature dependence of the axial thermal conductivity for CF from RT to 10.4 K. (A colour
version of this figure can be viewed online.)
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thermal diffusivity is more suitable for uncovering the phonon
scattering mechanism. aa can be expressed as aa ¼ ðnLÞ=3 ¼
ðn2tÞ=3. Due to the three different phonon scattering processes, aa
can then be written as a function of phonon relaxation time as:

a�1
a ¼ 3

.
v2,
�
t�1
U þ t�1

b þ t�1
d

�
(6)

n changes little with temperature. tU is strongly dependent on
temperature, while tb and td are related to the structure of CF. The
variation of aa against temperature for the sample is shown in
Fig. 4(b). Phonons are the main heat carriers in CF. Phonon-phonon
scattering, phonon-defect scattering and phonon-boundary scat-
tering are the three main mechanisms controlling the axial thermal
diffusivity. At RT, with the high population of phonons, phonon-
phonon scattering plays a major factor in the thermal transport.
With the decrease of temperature, lattice vibration weakens and
the phonon population decreases. Then, the phonon-phonon
scattering intensity is reduced, and the phonon mean free path
increases, which results in an increase of tU . As a result, aa in-
creases as temperature goes down from RT to around 130 K. With
the further decrease of temperature, phonon-defect scattering and
phonon-boundary scattering play a much more important role. The
decrease of aa is due to the low-temperature induced structural
change in the CF. Based on the structure characterization of CF, the
levels of defects at different positions are different, which indicates
that the thermal expansion coefficients at these positions are
different. Temperature reduction can induce thermal expansion
mismatch, which results in the increase of phonon-defect scat-
tering intensity. Thus, when temperature decreases further from
130 K to around 40 K, aa starts to decrease. As temperature goes
down to below 40 K, the phonon-phonon scattering intensity will
decrease dramatically, the overall phonon scattering of the three
mechanisms will also decrease. As a result, aa increases quickly
when the temperature decreases from 40 K to 10.4 K.

In the TETexperiments, thermal diffusivitymeasurements of the
CF under every temperature are repeated for 30 to 40 times. Then
the standard deviation can be calculated out based on these results.
And the relative errors of axial thermal diffusivity are also shown in
Fig. 4(b). Based on the aeff and keff under different temperatures,
the corresponding rcp values are obtained. Fig. 4(c) shows the
variation of rcp against temperature. When the temperature de-
creases from RT to 10.4 K, rcp also decreases. Then the variation of
ka against temperature is determined. As shown in Fig. 4(d), ka
decreases from 1.6 to 0.06Wm�1 K�1 when the temperature de-
creases from RT to 10.4 K. The ka-T profile shows a monotonically
decreasing behavior as temperature goes down. And ka tends to
reach zero as the temperature decreases to 0 K. Due to the tem-
perature dependence of rcp, the variations of aa and ka against
temperature are different. As a result, the two turning points in the
aa-T profile are not very visible in the ka-T profile.

For the FET-Raman experiments, the temperature ranges from
77K to RT. The sample is put in an environmental cell, and liquid N2
is used to cool the cell. As a result, the cell can be cooled as low as
77 K. By using this cell, the temperature can be adjusted precisely
from 77K to RT with a resolution of 1K. Fig. 5(a) shows the tem-
perature dependence of radial thermal conductivity. As shown in
this figure, kr values under different temperatures are all around
0.6Wm�1 K�1. When temperature decreases from RT to 77 K, the
radial thermal conductivity of the CF changes little throughout the
entire temperature range although ka reduces by 75% when tem-
perature changes from RT to 77 K.

As shown in Fig. 5(a), the laser spot size under each temperature
is also measured and used in modeling to ensure highest accuracy
of the experimental results. Fig. 5(b) is a 2D contour map of the
Raman signal at different temperatures. As shown in this figure,
Raman shift is redshifted with the increase of temperature. Raman
spectra of CF at different temperatures are shown in Fig. 5(c). It can
also be seen that both Raman peaks of CF are redshifted with the
increase of temperature. The Raman spectra show two wide and
overlapped peaks at 1350 and 1580 cm�1, corresponding to D peak
and G peak for the sample. And the ratio of these two peak in-
tensities ID=IG can be used to reflect the degree of defects in the CF.
With the increase of this ratio, the degree of defects also increases.

As the variation of kr against temperature carries information
about specific heat and phonon scattering, the radial thermal
diffusivity (ar) is also used to study the temperature effect. The



Fig. 5. (a) Temperature dependence of the radial thermal conductivity for CF from RT to 77 K. The laser spots at different temperatures are also shown in this figure. (b) 2D contour
map to demonstrate the variation of Raman shift against temperature. (c) Raman spectra of CF at different temperatures. (A colour version of this figure can be viewed online.)
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variation of ar against temperature for the sample is shown in
Fig. 6(a). Like aa, ar is also related to phonon-phonon scattering,
phonon-defect scattering, and phonon-boundary scattering. When
the temperature decreases from RT to 130 K, ar increases from
0.35� 10�6 to 1.09� 10�6m2, which is also due to the reduced
phonon-phonon scattering intensity. With the further decrease of
temperature, phonon-defect scattering is the major factor. The
variation of ID=IG against temperature, which can be used to reflect
the degree variation of defects, is shown in Fig. 6(b). As shown in
this figure, the degree of defects has a small change with the
decrease of temperature. However, when temperature decreases to
130 K or lower, the variation of ar is dominated by the phonon-
defect scattering. Even a small structure change can also affect
the variation of ar .

Fig. 6(a) and (b) show that when the degree of defects increases,
the phonon-defect scattering intensity increases, and ar decreases.
Considering the temperature dependence of volumetric heat ca-
pacity, we can conclude that the radial thermal conductivity shows
very week temperature dependence based on the relation kr ¼
rcpar .

5.4. Anisotropic structure of the carbon fiber uncovered by Raman
spectrum

We speculate that the anisotropy of the thermal conductivities
in the two directions are due to the structure difference between
these two directions. This has been verified by Raman spectrum in
multi-layered graphene, graphene paper, and highly-ordered py-
rolytic graphite (HOPG) [50]. Compared with that from the top
view, the Raman spectrum from the side of sample shows a weaker
2D peak for graphene, split in the G peak and invisible split in the
2D peak for HOPG. Here we use graphene paper to first prove that
the Raman spectra are indeed different when the structure is
anisotropic and the Raman spectra are taken from different orien-
tations of the sample. The graphene paper used here is highly
anisotropic and consists of extremely ordered graphene flakes of
5e6 layers [51,52]. As shown in Fig. 7, Raman spectra of different
positions from top view and side view are obtained for graphene
paper. G and D þ D00 peaks exist in both two spectra. Tiny D and
D þ D0 peaks, two extra peaks at 1450 cm�1 and 1517 cm�1 are
detected in the Raman spectra from side view. The D and G peaks
correspond to transverse optical (TO) phonons near the K point and
to optical E2g phonons at the Brillouin zone center, respectively.
Both the D and G peaks arise from vibrations of sp2-hybridized
carbon atoms [53]. And the D þ D00 peak, which lies at around
2430 cm�1, is the double Raman resonance of both the aforemen-
tioned TO phonons and the longitudinal acoustic (LA) phonons
along the G-Κ direction [54]. Fig. 7 shows that D þ D}peak has a
much higher intensity in the Raman spectrum for the side than that
from top view.

Based on the above verification, Raman spectra of sample S3 in
the two directions are also collected and compared, shown in



Fig. 6. (a) Radial thermal diffusivity of CF against temperature. (b) The variation of ID=
IG against temperature.
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Fig. 8(a) to study the structure anisotropy. For the cross-section
measurement, the CF is not sliced by a saw. We just break the CF
directly and collect the Raman spectra from the cross-section.
Based on our previous study on silicon [55], the grain size at the
edge or cross-section may be different from that at the side surface.
Fig. 7. Raman spectra of graphene paper at different positions from top view and side view
figure, the green arrows show the laser incident directions. (A colour version of this figure
Due to this difference, the corresponding Raman intensity can be
different, while the types of Raman peaks cannot be altered. As
shown in Fig. 8(a), the kinds of Raman peaks in the two directions
are not the same, which indicates that the structure orientations
are different in the two directions. As shown in Fig. 8(a), the D, G,
D þ D00 peaks, and the peak around 472 cm�1 exist in both two
spectra. The peak observed at around 472 cm�1 is designated as the
overtone of the L1 mode. The L1 mode is strongly dependent on the
excitation energy and has the same polarization behavior as the G
mode. And this laser-energy-dependent mode is the resonantly
enhanced phonons in the TA phonon branches [29]. Fig. 8(a) shows
that there are some differences for these peaks in both spectra.
First, both D peak and G peak are sharper when the laser irradiates
the side of the CF. Second, the Raman intensity of D peak is larger
than that of G peak when the laser irradiates the side of the CF.
While the Raman intensity of D peak is smaller than that of G peak
when the laser irradiates the cross-section of the CF. Third, it is
obvious that the D þ D00 peak and the peak around 472 cm�1

detected from cross-section have a substantially higher intensity.
This clearly demonstrates the difference between axial and radial
structure orientations of CF. Similar Raman spectra difference is
also found for graphene paper as discussed above, which has very
strong anisotropic structure.

In addition to these differences among the peaks that co-exists
in the two spectra, there are some Raman peaks only exist in the
spectrum obtained from the cross-section of the CF. Two extra
Raman peaks at 1450 cm�1 and 1517 cm�1 are detected for the
cross-section Raman spectrum. In addition to the fundamental vi-
brations of alkyl functional groups, these two peaks represent
mainly aromatic semi-quadrant ring breathing for aromatic ring
systems having more than two fused benzene rings. The aromatic
ring systems are typically found in amorphous carbon materials
[56e58]. That is, these two peaks can be used to reflect the struc-
ture order of the detecting area. A tiny 2D peak at 2675 cm�1, which
. The top view and side view directions of the graphene paper are also shown in the
can be viewed online.)



Fig. 8. (a) Raman spectra of CF measured from side and cross-section. (b) Raman spectra at different positions when the sample is scanned in the axial directionwith a step of 2 mm.
(c) Raman spectra at different positions when the sample is scanned in the radial directionwith a step of 3 mm. And a 20�objective lens is used for this scanning process. (d) Raman
spectra at different positions when the sample is scanned in the radial direction with a step of 0.3 mm. And a 100�objective lens is used for this scanning process. The starting
positions of the Raman scanning and the objective lens used for these two scanning processes are also shown in these two figures. (A colour version of this figure can be viewed
online.)

R. Wang et al. / Carbon 147 (2019) 58e6966
is an overtone of D peak, is also detected in the cross-plane direc-
tion. The shape of this peak can be used to identify monolayer
graphene. As this peak is the sum of two phonons with opposite
momentum, it is also present in the absence of any defects. In
Fig. 8(a), there is also a peak at around 2940 cm�1, called D þ D0,
which is a combination of two phonons with different momentum.
The D0 peak occurs via an intravalley double-resonance process in
the presence of defects [53]. All these differences reflect the
structure orientation difference in the two directions, which leads
to the anisotropic thermal conductivities in the two directions. To
this point, we can firmly conclude that the carbon fiber has very
anisotropic structure like that of graphene paper: the cross-section
structure order is more like that of graphenewhen viewed from the
side, and the axial direction structure order is more like the in-
plane structure of graphene paper. Conclusively, the cross-plane
thermal conductivity (k⊥) should be smaller than the in-plane
thermal conductivity (kk) for graphene paper. Based on our previ-
ous study, kk and k⊥ at RT are around 634 and 6Wm�1 K�1,
respectively [51,52]. Thus, the anisotropy of thermal conductivities
in the two directions is also highly related to the difference of
Raman spectra in the two directions.

In our experiment, we also speculate that the axial structure of
CF is uniform. The Raman scanning technique developed by our
group is used to scan the sample side along the axial direction and
collect the Raman signal at each scanning position. The scanning
step is 2 mm, and a total length of 18 mm is scanned. The collected
ten Raman spectra at these ten positions are shown in Fig. 8(b). It
can be seen that all these spectra are very similar, which indicates
that the axial structures at different positions are close to each
other.

The Raman scanning technique is also used to scan the sample
in the cross-section, which is to show that the radial structure is
quite uniform along the radial direction at one axial location.
Fig. 8(c) shows the rough scanning results with a scanning step of
3 mm. The scanning direction is from the center of the cross-section
to the side. As shown in this figure, there is almost no difference
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among the spectra at different positions. However, this is not suf-
ficient to conclude that the radial structure is also uniform.

To verify this, a fine scanning with an objective lens of
100�magnification is also done in this direction. The scanning step
is 0.3 mm, and the scanning direction is from the side to the center
of the cross-section. As shown in Fig. 8(d), the Raman spectra
collected at the positions close the side are the same with that at
the internal positions. As a result, the radial structure in the cross-
section at one axial location is firmly proved uniform. Conclusively,
the CF has anisotropic structures in these two directions.

As shown in Table 1, there is a small difference among the ka
values for the four CFs. To explain this difference, we study the
Raman spectra at different axial locations of the four CFs measured
from side. As shown in Fig. 9(a), the Raman intensities of D þ D00

and D þ D0 peaks decrease with the increase of ka. Based on the
Raman spectra of graphene paper shown in Fig. 7, the Raman in-
tensities of these two peaks are higher when the exciting laser ir-
radiates the cross-plane direction.

As a result, the decrease of the Raman intensities of these two
Fig. 9. (a) Raman spectra at different axial locations of the four CFs measured from side. (b)
colour version of this figure can be viewed online.)
peaks from sample 1 to sample 4 indicates that the concentration of
carbon nanocrystallites whose c-axis along the axial direction of
the fiber is decreasing. That is, the axial structure order is increasing
with the decrease of the Raman intensities of these two peaks.
Consequently, ka increases with the decrease of the Raman in-
tensities of these two peaks. Fig. 9(a) also shows that the Raman
spectra at different positions of the same CF are nearly the same,
which verifies the uniformity of the axial structure.

Based on the FET-Raman results, the kr values are different at
different positions of one CF. To interpret this observation, we study
the Raman spectra of cross-section at different axial locations.
Fig. 9(b) shows the cross-section Raman spectra at four different
cross-sections of sample S3. As shown in this figure, the Raman
intensities of D þ D00 peak, and peaks at 1450 cm�1 and 1517 cm�1

are different for the four positions, which indicates that the struc-
ture orders are different. It can be seen that the Raman intensities of
1450 cm�1 and 1517 cm�1 peaks at cross-section 2 are lower than
those at the other three cross-sectional positions. And the Raman
intensities of D þ D00 peak at cross-section 2 and 3 are lower than
Raman spectra of sample S3 measured at cross-sections of different axial locations. (A
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those at the other two positions. While the Raman intensities of the
D peak and G peak at the four positions are nearly the same. As a
result, the structure order at cross-section 2 and 3 are lower than
the other two positions. As the Raman intensities of the D peak and
G peak at the four positions are nearly the same, the ID=IG values at
the four positions are also nearly the same, that is, the degree of
defects are nearly the same. In short, the difference of kr at different
cross-sections is mainly induced by the different radial structure
order at these positions.

Combining all these Raman scanning results, the structural
components of the CF are believed to consist of carbon nano-
crystallites, amorphous carbon, and nanopores [59]. The carbon
nanocrystallites are regions of graphene layers, and the lattice vi-
bration directions are different for these regions [60]. The amor-
phous carbon can be a mixture of carbon atoms trapped in the
carbon nanocrystallites. The nanopores spread within the carbon
nanocrystallites and amorphous carbon mixture.

6. Conclusion

In this work, a novel method by combining the FET-Raman
technique and TET technique was developed to measure ka and kr
of lignin-based CFs. Four carbon fibers were characterized using
this method. Significant thermal conductivity anisotropy was
observed. The ka values for all the four CFs were around
1.8Wm�1 K�1, and the axial structure difference of these CFs was
very small. The kr values could be as small as 0.11Wm�1 K�1, or as
large as 8.0Wm�1 K�1, indicating that the radial structure differ-
ence of these fibers was very large. Even for the same carbon fiber,
there was also a large difference in the kr values at different axial
positions. With the decrease of temperature from RT to 10.4 K, ka
decreased by more than order of magnitude. While the values of kr
from RT down to 77 K showed very weak variation against tem-
perature. All these were attributed to the anisotropic structures of
this kind of carbon fiber. This anisotropy was verified by using a
Raman scanning technique. The Raman spectra of the CF side and
cross section showed significant difference, firmly confirming the
structure anisotropy. The Raman scanning study uncovered that the
axial structure was uniform along the axial direction and the radial
structure was uniform along the radial direction. However, the
radial structure showed differences at different axial locations. All
these successfully explained the observed anisotropic thermal
conductivities and the change of kr along the axial position.
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