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This work reports on systematic investigation of the structure and thermal conductivity of lignin-based
carbon fibers (CF) at the microscale. The lignin-based CF is produced by melt-spinning pyrolytic lignin
derived from red oak. The 0 K-limit phonon scattering mean free path uncovers a characteristic structure
size of ~1.2 nm, which agrees well with the crystallite size by X-ray scattering (0.9 and 1.3 nm) and the
cluster size by Raman spectroscopy (2.31 nm). The thermal conductivity of as-prepared CFs is deter-
mined at ~1.83 W/m-K at room temperature. The thermal reffusivity of CFs shows little change from
room temperature down to 10 K, uncovering the existence of extensive defects and grain boundaries
which dominate phonon scattering. The localized thermal conductivity of CFs is increased by more than
ten-fold after being annealed at ~2800 K, to a level of 24 W/m-K. Our microscale Raman scanning from
less annealed to highly annealed regions shows one-fold increase of the cluster size: from 1.83 nm to
4 nm. This directly confirms structure improvement by annealing. The inverse of the thermal conduc-

tivity is found linearly proportional to the annealing temperature in the range of 1000—2800 K.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Over the past few decades, researchers and industries are pur-
suing high-performance yet lightweight materials in engineering.
One of the promising materials is carbon fiber (CF) [1]. The com-
posites using CFs as the reinforced material have high strength,
high modulus, high stiffness yet low density (1.75—2.0 g/cm?) [2].
The tensile modulus of CF ranges from 291 GPa for polyacrylonitrile
(PAN) based CF to 940 GPa for ultrahigh modulus pitch-based CF.
The typical tensile strength falls in the range of 2.47—5.69 GPa for
PAN-based CF [2]. With the excellent mechanical properties, the
CFs could be used in reducing the vehicles' total weight and thus to
improve the fuel efficiency of vehicles [3]. Apart from this, CF also
has potential applications in aerospace structures, sport equip-
ment, turbine blades and so on [4]. Currently, the dominant pre-
cursor for producing CFs is polyacrylonitrile [2,4—6], which is a
petroleum-based polymer. Despite its unique properties, the
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application of CF is limited to specific fields mainly due to its high
market price related to the cost of PAN, which accounts for 51% of
the total production cost of CF [1]. The release of toxic gas during
the processing of PAN-based CF is also an environmental concern.
Thus, producing low-cost carbon fibers from alternative precursors
has been of great interest to many researchers. Lignin has drawn
the most attention as an alternative precursor because of its
abundance, low cost and relative high carbon content [7]. Lignin is
the second abundant biopolymer in nature, accounting for 10—35%
of lignocellulosic biomass [8]. Isolated lignin is also available as a
by-product from paper industry and bio-refineries. The estimated
cost of lignin precursor could be 50—70% lower than the textile
grade PAN [9]. Although economically advantageous, lignin-based
CFs usually have much lower mechanical properties in compari-
son to PAN-based CFs mainly due to the lack of the molecular
orientation in lignin polymer [10]. On the other hand, CFs produced
from mixture of PAN and lignin could have lower cost than PAN-
based CFs, while showing good compressive strength [4,11].

In previous studies, research focus has been mostly on the
manufacturing of lignin-based CFs and process optimization for
improved mechanical properties [12—14]. However, it is also
important to note that lignin-based CFs could also be applied as
functional materials for other applications where material
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mechanical properties are not essential [15]. Past work about the
relevant thermal properties was focused on carbon nanofibers
(CNFs) and PAN-based CFs. Mayhew et al. reported that the k of
commercially-available CNFs obtained by chemical vapor deposi-
tion is 4.6 W/m-K by using T-type probe experimental configura-
tion [16]. The thermal conductivity for PAN-based CFs without
extremely high temperature treatment is in the order of tens of W/
m-K [6,17]. High temperature (as high as ~3000 °C) treatment is a
common method used in lab and industry to improve the micro-
structure and thermal conductivity of CFs. The k of CNFs could be
increased by around 40 times after being annealed at 2800 °C for
20 hours [16]. The k of high temperature treated PAN-based CFs
could be as high as several hundreds of W/m-K [6]. However, so far,
seldom work has been reported about the k of lignin-based CFs.
Recently, we have produced lignin-based CFs by melt-spinning red
oak derived pyrolytic lignin. Although still lower than that of PAN-
based CFs, the mechanical properties of our lignin-based CFs were
at the top range of previously reported lignin-based CFs [18]. In the
present study, lignin-based CFs were further tested to examine
their thermal properties. Our goal is to study the thermal properties
of lignin-based CFs, as well as the structure effect on phonon
scattering and thermal transport. Furthermore, through annealing,
it is found that the k of the lignin-based CFs is expected to increase
by ten folds. The k of high temperature treated lignin-based CFs
could reach tens of W/m-K. One natural question is: To what extent
the microstructure of the lignin-based CFs could be improved by
the annealing method? We will answer this question through the
structure and thermal properties study for the high temperature
treated lignin-based CFs.

This work is organized as follows. In the first section, the
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preparation and processing of lignin-based CFs are introduced.
Next, structure studies by Raman, X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS) are presented. In the third part,
we show the experimental setup for thermal properties measure-
ment and the corresponding thermal properties study. This is fol-
lowed by the study of phonon scattering in the lignin-based CFs.
Finally, annealing treatment and improvement of the structure and
thermal properties are discussed. We will use CF to indicate the
lignin-based CF tested in this work.

2. Structural properties of the fiber specimens
2.1. Carbon fiber manufacturing

The carbon fiber specimens used in this study were manufac-
tured from red oak-derived pyrolytic lignin using the melt-spinning
method [18]. The production method of pyrolytic lignin and
manufacturing process of the lignin-based CFs are shown in
Fig. 1(a). Detailed information can be found in our previous study
[18]. Briefly, red oak was pyrolyzed in a fluidized bed reactor with a
staged-fractionation condenser system. Pyrolytic lignin was iso-
lated from heavy fraction of bio-oil [19]. Because pyrolytic lignin is
partly decomposed lignin which has low viscosity upon heating, it
was thermally repolymerized to increase its viscosity, making it a
suitable precursor for melt-spinning [18]. The as-spun fiber was
then subjected to oxidative stabilization at a rate of 0.3 °C/min up to
280 °C, and further carbonized at 3 °C/min up to 1000 °C under
argon environment. The produced CFs have diameters varying from
29 to 50 um, with majority has a diameter between 35 and 40 pm.
Further characterizations of the CF are provided in Table 1 and Fig. 1.

C/min to 1000 °C

Fig. 1. (a) Production of pyrolytic lignin and manufacturing process for the CFs. (b) As-spun fiber. (¢) Carbonized CFs. (d) Scanning electron micrograph (SEM) of the surface for a
single CF. (e) Cross-sectional view of the CF. (A colour version of this figure can be viewed online.)
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Table 1
Properties of lignin-based carbon fibers [18].

Lignin-based CFs

Diameter (jtm) 29-50
Tensile strength (MPa) 855 + 159
Modulus (GPa) 85 +37
Strain (%) 1.01 + 0.3
Carbon content (%) 934
Hydrogen content (%) 0.74
Oxygen content (%) 4.55

2.2. Structural characterization of the lignin-based carbon fibers

Before characterizing the thermal properties, the micro-
structure and elemental composition of the CFs are studied by
Raman, XRD and XPS. The Raman spectrum [Fig. 2(a),
Elaser = 2.33 eV (532 nm)] of the CFs exhibits two wide and over-
lapping peaks at 1350 and 1580 cm ™, corresponding to D peak and
G peak in the CFs. A flat 2D region is also observed. This is a typical
Raman spectrum of graphite oxide (GO) [20]. The D and G peaks'
full width at high maximum (FWHM) are broadened due to
structure disorder [21]. It is known that D peak is assigned to the
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breathing mode of A as disorder exists. Its intensity (Ip) could be
used to show the degree of disorder in the structure. G peak results
from the motion of sp>-hybridized carbon stretching mode and its
intensity reflects the degree of carbonization [22]. The Lorenz
function is employed to fit the D and G peaks, respectively, which
are shown in red and blue lines in the inset of Fig. 2(a). Using the
ratio of peak intensities Ip/I;, the degree of disorder in the CFs is
characterized. It has been proposed that Ip/I; could be interpreted
with an empirical formula: Ip/lc = C(4)/Lq, which is called the TK
equation to name after Tuinstra and Koenig [22,23]. Here,
C(A) = (2.4 x 10719 nam~3) x 14 1 is the wavelength (unit: nm) of the
excitation laser, which is 532 nm in this research. L, is cluster size
[22,23]. In this work, Raman spectrum of multiple points is ob-
tained, and Ip/I; ranges from 2.18 to 2.42. The average L, for the CFs
is then estimated to be 2.31 nm.

Fig. 2(b) shows the XRD results (XRD, Siemens D500 X-ray
diffractometer using a Cu X-ray tube) of the CFs. Two broad peaks
are observed at 23.53° and 43.18°, corresponding to (002) peak and
(100) peak. The corresponding lattice spacing is determined to be
0.378 and 0.209 nm for (002) and (100) peak, respectively. For
graphite oxide (GO), the lattice spacing between carbon layers
(dooz) is 0.65—0.75 nm, depending on the functional group content
in GO [24]. For PAN-based CFs, dggy varies from 0.3395 nm to
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Fig. 2. (a) Raman spectrum. Broad D peak at 1350 cm~' and G peak at 1580 cm~" are observed. No sharp 2D peak is observed. Lorentz function is employed to fit the D and G peak,
as shown in red and blue lines in the inset. (b) XRD diffractogram. (c) X-ray photoelectron spectra of CFs. (d) The XPS C1s spectrum, indicating different bonds for carbon atoms in

the sample surface. (A colour version of this figure can be viewed online.)
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0.353 nm [6]. We speculate that the existence of GO in our sample
leads to a larger lattice spacing between carbon layers than that of
PAN-based CFs. The XRD also indicates the low crystallinity of the
CFs. The crystallite size L. along the c-axis is obtained from the
(002) peak, and it is determined to be 0.9 nm. L. along the basal
plane is 1.3 nm obtained by the (100) peak. There is discrepancy
between the L, determined by Raman (2.31 nm) and L. determined
by XRD. This is due to different mechanisms in determining the
cluster size: L, determined by Raman reflects the phonon scattering
mean free path of optical phonons, while L. determined by XRD
reflects the real crystallite size.

Chemical analysis of the CFs is conducted by XPS on a PHI55000
XPS with an Al Ka X-rays (1486.6 eV). The binding energy ranges
from —5 to 1100 eV with a step 0.5 eV, and the pass energy is
153.6 eV. Fig. 2(c) shows the X-ray photoelectron spectra of the CFs.
The elemental composition is determined as: C (93.4%), H (0.74%)
and O (4.55%). The C1s XPS spectrum is shown in Fig. 2(d). It has
three obvious peaks by deconvolution, corresponding to C—H, C—C,
C=C (these three totally 84.83%) and C—0O (7.87%) and O—C=0
(7.29%), respectively. The existence of these functional groups also
leads to a larger lattice spacing between carbon layers than that of
PAN-based CFs. The large lattice spacing is not favorable for heat
conduction, mainly because of the induced loose contact between
lattice layers. The higher degree of disorder usually accompanies
smaller crystallite size, larger carbon layer lattice spacing and poor
crystal orientation, which finally leads to a lower thermal con-
ductivity [6,25,26].

3. Experimental details for thermal transport
characterization

3.1. Thermal characterization principle

The thermal diffusivity of the CFs from room temperature (RT)
down to 10 K is measured by the cryogenic transient electro-
thermal (TET) technique. As shown in Fig. 3(a), the to-be-
measured sample is suspended between two electrodes. The con-
tacts between the sample and the two electrodes are secured by
silver paste. In this way, the thermal contact resistance could be
reduced to a negligible level. Then the whole sample is placed in a
vacuum chamber, whose environmental temperature from RT to
10 K is offered by a Janis closed cycle refrigerator (CCR) system.
During the thermal measurement, the vacuum level remains under
0.5 mTorr by a liquid nitrogen cold-trapped mechanical vacuum
pump. It helps eliminate the heat convection effect in the mea-
surement. When doing the TET test, a small step current is applied
to the sample to induce joule heating by a current source (Keithley
6221). The temperature rise caused by the joule heating results in a
decrease of the sample resistance, and thus the voltage over the
fiber will has a decreasing profile. The voltage evolution over the
fiber is monitored by an oscilloscope (Tektronix DPO3052). With
known voltage evolution, the normalized temperature (AT") evo-
lution is obtained as [V(t)—Vp]/[V(t— c0)—Vp]. This value could be
used in the fitting to determine the thermal diffusivity. Here, Vp and
V(t— o) are the initial voltage and steady state voltage over the
sample. More details could be found in our previous work [27].

The heat conduction in the CF could be regarded as 1-D thermal
transport due to the sample's high aspect ratio (length to diameter).
Thus, the governing equation could be described as:

a(pcpT) , &°T
ot Kot

. 4m(T‘;— T3 | 1)

where p, ¢, and k are the density, specific heat and thermal con-
ductivity of the sample, respectively. d is the sample's average

diameter. ¢ is the joule heating power per unit volume. It has the
form of I’Rs/AL. Here, A and L are the cross-sectional area and length
of the sample. I and R; are the fed-in current and the resistance of
the sample, respectively. 4ea(T*~Tg)/d describes the effect of radi-
ation. Since the aluminum electrodes are much larger than the
sample dimension, the temperature of the electrodes could be
regarded unchanged when a small current goes through it. The
boundary condition for this heat transport can be described as
T = Tp. The normalized temperature rise is solved as:

i 1—exp[— (2m — 1w agyt /L%
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m=1 @2m-1)
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Here, aef is the effective thermal diffusivity includes the radia-
tion effect [detailed in Eq. (3)]. Using different trial values of a.f, the
experimentally obtained normalized temperature rise could be
fitted with the theoretical equation. The value giving the least
square difference is taken as the effective thermal diffusivity.
Additionally, the thermal diffusivity could be directly determined
by the characteristic point of the AT*~t curve. From Eq. (2), the
characteristic point is obtained when AT* is 0.8665. Details could be
found in Ref. [28]. The effective thermal diffusivity could be written
as a function of characteristic time (7¢) as: e = 0.20261%/7c. This
could be applied in the quick analysis of effective thermal diffu-
sivity in addition to global fitting.

The effective thermal diffusivity includes the real thermal
diffusivity (areqr) and effect of radiation (ayqq). It can be expressed
as:

1 16e0T3 L2

Qoff :areal+ETH’ (3)

where £ (=0.85) [29] and ¢ (=5.67 x 10~8 W/m?K*) are the emis-
sivity and Stefan-Boltzmann constant, respectively. T is the tem-
perature of the sample during the experiment. The TET technique
has been proven to be a valid and reliable method to measure the
thermal diffusivity of various samples. For instance, in Ref. [28] the
thermal diffusivity of Pt wire determined by TET technique
(253 x 107°-278 x 107> m?/s) agreed well with that
(251 x 107> m?/s) from other references [30]. Using the TET
technique, the thermal diffusivity of microscale polyacrylonitrile
fiber was measured to be 1.77 x 10~ m?/s, agreeing well with that
of bulk polyacrylonitrile (1.76 x 10~7 m?/s) [31].

3.2. Experimental details for the thermal properties
characterization of lignin-based CF

In this work, the density of the sample is obtained by measuring
the weight and volume of CFs. Using an analytical balance (Radwag
XA 82/220/2x), the weight of the to-be-measured CFs is 0.13 mg.
The average diameter and the length of the to-be-measured sample
is 40.0 um and 47.27 mm, respectively. Thus, the density of the CFs
is determined to be 2.189 g/cm?>. The specific heat capacity value at
RT is set as 709 J/g-K, which is corresponding to the specific heat
value of graphite from literature [32]. In the thermal properties
measurement, three samples (S1, S2 and S3) are used to do the
cryogenic TET tests for structure domain size study. TET charac-
terizations are conducted from RT to 10 K with a step of 10—25 K. As
temperature becomes lower, the temperature step is set as 10 K to
have a denser data collection. For S3, the cryogenic TET character-
izations are repeated for three rounds to study the structure sta-
bility and any thermal-cycling induced structure change. They are
indexed as S3_r1, S3_r2 and S3_r3.

Annealing is a high temperature treatment that alters the
microstructure of materials which also helps improve the thermal



J. Liu et al. / Carbon 121 (2017) 35—47 39
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Fig. 3. (a) Experiment setup for the cryogenic TET technique. (b) The voltage profiles for S3_r1 at different temperatures: 295, 125 and 11.6 K respectively. The symbols are the
experiment data and the lines are the fitting curves. (c) Temperature dependence of the normalized electrical resistance for three samples from RT to 10 K. (d) Effective thermal
diffusivity of three samples. Standard deviation of the effective thermal diffusivity is also shown in the figure. (A colour version of this figure can be viewed online.)

properties. During the annealing process, the sample is placed in a
vacuum chamber which is kept high vacuum (below 0.5 mTorr). In
this work, a DC current offered by a current source (Keithley 6221)
is fed through the sample to induce joule heating, which finally
leads to high temperatures in the sample. S6 and S7 are tested to
study the annealing effect on the averaged thermal properties of
CFs. First, the temperature dependence of thermal properties for S6
and S7 are obtained by the cryogenic TET technique. Second, S6 and
S7 are annealed only once with the annealing currents of 48 and
46 mA, respectively. After the annealing process, the thermal
properties of S6 and S7 from RT down to 10 K are obtained by using
the TET technique. Note that S6 and S7 are annealed only once with
mediate currents. Our extensive experiments show that higher
current-annealed samples are more subject to the thermally-
induced breaking during cryogenic TET measurements. Further-
more, we investigate to what extent the structure and thermal

properties could be improved after heavy annealing. S4 and S5 are
annealed many times with increased annealing currents until the
samples broke. After each annealing process, the in-situ resistance
of the sample is measured by a digital multimeter. Then the in-situ
thermal diffusivity of the sample is measured by the TET technique
at room temperature. The average resistance (R;) during the
annealing period is obtained through dividing voltage by annealing
current. With current I, fed into the sample, the annealing power is
estimated as IgRa. The diameter, length and index for the seven
studied CF samples are summarized in Table 2.

4. Results and discussion
4.1. Thermal transport and properties: correlation with temperature

Fig. 3(c) shows the temperature dependence of the normalized
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Table 2
Details of lignin-based CFs measured in this work.

Sample Index Diameter (pm) Length (mm)

S1 37.97 2.07
S2 43.87 1.24
S3 40.0 1.77
S4 35.72 1.16
S5 36.10 0.905
S6 46.2 1.55
S7 43.56 1.02

electrical resistance for S1, S2 and S3. The normalized resistance is
obtained by using the electrical resistance at RT as the base. Note
that all samples exhibit similar nonmetallic-like behavior
throughout the entire temperature range. When temperature is
changed from RT to 10 K, the normalized electrical resistances are
increased by 34%, 37% and 83% for S1, S2 and S3_r1, respectively.
The resistance rise as temperature decreases is attributed to two
factors. One is the intrinsic resistance change caused by tempera-
ture change, and the other one is the strain built in the sample as
temperature decreases. The CF has a negative intrinsic resistance
temperature coefficient (RTC), which means that the resistance of
the CFs will increase as temperature decreases. Besides, due to the
existence of functional groups in GO, graphite and GO have
different thermal expansion coefficient (TEC) when temperature is
lower than 300 K. Since seldom work has been published about the
TEC of GO, the difference between TEC of graphene and graphene
oxide is used to approximate the difference between TEC of
graphite and GO. As temperature decreases from 300 to 150 K, the
TEC of graphene decreases from —2.5 x 107% to —12.5 x 1076 K~
The TEC of graphene remains negative when temperature is lower
than 300 K. For graphene oxide paper, the TEC decreases from
9.1 x 107> to 0 K~! as temperature decreases from 300 to ~245 K,
and then the TEC (around —4.8 x 107> K1) changes little as tem-
perature decreases from ~220 to ~120 K [33,34]. It is concluded that
graphene oxide paper shrinks at first and then expands while
graphene keeps expanding when temperature decreases from 300
to 0 K. Both graphene and graphene oxide expand as temperature
decreases from 220 to 120 K. However, they expand at different
rate. Analogously, we speculate that there is a thermal expansion
difference between graphite and graphite oxide as temperature
decreases from 300 to 0 K. Because of this, compressive strain is
built up in the CF. This leads to the resistance increase when tem-
perature is reduced. This phenomenon has been observed and
discussed in our past work [35,36]. For S3, the resistance measured
at three rounds show little repeatability. It has been observed that
the structure change due to compressive strain could lead to per-
manent structure change in the material. This results in different
resistance change for S3 during the three rounds measurement,
even though the whole R ~ T trends are similar.

During TET characterization, a small DC current (I) is fed through
the CF sample to induce joule heating. With the initial resistance
(Ro), steady state resistance (R.), and R-T relationship, we can
calculate the temperature rise as (Rw—Ro)/(dR/dT). During each TET
test, the initial temperature Ty is known, thus we got the temper-
ature at steady state T, as: To, = To+(Re—Rp)/(dR/dT). The charac-
teristic temperature of the sample is set as the average temperature
of initial and steady state temperature for the reported thermal
properties. This explains why the sample temperature is a little bit
higher than the environmental temperature. Fig. 3(b) shows typical
TET V ~ t profiles of S3_r1 when experimental temperatures are
295,125 and 10.6 K, respectively. As temperature decreases from RT
down to 10.6 K, the characteristic time changes a little. This is
consistent with the fact that the measured effective thermal

diffusivity varies very little as temperature decreases. The effective
thermal diffusivities for three samples are shown in Fig. 3(d). It is
observed that the effective thermal diffusivities change little
throughout the entire temperature range. For S3_r1, the maximum
and minimum effective thermal diffusivity are 1.68 x 10~® and
1.42 x 107% m?/s, respectively. The ratio of maximum to minimum
value is 1.18. Besides, the effective thermal diffusivities non-
monotonically change with decreased temperature. For typical
polymers and graphene-based materials, the thermal diffusivity
increases significantly and monotonically when temperature is
decreased from RT to 10 K. For polyethylene, the ratio of maximum
to minimum thermal diffusivity could be 1.8 when temperature is
in the range of 10 K to RT [27,37]. This is due to fact that the thermal
transport is dominated by phonon-phonon scattering in the
measured sample. However, for the CFs used in this work, the
thermal diffusivity changes little, indicating that the phonon scat-
tering in CFs is dominated by the phonon-boundary scattering. The
phonon scattering mechanism will be introduced in detail in sec-
tion 4.2. When considering the relative error of af, the parameter
fitting error of nonlinear fitting is calculated out and it is between
0.1% and 0.3%, which is negligible. During the TET characterization,
thermal diffusivity measurements of the sample under each tem-
perature are repeated 30 to 40 times. The standard deviation due to
measurement is calculated out by the repeated experimental re-
sults. Based on uncertainty propagation, the relative errors of
effective thermal diffusivity are shown in Fig. 3(d).

We get the specific heat from RT down to 10 K from literature
data to subtract the radiation effect [38]. Based on Eq. (3), the
thermal diffusivity due to radiation is calculated out. Its magnitude
is two orders of magnitude smaller than the effective thermal
diffusivity. After knowing real thermal diffusivity, the real thermal
conductivity (Kreqr) is obtained as Kreqr = arear* pCp. Fig. 4(a) shows the
thermal conductivity of the samples from RT down to 10 K. Error
bars are given in Fig. 4(a), too. k is determined to be 1.83—2.63 W/
m-K at RT for all the samples. Considering the difference among
samples, the thermal conductivities of the as-prepared samples
show good consistency with each other. For comparison, the ther-
mal conductivity of bulk amorphous carbon is also shown in
Fig. 4(a) [39]. Our results are close to the reference values.

4.2. The underlying mechanism and structure-dependent phonon
scattering

XRD pattern of the as-prepared CFs shows that the samples are
almost amorphous. Thermal transport inside the CFs is dominated
by the phonon scattering. As the sample length (L) is much longer
than the phonon mean free path (1), the thermal transport is called
diffusive transport. Under this situation, various scattering mech-
anism jointly determine the phonon thermal conductivity. The
phonons are scattered not only by other phonons but also by grain
boundary and defects. Based on the single relaxation time
approximation, the phonon relaxation time (7) could be written as:
7V =751 + 7,1 + 771, Here 7y, 7 and 74 are the phonon relaxation
time due to Umklapp process, phonon-boundary scattering and
phonon-defect scattering, respectively. The thermal conductivity is
expressed as k = 1/3Cpv4, among which G, is specific heat, v is the
phonon group velocity. 4 is related with the relaxation time and
can be expressed as A4 = vr. The thermal conductivity variation
against temperature contains information about both phonon
scattering and specific heat. Since specific heat is temperature
dependent, it is difficult to use the thermal conductivity to directly
obtain the phonon scattering information. The structure of the CFs
is difficult to derive from thermal conductivity profile.

It is known that thermal diffusivity and thermal conductivity
could be expressed as: k = pcpa. To get rid of the effect of heat
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Fig. 4. (a) Temperature dependence of thermal conductivities for three samples. Error bars are shown in the figure. (b) Temperature dependence of thermal reffusivities for three
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capacity, a good method is to study the thermal diffusivity only. In
this section, the thermal reffusivity (®) is introduced and used to
uncover the structure and phonon scattering in CFs. It is defined as
the inverse of thermal diffusivity: ® = o~ Based on the definition,
® could be expressed as ® = 3/(vA) = 3/(v?7). Furthermore, ® could
be written as a function of phonon relaxation time due to different
phonon scattering processes:

@:3/v2~(7'§] b1yt Tyl =3/v- (A + 451+ 470

=0y + 0 + 0. (4)
v changes little with temperature, but it is strongly dependent on
phonon branch and phonon frequency. 7y is strongly dependent on
temperature, while 7, and 74 are only related with the internal
micro-structure. As temperature goes down to 0 K, 7y is
approaching zero due to the quick freezing-out of phonons, while
7p and 74 remain almost unchanged. Thus, when temperature is O K,
By goes to zero and the thermal reffusivity is left with ®, and @g. It
is a nonzero value at 0 K, which is caused by the grain boundaries
and defects. When the phonon-boundary and phonon-defect
scattering are dominant, ® scales with the mean free path deter-
mined by boundary and defects, and it shows little temperature
dependence. As the Umklapp process is dominant, ® is strongly
temperature dependent.

The thermal reffusivity variations against temperature for the
three samples are shown in Fig. 4(b). It is observed that the thermal
reffusivity shows very weak temperature dependence. The ratio of
maximum to minimum thermal reffusivity is 1.43, indicating that
phonons in the CFs are mainly scattered by grain boundaries and
defects. As temperature goes down to 0 K, the estimated residual
thermal reffusivity (@) are 5.67 x 10°, 6.39 x 10° and 5.92 x 10° s/
m? for S1, S2 and S3 respectively. With the knowledge of phonon
velocity and residual thermal reffusivity, 4 could be calculated as
Aefr = 3/(Ogv). The phonon velocity can be determined from the
dispersion relation: dw/dk. w and « are the angular frequency and
wavenumber. In this work, phonon velocity is estimated as 4300 m/
s, which is taken from the phonon velocity in pyrolytic graphite
[40,41]. Thus, A are determined to be 1.23, 1.1 and 1.18 nm for the
three samples, respectively. The calculated Aef is limited by the
phonon-grain boundary/defect scattering in all directions. In the

former part, the relationship between thermal conductivity and
mean free path was introduced: k = 1/3C,vAep The k is propor-
tional to mean free path. A longer mean free path could lead to a
larger thermal conductivity.

Table 3 summarizes the crystallite size measured by XRD and
cluster size obtained by Raman method, as well as the mean free
path uncovered by phonon-boundary/defect scattering. Since a
bundle of CF samples were tested in the crystallite size measure-
ment by XRD, the obtained crystallite size is reasonable to be the
averaged crystallite size of each CF. S4 and S5 broke when the
annealing temperature reached a certain value, so we could not get
Aerof S4 and S5. It is found that L, measured by Raman, L. obtained
by XRD and g show the same order of magnitude. However, the
mechanisms of the three kinds of size are different. L, obtained by
Raman is induced by optical phonon scattering, and it indicates the
mean free path of optical phonons. Since the thermal transport is
dominated by the scattering of acoustic phonons, Aefis determined
by acoustic phonon scattering. The phonon scattering mechanisms
of optical phonon and acoustic phonon can be quite different. This
is the reason for the discrepancy between L; and Aef As we
mentioned before, the crystallite size along the edge and basal
plane is 0.9 and 1.3 nm, respectively. The crystallite sizes measured
by XRD are different in different crystallite orientations. Aef in-
dicates the effective phonon mean free path due to grain bound-
aries and defects. This leads to the discrepancy between the
crystallite size and Aef. For the material whose crystallite size is
difficult to obtain by XRD, the thermal reffusivity mechanism offers
an alternative method to estimate the order of crystallite size and
study the corresponding acoustic phonon mean free path due to
grain boundaries and defects.

Table 3
Crystallite size measured by XRD, cluster size obtained by Raman method and mean
free path due to phonon-boundary/defect scattering.

L. by XRD [(100) L. by XRD [(002) L, by Raman A

direction] (nm) direction] (nm) (nm) (nm)
S1 1.3 0.9 2.31 1.23
S2 1.1
S3 1.18
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5. Annealing effect on structure and thermal transport
5.1. Change of structure domain size by annealing

In this section, two samples (S6 and S7) were chosen to conduct
annealing and study the thermo-physical properties over the
cryogenic temperature range. We aim at gaining full understanding
of the annealing effect on effective thermal conductivity and
phonon mean free path. After obtaining the temperature depen-
dence of thermal diffusivity by the TET technique, the real thermal
conductivity is obtained by the following equation: k = pcpa.
Fig. 5(a) shows the temperature dependence of thermal conduc-
tivity for the pre-annealed and post-annealed samples. It could be
observed that the k of S6 and S7 at RT increases by 44% and 24% by
annealing. The different annealing level leads to the discrepancy of
thermal property improvement between S6 and S7.

To better understand the micro-structure improvement by
annealing, the thermal reffusivity of the two samples are evaluated.
The thermal reffusivity has been introduced in section 4.2, and it
could be used to determine the effective phonon mean free path.
Fig. 5(b) shows the temperature dependence of the thermal reffu-
sivity for S6 and S7. During the whole cryogenic temperature range,
with the same measurement temperature, the thermal reffusivity
decrease by annealing is in the range of: 2 x 10°—3 x 10° s/m? for
S6 and 1.2 x 10°—2 x 10° s/m? for S7. The residual thermal reffu-
sivity for pre-annealed and post-annealed S6 is determined to be
713 x 10° and 4.11 x 10° s/m>. The residual thermal reffusivity for
pre-annealed and post-annealed S7 is determined to be 8.10 x 10°
and 6.31 x 10° s/m?. With known residual thermal reffusivity, the
effective mean free path is determined according to the following
equation: Aef = 3/(@gv), and it is summarized in Table 4. The
effective mean free paths of S6 and S7 are increased by 72% and 28%
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after annealing. It is known that phonon scattering is limited by the
grain boundary/defect at almost 0 K. A longer effective mean free
path indicates that the increase of grain size and less defects in
annealed samples. Table 4 also summarizes the resistance, thermal
conductivity/diffusivity at RT, and residual thermal reffusivity for
pre-annealed and post-annealed samples.

Here, one point about the measured thermal properties and
effective mean free path should be explained. The thermal trans-
port during annealing process is a 1-D problem, which means the
temperature distribution along the fiber axial direction is not uni-
form. Under this situation, different parts of the sample are
annealed at different levels. The region close to the two ends re-
ceives almost no annealing. In this section, the thermal properties
and effective mean free path are the averaged properties of the
materials, which cannot reflect the very localized structure and
localized thermal conductivity change by annealing. Besides, we
have found that the sample could not sustain the cycle of cryogenic
temperature measurement when the annealing current is too high.
In the next section, we focus on S4 and S5 and increase the
annealing currents until they broke. The thermal conductivity at
the middle point and the local temperature are determined to give
the precise information on thermal conductivity increase under
different annealing temperatures. Also, Raman spectra are obtained
at different locations of the sample to track the change of the
structure due to different annealing levels.

5.2. Transient material behavior during annealing

The samples denoted as S4 and S5 were subjected to the
annealing treatment. The original resistances of S4 and S5 are 138.0
and 67.9 Q, respectively. For S4, the annealing current increases
from 16 to 107 mA with a multiplication factor in the range
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Fig. 5. (a) Temperature dependence of thermal conductivity for pre-annealed and post-annealed samples. (b) Temperature dependence of thermal reffusivity for pre-annealed and

post-annealed samples. (A colour version of this figure can be viewed online.)

Table 4
Summarization of resistance, thermal conductivity/diffusivity at RT, and residual thermal diffusivity and effective mean free path for S6 and S7.
R(Q) k (W/m-K) o (m?/s) ®g (s/m?) Aegr (NM)
S6 Pre-annealed 136 2.0 136 x 1076 7.13 x 10° 0.90
Post-annealed 67.7 2.9 1.88 x 107° 411 x 10° 1.55
S7 Pre-annealed 149.4 1.65 1.07 x 10°° 8.10 x 10° 0.79
Post-annealed 104.4 2.0 134 x 1076 6.31 x 10° 1.01
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1.05—1.1. For S5, the annealing current increases from 3 to 206 mA
with a multiplication factor in the range 1.05—1.1. The annealing
time lasts from 30 to 70 s. The voltage evolution of the sample
during annealing is monitored by an oscilloscope (DPO 3052),
through which the resistance during annealing process can be
derived.

Fig. 6(a) and (b) show the voltage evolutions with different
annealing currents for S4 and S5. The voltage evolution consists of
two states. In state 1, the voltage of the sample drops very quickly
upon the annealing current. In this state, there is very little
annealing, and joule heating process dominates. It is like the TET
heating and resistance changing process. Since the carbon fiber
shows a negative temperature-resistance coefficient, the high
temperature caused by the joule heating leads to a very quick
resistance decrease. This finally results in the quick voltage drop. It
is observed that state 1 becomes shorter as annealing current in-
creases. This is consistent with the fact that the structure of the CF
improves after annealing. Better structure leads to a higher thermal
diffusivity, so that the characteristic time becomes shorter with the
increased annealing current. State 2 is the annealing process.
During this process, high temperature annealing helps reduce the
internal stress and eliminate lattice vacancies in the samples, thus
the resistance decreases with a very slow rate. When the annealing
current is 16 mA for S4 and 6.4 mA for S5, the voltage of the samples
shows negligible change in state 2. This indicates that when the
annealing current is small, the temperature in the sample is not
high enough to induce annealing. Only as temperature increases to
a certain value, the annealing process starts. In section 5.3, we will
introduce the resistance variation with annealing power, the
localized structure and thermal properties increase of S4 and S5 in
detail.
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5.3. Change of structure and thermal conductivity under annealing
until broke

The resistance variations with increased annealing power for S4
and S5 are shown in Fig. 7(a). The annealing temperature has a
positive correlation with the annealing power. Therefore, the
annealing power could be used to indicate the annealing temper-
ature of the sample. At first, the resistance decreases at a higher
rate. As annealing power becomes larger, the resistance saturates
and then it increases a little bit. Finally, the sample broke at the
middle point. Since the midpoint has the highest temperature
during annealing, the breakage could be attributed to structural
shrinkage of CF under elevated temperatures. The annealing cur-
rent when the sample broke is defined as maximum current (I,).
The electrical resistance of the two samples decreased by around
40% after being completely annealed. Fig. 7(b) shows the broken
sample (S4) under SEM. During the annealing process, the micro-
structure of graphite improves and fraction of graphite increases.
This will be studied by Raman spectroscopy later. Besides, the
functional groups in the CFs reduce. These two factors explain the
electrical conductivity increase after annealing. This speculation in
structure change is further detailed and supported in the following
Raman study.

We conducted Raman spectrum study of S4 after broke at
different locations from the broken point to the electrode end. Since
the temperature distribution during annealing is not uniform, we
used the measured thermal diffusivity and the derived thermal
conductivity to estimate the temperature at different locations that
corresponding to the measured Raman spectrum. I; is defined as
the distance of measured point to the broken point and its defini-
tion schematic is shown in Fig. 7(b). Fig. 7(d) shows the tempera-
ture distribution along the fiber axis under the maximum
annealing current (I;,) in the sample. The original point of the x-axis
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Fig. 6. Voltage evolutions to show the two states during annealing process under different annealing currents for (a) S4 and (b) S5. (A colour version of this figure can be viewed

online.)
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peak (I'c) as a function of Iy. (A colour version of this figure can be viewed online.)

is the broken point of the sample. As Iy increases, the temperature
of the sample decreases. Our Raman study gave the information on
how the structure of the annealed CF changes along the fiber axial
direction.

Raman spectra of S4 measured at 532 nm excitation are given in
Fig. 7(c). The lens and integration time is 20x and 5 s, respectively.
The inset of Fig. 7(c) gives a clear view of spectrum for point a, b and
c. Point g, b and c are very close to the electrode end. From Fig. 7(c),
very wide and small 2D peak is found as the tested point is close to
the electrode end. Also, D peak and G peak are wide and overlap for
the tested point close to the electrode end. It shows a representa-
tive Raman spectrum of disordered GO [21]. As the tested points are
closer to the broken point (I becomes smaller), a single 2D peak at
2677 cm~ ! starts to emerge. The Gaussian function is used to fit the
2D peak. Its full width at half maximum (FWHM) is ~92 cm™,
which is four-fold larger than that of 2D peak for graphene [21]. At
the same time, both D peak and G peak become sharper as the
tested point becomes closer to the broken point. Based on these
results, we can conclude that the structure of graphite becomes
better and the graphite concentration becomes higher in the
annealed CF.

To further estimate the cluster size change by annealing, two-
peak Lorentz function is used to fit the D and G peak to obtain

the intensity and linewidth (I'p and I'¢). Fig. 7(d) shows the value of
Ip/lg and I'p/I'¢ changing with ly. As lg decreases from 558 to 106 um
(from strongly annealed region to less annealed region), Ip/I¢ de-
creases from 2.71 to 1.11, indicating that annealing the CFs with
higher temperatures improves the structure order. As we
mentioned before, the cluster size (L;) has the following relation-
ship with Ip/lg: Ip/lc = C()/Lg. Thus, the cluster size is calculated
and its variation with I; is shown in Fig. 7(e). It is observed that L,
decreases from 4 to 1.83 nm as I; increases from 60.7 to 557.9 pm.
Fig. 7(e) also shows the Raman spectrum linewidth of G peak (I'c)
changing with ly. The optical phonon lifetime (7) has the following
relationship with I'¢: 7! = 2cnl¢. ¢ (=3 x 108 m/sec) is the speed
of light [42]. I'; increases with the increased l4, indicating that
optical phonon lifetime decreases with increased I;. This strongly
supports the conclusion that annealing significantly improves the
structure order, which can be reflected by a longer optical phonon
lifetime. The annealing effect on the structure of the sample is
strongly dependent on the annealing temperature. The middle part
of the sample has a higher annealing temperature, leading to a
better structure of the middle part. On the other hand, the tem-
perature of the sample close to the electrode is much smaller,
resulting in almost no annealing effect.

In the annealing process, after each annealing, the thermal
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conductivity of the sample is measured using the TET technique.
But this scenario is different from the measurement of as-
synthesized sample. For the as-synthesized sample, the thermal
conductivity and diffusivity are uniform along the sample. But for
the annealed sample, due to the nonuniform temperature distri-
bution along the fiber axial direction in annealing, the whole
sample is not annealed at the same level. Therefore, the thermal
conductivity along the fiber axial direction will vary. In our TET data
processing, this non-uniform k effect is considered using numerical
modeling. In the 1D numerical thermal transport simulation, the
thermal conductivity along the fiber axis direction is assumed to be
linearly distributed. Since the temperatures at the two electrodes
change very little during the annealing process, the k at two ends is
set as the thermal conductivity of as-prepared samples. The middle
point of the sample has the highest annealing temperature, leading
to a maximum k at the middle point. We used 1D numerical ther-
mal transport simulation based on the finite difference method to
simulate the temperature evolution for TET data processing. During
the simulation process, the emissivity is set as 0.85, which is the
same value used in calculating out the effect of radiation on thermal
diffusivity before. k of as-prepared samples takes 1.75 W/m-K. By
varying the k at middle point, we get multiple normalized tem-
perature evolutions changing with time. The one best fitting the

experimental result is taken as the property of the sample. This
middle point thermal conductivity is termed as kiy,.

To evaluate the temperature of the middle point (T;;) and the
average temperature (T;) during annealing, the above obtained k;,
is used to model the steady-state heat conduction in S4 and S5
during annealing. In the steady-state heating model, the emissivity
of CF is set as 0.85 at RT. As annealing power increases, the tem-
perature of the sample increases as well. The emissivity of CF de-
viates from 0.85 when temperature is high. We found that when
emissivity changes with +10%, the obtained T;; shows a 2% varia-
tion. Thus, we set the emissivity of CF as 0.85 in the temperature
range 300—2800 K. Fig. 8(a) shows the measured real thermal
diffusivity (aeq) variation with the average temperature during the
annealing process. When the average temperature increases from
700 to 2300 K, ayeq increases by 80% and 150% for S4 and S5,
respectively. Fig. 8(b) shows how Ty, changes with annealing power
in the sample. As the annealing power increases, the temperature
at the middle point reaches to a certain value, under which the
sample broke. This temperature is termed T. T, is determined to be
~2800 K. It is reported that the melting point of graphite is 4489 °C
under 10.3 MPa [32]. T; of CFs is much smaller than the melting
point of graphite, indicating the intrinsic defective graphite struc-
ture. Fig. 8(c) shows the k, change with annealing temperature at
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the middle point. Overall, k;, increases monotonically with the
annealing temperature. As temperature in the range of 800—2000
K, ki increases at a slower rate. It increases from 7.2 to 11.2 W/m-K,
by 55.6%. As annealing temperature is above 2000 K, k, increases
faster. It is increased by 110%, from 11.2 to 23.5 W/m-K. It is
concluded that when the annealing temperature becomes higher,
the fiber is annealed more heavily, leading to much more improved
microstructure. This has also been confirmed by Raman study
before. Fig. 8(d) shows the inverse of k;;; as a function of annealing
temperature. A linear fitting between the inverse of k; and
midpoint temperature is obtained and shown in the figure. The
correlation between 1/k;, and T, is obtained as 1/
km = 0.1997—5.669 x 10~ °Ty, for S4. This correlation offers us a
quick method to predict the annealed thermal conductivity with
known annealing temperatures.

6. Conclusion

In this work, the micro-structure and thermo-physical proper-
ties of lignin-based microscale CFs were studied from various as-
pects. Our thermal measurement indicated that the thermal
conductivity of the lignin-based CFs could be as small as 1.83 W/
m-K. Our thermal reffusivity study from RT down to 10 K showed
very weak variation of thermal reffusivity against temperature. This
phenomenon suggested dominant boundary/defect phonon
scattering-sustained heat conduction in our CFs. By utilizing a new
parameter: thermal reffusivity, the mean free path of phonon
scattering due to grain boundary and defects in the lignin-based
CFs was determined. This value (~1.2 nm) agrees well with the
structure domain size determined by XRD (0.9 and 1.3 nm) and
Raman spectroscopy (2.31 nm). The annealing effects on micro-
structure and thermal conductivity were studied by micro-Raman
spectroscopy and simulation. The as-prepared CFs only showed a
typical structure of graphite oxide. After being highly annealed, the
concentration of graphite in the annealed CFs increased and the
microstructure of graphite improved. The average thermal con-
ductivity of annealed lignin-based CFs could be increased by 24%—
44% at RT. Significant increase of the effective phonon mean free
path could be obtained by annealing. The localized thermal con-
ductivity of annealed lignin-based CFs could be increased by ten
fold to as high as ~24 W/m-K. The structure improvement was also
studied by micro-Raman scanning from the highly-annealed region
to weakly-annealed region, showing a one-fold increase in the
cluster size by annealing. The inverse of thermal conductivity was
found to have a linear relationship with annealing temperature,
which offers a possible way for predicting the thermal conductivity
after different current annealing.
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