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Abstract: This work documents the annealing effect on the thermal conductivity of nanotube film
(CNTB) and carbon nanotube fiber (CNTF). The thermal properties of carbon nanotube samples are
measured by using the transient electro-thermal (TET) technique, and the experimental phenomena
are analyzed based on numerical simulation. During the current annealing treatment, CNTB1
always maintains the negative temperature coefficient of resistance (TCR), and its thermal diffusivity
increases gradually. When the annealing current is 200 mA, it increases by 33.62%. However, with
the increase of annealing current, the TCR of CNTB2 changes from positive to negative. The disparity
between CNTB2 and CNTB1 suggests that they have different physical properties and even structures
along their lengths. The high-level thermal diffusivity of CNTB2 and CNTF are 2.28-2.46 times
and 1.65-3.85 times higher than the lower one. The results show that the decrease of the thermal
diffusivity for CNTB2 and CNTF is mainly caused by enhanced Umklapp scattering, the high thermal
resistance and torsional sliding during high temperature heating.
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1. Introduction

Carbon nanotubes (CNTs) have progressively attracted researchers’ attention for their
lightweight, small size and acceptable flexibility. Moreover, they have both excellent
electrical and thermal conductivity, which determines that they have application value
and development potential as a high-performance reinforcement material [1]. However, in
practical applications, they have failed to reflect the excellent properties of CNTs because
they are dispersed randomly and prone to agglomeration [2]. Previous studies on CNTs
have concentrated on the preparation [3,4], the optimization of the mechanical properties
of CNTs composites [5,6] and the enhancement of the effectiveness of CNTs as capacitor
electrode materials [7]. In recent years, studies have shown that high temperature annealing
is an effective approach to improve the structure and thermal conductivity of carbon
materials [8,9]. Chen et al. [10] found that thermal treatment is capable of repairing the
structure of graphene and making graphene sheets accumulate more regularly. Thereby, the
thermal conductivity is increased. Mayhew et al. [11] found that the thermal conductivity
of carbon nanofibers could be increased by nearly 40 times after annealing at 2800 °C for
20 h. However, the effect of high temperature annealing on the thermal conductivity of
carbon materials is complicated, for which a mechanism has yet to be figured out.

The traditional method of annealing at present is indirect annealing in the furnace,
and the current annealing in this experiment has the superiorities of straightforward and
efficient in situ measurement compared with the traditional annealing. Current annealing
can be accomplished in a few seconds for the sample annealing treatment. The sample
is always in the invariable equipment before annealing until the sample is burned down
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after complete annealing to measure thermal conductivity, which reduces the measurement
errors caused by factors such as the pollution of the area under measurement and the
different qualities of the sample.

In this work, the focus is on the current annealing effect on CNTB and CNTEF. The
data is collected by using the TET technique, and the variation of thermal diffusivity with
annealing current is analyzed. The evolution of material microstructures is studied based
on the variation of their thermal properties.

2. Materials and Methods
2.1. Experimental Materials

The CNTB (Suzhou Tanfeng Graphene Technology Co., Ltd., Suzhou, China) was
prepared from multi-walled carbon nanotubes (MWCNTs) by floating catalysis to pattern
a film with the size of 10 cm x 10 cm (Figure 1a), with an electrical conductivity of
(0.8-3) x 107° S/m, a strength of 60-100 MPa and a density of 400 kg/m?. Figure 1b, the
SEM image of CNTB, clearly shows that the film is made of innumerable carbon nanotubes
arranged desultorily. Moreover, the carbon nanotubes have non-uniform diameters and
randomly overlap with others, which makes the surface of the prepared film rough to a
certain extent. The tested samples were prepared along the length direction of the square
CNTB film (CNTB1) and along the other side of the CNTB film (CNTB2), as shown in
Figure 1a.

NN
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Figure 1. (a) The intact carbon nanotube film (CNTB) before the TET experiments. (b) The SEM
image of the CNTB. The SEM images of CNTF under different magnifications of (c¢) 1500x and
(d) 20,000x. These indicate CNTB and CNTF are made of innumerable carbon nanotube fibers
arranged desultorily.
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The carbon nanotube fiber (CNTF, Nanjing JCNANO Tech Co., Ltd., Nanjing, China)
was also prepared from MWCNTs by using the floating catalyst method, with a density
of 675.43 kg/m?, the strength of 310-500 MPa, the modulus of 10 GPa and a tensile rate
of 20-30%. From its SEM images (Figure 1c,d), the CNTF sample had a certain degree of
twisted texture and roughness, and there is a cross-overlap as well.

2.2. Transient Electro-Thermal Technique

The thermal conductivities of carbon nanotube materials were measured by using
TET. Figure 2 shows the schematic diagram of the TET experimental system. The samples
were suspended on a sample holder with two separate electrodes. A small amount of silver
paste was applied to stabilize both ends of the samples on the electrodes to reduce the
contact resistance between the samples and electrodes. Then the sample holder was placed
into a vacuum chamber to exclude heat convection. As the air pressure in the vacuum
chamber during the measurement was maintained at 1 x 1073 mbar, the heat convection
effect on the measured thermal diffusivity was negligible. A step current supplied by a
current source (KEITHLEY 2611A, Keithley Instruments Inc., Cleveland, OH, USA) was
fed to the samples to generate Joule heating in the samples. The thermal diffusivity of
the samples was obtained by analyzing the temperature rise curve with a physical model
discussed below.

Silver Paste

\ S/a'mple

Vacuum chamber Electrode

L

Step Current

Current
Source

Oscilloscope

Figure 2. The schematic diagram of the TET experiment. TET is composed of a vacuum chamber,
current source and oscilloscope. In the vacuum chamber, the air pressure is less than 1 x 1073 mbar
during the measurement. The sample is placed on the electrodes, and a silver paste is applied to the
ends for reducing contact resistance.

As the CNTB and CNTF samples have a large aspect ratio, a one-dimensional heat
transfer model was used for analysis [12]. The average temperature change of the sample
directly affects the variation of the voltage over the sample as [13]:

Vsample = IRo+ Iy

4qOL2 i 1 —exp[(—(2m — 1)27t2aefft)/L2] 1)
m=1

ke (2m —1)*
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where 7 is the temperature coefficient of resistance, g is the electrical heating power per
unit of volume, k is the thermal conductivity, a. is the effective thermal diffusivity of
the sample.

Defining a normalized average temperature rise as T* = (T; — Tp) / (Tt—o00 — Tp), it
can be expressed as [13,14]:

L (=)™ 1 — exp[-m? gt/ L?]
7r4m71 m? m?

@

When a step current is applied to a sample, its resistance varies with the temperature,
which leads to a change of voltage. Therefore, the experimental value of the normalized
temperature rise T*exp can be calculated by the change of voltage as: T"exp = V* =
(Vsample — V0)/ (Voo — Vi), where Vp and Vo, are the initial and steady-state voltages across
the sample, respectively. The V-t curve of the sample was recorded by an oscilloscope (DSO-
X3052A, Agilent Technologies Inc, Santa Clara, CA, USA); combined with Equation (1), the
thermal diffusivity («) of the sample was obtained, which was used to fit the normalized
temperature curve. The a value with the best fitting was determined as ., and associates
with the density (p) and specific heat capacity (cy) of the sample, its effective thermal
conductivity (keg) can be obtained as calculated by: kegr = pcpaefs.

2.3. Experimental Procedure

The current annealing was applied to the sample in the same experimental setup
as TET in this study. After the sample was laid in a vacuum chamber, the a.¢ of the
sample at room temperature was first measured using a step current with low intensity
in order to raise the temperature as small as possible. Then a Direct Current (DC) with
high intensity was applied to the same sample to generate large heat in the sample and
complete the thermal annealing. The thermal annealing lasted for more than 120 s to
ensure thermal equilibrium for one run. The second a.¢ was measured after the sample
finished the first annealing run. The annealing run and in-situ TET measurement were then
performed alternatively by switching the form of the current between the large DC current
(for annealing) and small step current (for TET measurement). The DC current increases a
little at a time until the sample is burned down. This method can fully realize the effective
monitoring of the structural variation in the annealing process. The error of transferring
samples between the different annealing and measurement devices is successfully avoided.
This is the whole current annealing procedure, in which the effects of current annealing on
thermal conductivity are investigated.

3. Results and Discussions
3.1. Results
3.1.1. Positive Effect of Annealing on CNTB1

The annealing process and in-situ TET measurement are first applied to CNTB1 (length:
3620.71 pm; width: 288.42 um; thickness: 25 um). The decreasing voltage along with time
demonstrate that the MWCNTs dominate the heat conduction in CNTB1 because most
carbon materials have a negative temperature coefficient of resistance (TCR) [15]. The vary-
ing trend is fitted by Equation (2), and the best-fitted « is the effective thermal diffusivity
o of CNTB1. The detailed annealing current I, and ag of CNTB1 are summarized in
Table 1. With the increase in the annealing current, a.¢ of CNTB1 increases likewise. When
less heat is added, a.¢ changes little. As the sample is heated in a vacuum chamber, the
thermal reduction would occur in the sample to remove impurity induced in the sample
production. With the increase of the current, the degree of reduction is enhanced, and the
microstructure is optimized. Thus, the thermal conductivity and a¢ of CNTB1 rise. The
annealing current of burning the sample is 210 mA, and when the annealing current is
200 mA, the thermal diffusivity increases by 33.62%.
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Table 1. Partial experimental results of CNTB1 during current annealing.

Sample I, (x10~3 A) tegs (X105 m?/s)
0 6.52
90 6.53
120 6.85
CNTBI 150 7.34
180 8.27
200 8.71

3.1.2. Observation of Thermal Diffusivity Jump on CNTB2 and CNTF

In the process of current annealing experiments for CNTB2 (length: 3657.23 um; width:
260.23 pm; thickness: 25 pm) and CNTF (length: 3429.35 pm; diameter: 135 pm), an
unusual phenomenon appears where the thermal diffusivity of the sample has a “sudden
jump”. Figure 3a shows the voltage evolution of CNTB2 before annealing. It is obvious that
the varying trend is different from that of CNTB1, though both of them are cut from the
same carbon nanotube conductive film. The disparate phenomenon of CNTB2 and CNTB1
indicates that they have different physical properties and even structures along their length
directions, which lead to the occurrence of different heat conduction mechanisms.

Figure 3b—f shows the V-t experimental data and the theoretical fitting curves of
CNTB2 under different currents: 140 mA, 160 mA, 165 mA, 170 mA and 300 mA. It presents
an interesting evolution of the voltage variations. When the annealing current varies from 0
to 140 mA, the voltage of CNTB2 increases gradually under Joule heating and then reaches
the steady-state, which is a typical voltage evolution with a positive TCR. However, when
the annealing current is above 150 mA, the TET signal for CNTB2 shows a small decrease at
the beginning of Joule heating, and then it rises again until reaching the steady-state. With
the increase in the annealing current, the descending part becomes noticeable and begins to
dominate the TET signal. When the current passes 170 mA, the signal only has a decreasing
trend until reaching the steady-state, and the rising portion completely disappears. The
sample initiates to perform the normal signal which the carbon materials originally have
when the sample has a negative TCR. The “sudden jump” of thermal diffusivity indicates
that with the increase of the annealing current, the TCR of CNTB2 and CNTF turns from
positive to negative.

CNTF has a similar behavior as CNTB2. Both samples are annealed with a higher
and higher current until the sample is burned down. The thermal diffusivities of CNTB2
and CNTF against the annealing currents are shown in Figure 4a,b, respectively. The
detailed annealing condition and determined thermal diffusivity are listed in Table 2. The
measured thermal diffusivity is divided into two separate data groups. The lower thermal
diffusivity group is denoted as «1, and the higher thermal diffusivity group is denoted as
. The corresponding two states before and after switch-on are named State 1 and State 2,
respectively. Combining Table 2 and Figure 4, it can be observed that when the annealing
currents of CNTB2 and CNTF are 160 mA and 350 mA, the peak thermal diffusivity is
32.01 x 107> m?/s and 19.63 x 1075 m?2/s. aj is much lower than as. Wang et al. [16]
found that high temperature induces C atoms to act in a thermal flutter in a large range
at the structural equilibrium position, and this deformation increases the atomic energy
in the local region of MWCNTs. When the threshold of the barrier constraint value is
reached, the MWCNTs structure will produce irreversible deformation (the minimum
distance between C atoms) and even collapse [17]. It can be further determined that the
thermal diffusivity peaks in CNTB2 and CNTF occur at the threshold where instability is
produced in MWCNTs’ structures.
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Figure 3. (a—f) Comparisons between the theoretical fitting and experimental data of CNTB2
for the voltage under different annealing currents. The red squares are experimental data,
and the blue lines are the theoretical fitting. (a) Corresponding to the unannealed state and
the variation of voltage is monotone increasing, which trend is similar to (b) under 140 mA.
(c,d) are under 160 mA and 165 mA, respectively. The variations perform as decreasing firstly
and then rising to the steady-state. (e,f) 170 mA and 300 mA, respectively, and the variations are

monotone decreasing.
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Figure 4. The curve of thermal diffusivity with an annealing current (I): (a) CNTB2; (b) CNTE.

Table 2. Partial experimental results of CNTB2 and CNTF during current annealing.

Low-Level Thermal High-Level Thermal Low-Level Thermal High-Level Thermal

I Diffusivity after Diffusivity after Diffusivity before Diffusivity before
Sample ><10i 3A Annealing Annealing Annealing Annealing
(weff,1) (egf ) (esf,01) (weff,02)
x10~% m?/s x10~% m?/s
40 7.89
100 6.79
140 541
150 13.02 13.72
CNTB2 160 6.59 32.01 8.09
165 8.12 24.02
170 16.25
210 13.72
300 12.38
300 4.27 18.90
350 5.10 19.63
400 4.94 18.95
CNTF 450 9.93 3.45 21.19
675 8.20
720 7.05

3.1.3. Transient Annealing Behavior

The transient voltage variations of CNTB1, CNTB2 and CNTF under different anneal-
ing currents are shown in Figure 5. During the process of annealing, the time required by
State 1 for CNTB and CNTF decreases. With the increase of the annealing current, State 2
presents complex and diverse changes, and when the annealing current approaches the
maximum current that the sample can withstand, the voltage fluctuates greatly. It is clear
in Figure 5 that transient voltage variations of CNTB and CNTF appear in a rising trend,
suggesting that in the process of annealing, the resistance of the sample increases constantly
with the heating temperature rising. This phenomenon is in conflict with the theory that
carbon materials have negative TCR in themselves.

As shown in Figure 6a, the normalized resistance (R") of both samples has an upward
trend with the rise of annealing power (P). After several times of annealing, the samples
are burnt due to high-temperature heating eventually, and the final breakpoints of samples
are shown in Figure 6b—d. CNTBI1 is fractured at about 3/4 of the sample length, and
CNTB2 and CNTF are both fractured at about 1/2 of their length, which indicates that
during the annealing process, the temperature distribution along the length of the sample
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is non-uniform. The temperature at the breakpoint is the highest, and thus the fracture
occurs first.
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Figure 5. The transient voltage variations with time during annealing: (a) CNTB1; (b) CNTB2;
(c) CNTE. The arrows indicate State 1 and State 2. During the current annealing, the time required for
each sample in State 1 is reduced.

3.1.4. Temperature Distribution and Thermal Conductivity Change of CNTB

The temperature at different positions along the length of the sample is calculated
by using a numerical method, and the results are shown in Figure 7a. The temperature
distribution is non-uniform along the length of CNTB1 and CNTB2. The temperature at
the middle point is the highest, and those further away from the middle point are lower in
temperature. Moreover, the highest temperature of CNTB1 is lower than that of CNTB2,
indicating that the thermal conductivity of CNTB1 is smaller than that of CNTB2, which is
consistent with the experimental results that the thermal diffusivity of CNTBI1 is smaller
than that of CNTB2. In addition, the breakpoint of CNTB1 is further away from the middle
point, and the inhomogeneity of temperature distribution will also cause the simulation
temperature of CNTB1 to be at a low level.
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Figure 6. (a) Curves of sample-normalized resistance with annealing power. The R of samples
has different degrees of increase with the increase of P. Diagram of burning down after annealing;:
(b) CNTB1; (c) CNTB2; (d) CNTF. The locations of breakpoints are shown in the figures.

Figure 7b indicates that the Joule heating generated by the current provides the high
temperature environment required by the annealing process for CNTB. With the increase
of heating energy, the average temperature of samples continues to rise, which makes the
annealing process proceed in an orderly manner. The rising rate of the average temperature
shows a trend of gradual decrease, which reveals that in the process of annealing, the
graphitization levels increase. Nevertheless, the process of graphitization is slowing down,
and the degree of graphitization is decreasing, indicating that the graphitizing level is close
to the maximum degree of the sample.

Figure 7c shows the variation curves of the thermal conductivity of the middle point
(km) with the annealing temperature of the middle point (Tp,;q) of CNTB1 and CNTB2,
respectively. km of CNTB2 also appears to make a “sudden jump”, as mentioned above. ky, 1
and kp, » correspond to the low thermal conductivity before switch-on and the high thermal
conductivity after switch-on of CNTB2. As shown in this figure, with the increase of Tpyq,
the km of CNTBL1 increases, while the ky, of CNTB2 decreases, which reveals that a single
annealing treatment does not always have a positive effect on the thermal conductivity
of carbon materials, and the analysis from the overall samples also shows this. aeg and
the average temperature (Tave) reflect the average properties of the material. As shown in
Figure 7d, with the increase of Taye, &eff of CNTB1 increases, the low a1 and the high
&eff » of CNTB2 decreases.
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Figure 7. (a) Temperature distribution along the length of CNTB. The x-coordinate zero is the
midpoint of the sample. (b) The average temperature of CNTB under different heating conditions.
(c) Thermal conductivity of the midpoint varies with the annealing temperature of the midpoint.
km1 and ky, o correspond to the low thermal conductivity before switch-on and the high thermal
conductivity after switch-on of CNTB2. (d) The thermal diffusivity varies with the average annealing
temperature. &g and g o also correspond to the states before and after switch-on of CNTB2.

3.1.5. Temperature Distribution and Thermal Conductivity Change of CNTF

Unlike the “sudden jump” of CNTB2, CNTF does not have low-level thermal
conductivity before switch-on. Therefore, the focus of CNTF is only the part with the
high thermal conductivity after switch-on. As shown in Figure 8a, the temperature
distribution along the length of CNTF is also non-uniform, and the temperature at the
middle point is the highest.

Figure 8b shows the variation of the high ky, with T4 after the switch-on of CNTF,
indicating that ky, decreases continuously with the increase of Ty,;q. Figure 8c is the curve
of Tave under different heating conditions, and Figure 8d is the variation of a.s against
Tave, which shows that the current annealing in this experiment has a certain degree of

“negative” effect on the thermal conductivity of CNTFE.
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Figure 8. (a) Temperature distribution along the length of CNTF. The x-coordinate zero is the midpoint
of the sample. (b) Thermal conductivity of the midpoint varies with the annealing temperature of the
midpoint. (c) The average temperature of CNTF under different heating conditions after switch-on.
(d) The thermal diffusivity varies with the average annealing temperature.

3.2. Discussions
3.2.1. Mechanism of Phonon Scattering

Heat conduction is normally dominated by phonons of carbon materials [18], whose
heat transport is critical to the heat transport of materials. It is speculated that during the
current annealing process of CNTBI, the size of graphite microcrystals increases, some of
the impurity atoms are moved, and the order of the graphite microcrystalline structure is
improved. These transformations reduce the probability of phonons colliding with other
phonons, grain boundaries, impurities and edge boundaries in the process of heat transport,
thus reducing the amount of phonon scattering and the scattering intensity. The integrity
of phonon heat transport improves, and the phonon mean free path increases. Therefore,
the thermal conductivity of CNTBI increases.

The phonon scattering of CNTB2 and CNTF is determined by Umklapp scattering,
normal scattering, impurity scattering, phonon-boundary scattering, phonon-defect scatter-
ing and thermal contact resistance. Normal scattering generally occurs at low temperatures,
and Umklapp scattering is more likely to occur at higher temperatures. Combined with
the previous analysis of the “sudden jump”, in State 1, because of the interaction between
adjacent pure carbon nanotube (P-CNT) and impurities-embedded carbon nanotube (I-
CNT), the thermal diffusivity of material is restrained. Thermal expansion mismatch occurs
between P-CNT and I-CNT due to thermal stress, which results in different degrees of
stretching or contraction of carbon nanotubes. However, P-CNT is not separated from the
surrounding I-CNT, and the restraint of boundary scattering on phonon heat transport is
amplified to some extent, resulting in the thermal diffusivity decrease.

In the switch-on state, with the enhancement of annealing, the temperature increases
gradually, and the elastic vibration of the lattice increases. Furthermore, more high-
frequency phonons are excited, and the number of phonon groups increases, which pro-
motes the heat transport of phonons. The thermal diffusivity of the material is ultimately
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improved. Because I-CNT is purified and the structure of CNT is optimized continuously,
the effect of impurity and boundary scattering on heat conduction is weakened. Therefore,
the thermal diffusivity peaks of CNTB2 and CNTF appear at this state.

In State 2, P-CNT and I-CNT are completely separated, and Umklapp scattering is
more prevalent. Umklapp scattering is dominant in the phonon scattering mechanism [19],
and the process of Umklapp scattering generally causes thermal resistance, which also
affects the phonon mean free path. As the annealing temperature increases, the influence
of thermal stress goes up. MWCNTs are continuously stretched or compressed, and
the structure deforms to different degrees, which is irreversible due to excessive thermal
stress [16]. The scattering produced by structural changes is classified as structure scattering.
Because of the high thermal stress, the structure of MWCNTs collapses, and the structure
scattering is enhanced, which impairs the original larger thermal conductivity of carbon
nanotubes. In this state, MWCNT impurities are further removed, and the density of the
defect is reduced, which results in the impurity scattering and defect scattering effects being
weakened. The high temperature excites more high-frequency phonons to promote heat
transport, but it also excites more scattering between phonons, which enhances Umklapp
scattering and increases the thermal resistance. Combining with the above factors, the
thermal diffusivity of CNTB2 and CNTF decreases.

3.2.2. Effects on Thermal Conductivity

MWCNT torsional sliding induced by high temperature is one of the reasons for the
decrease of thermal conductivity. Wang et al. [20] showed that the external load causes the
global buckling of carbon nanotubes and even the large torsion. Charlier et al. [21] found
that Buckyball molecules rotate freely when it reaches the transition temperature (258 K),
which can easily slide into or out of each other, and such movements are unhindered at
room temperature. With the increase of annealing, the graphitization degree increases,
the structure becomes ordered, and the density of the defect decreases. Chen [22] showed
that structure defects limit rotation and sliding between MWCNTs layers. Therefore, the
reduction of defect density promotes the rotational migration of CNT to some extent. With
the increase of the annealing current, the effect of annealing on the structure gradually
increases. When the current increases to a certain degree, the annealing will produce large
thermal stress. The stress is equivalent to applying an external load on the material; the
CNT rotates under the torque generated by the high temperature, resulting in the deviation
of the MWCNTs distribution direction. The axial direction of the MWCNTs cylinder forms
a certain angle with the length direction, and even the phenomenon that the MWCNTs is
perpendicular to the axial direction appears. The more orderly structure also indicates that
more CNT may rotate together along a certain angle and form an ordered arrangement with
the axial direction [23]. Therefore, the thermal conductivity of CNTB2 and CNTF decreases.

On the other hand, high annealing temperature may result in greater thermal resis-
tance between MWCNTs, which affects the thermal transport of materials. Gong [24]
proved that 1800 °C is the appropriate annealing temperature to remove the impurities
of MWCNTs. When the annealing temperature rises to 2100 °C, agglomeration occurs in
MWCNTs, and aggregates are generated on the surface of the sample. This indicates that
with the increase of annealing, the structure of MWCNTs deforms, becomes rough and even
agglomerates, so the thermal resistance is increased, and the heat transport is inhibited.
Feng et al. [25] showed that high temperature stimulates more phonon scattering, resulting
in increased thermal resistance and reduced thermal conductivity. Kim et al. [26] reported
that lattice defects of carbon tubes at high temperatures would motivate the Umklapp
scattering, causing an increase in thermal resistance. Liu et al. [27] showed that in the
graphitization process of carbon fiber, although the crystal size of material increases, the
probability of the occurrence of maximum defects and large holes also increased. Therefore,
it is speculated that during the annealing process, with the increasing of annealing tem-
perature, the presence of thermal stress leads MWCNT to agglomerate. In the process of
graphitization, larger vacancy and hole defects appear in the material, which causes greater
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thermal resistance, and hinders and inhibits the effective heat transport of phonons. At the
beginning of annealing, the TCR of CNTB2 is positive, which means thermal resistance
plays an important role in heat transfer. This also explains that the thermal conductivity
decreases with the increase of annealing current.

3.2.3. Effects of Annealing on Structure

The Raman characterization of CNTB after burning off is shown in Figure 9. The
positions of the measuring point are numbered as 1 to 9, which are closer and closer to the
breakpoint from bottom to top. It can be seen that the effect of annealing is ununiformed
along the length during the current annealing process, which appears as the effect of
annealing is continuously enhanced from both ends to the breakpoint of the sample. Three
prominent peaks are at around 1315 cm ™!, 1586 cm~! and 2610 cm ™!, which correspond
with D peak, G peak and 2G peak, respectively. Figure 10 shows the ratio of peak intensities
Ip/Ig of different points of CNTB. From the endpoint to the breakpoint, the decreased
Ip/IG ratio means a lower defect. With the enhancement of annealing, the sample becomes
orderly, the disorder of internal structure decreases and the defect density also decreases.
Moreover, the closer to the breakpoint, the shape of the G peak and 2D peak in Raman
become steeper with a narrower line width and stronger intensity, which also indicates the
larger crystalline size and structure of the sample is improved gradually.
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Figure 9. The Raman spectrum with measuring point positions 1-9 of the burned CNTB sample.
Point 1 is the furthest from the breakpoint, and 9 is the closest.
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4. Conclusions

This work shows the current annealing effect on the thermal conductivity of CNTB and
CNTFE. In the annealing process, the thermal diffusivity of CNTB1 increases gradually, and
the highest thermal conductivity is 1.34 times the original thermal conductivity. Although
both CNTB1 and CNTB2 are cut from the same carbon nanotube conductive film, the
thermal diffusivity of CNTB2 has a “sudden jump”, and the TCR of CNTB2 changes from
positive to negative. The disparate phenomenon of CNTB2 and CNTB1 indicates that they
have different physical properties and even structures along their length directions which
lead to the occurrence of different heat conduction mechanisms. The results show that the
high-level thermal diffusivity of CNTB2 is 2.28-2.46 times higher than the low one.

The high-level thermal diffusivity of CNTF is 1.65-3.85 times higher than the low one.
The main reasons for the decrease of the thermal conductivity of CNTB2 and CNTF are as
follows: enhanced Umklapp scattering; torsional sliding occurs in MWCNTs induced by
high temperature; high thermal resistance between MWCNTs.

Author Contributions: HL., ].X,, ES,, L.Z, S.X., HD. and S.L. wrote the main manuscript text. H.L.
designed experiments. ].X., ES., L.Z. carried out experiments. S.X. and H.D. analyzed experimental
results. S.L. assisted with analyze the Raman result. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Key Research and Development Program
(2019YFE0119900), Natural Science Foundation of Shandong Province (ZR2020ME183 and
ZR2019MEEO015) and China Postdoctoral Science Foundation (2017M612225).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Huan Lin and Shen Xu are grateful to the China Scholarship Council. Shen Xu
is grateful to the research supported by the Program for Professor of Special Appointment (Eastern
Scholar) at Shanghai Institutions of Higher Learning.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

Wu, Q.; Li, M,; Gu, Y.; Li, Y.; Zhang, Z. Nano-analysis on the structure and chemical composition of the interphase region in
carbon fiber composite. Compos. Part A Appl. Sci. Manuf. 2014, 56, 143-149. [CrossRef]

Sun, X.M.; Sun, H.; Li, H.; Peng, H. Developing Polymer Composite Materials: Carbon Nanotubes or Graphene? Adv. Mater. 2013,
25,5153-5176. [CrossRef]

Yamamoto, G.; Suk, ] W.; An, ].; Piner, R.D.; Hashida, T.; Takagi, T.; Ruoff, R.S. The influence of nanoscale defects on the fracture
of multi-walled carbon nanotubes under tensile loading. Diam. Relat. Mater. 2010, 19, 748-751. [CrossRef]

Wei, R.Z.; Li, EY,; Yan, J. Preparation of Carbon Nanotubes from Methane on Ni/Cu/Al Catalyst. J. Nat. Gas Chem. 2005, 14,
173-176.

Xin, W.; Sarasini, F; Tirillo, J.; Bavasso, I.; Sbardella, F.,; Lampani, L.; De Rosa, I. Impact and post-impact properties of multiscale
carbon fiber composites interleaved with carbon nanotube sheets. Compos. Part B Eng. 2019, 183, 107711. [CrossRef]

Hasan, M.; Zhao, |.; Jiang, Z. Micromanufacturing of composite materials: A review. Int. |. Extreme Manuf. 2019, 1, 012004.
[CrossRef]

Futaba, D.; Hata, K.; Yamada, T.; Hiraoka, T.; Hayamizu, Y.; Kakudate, Y.; Tanaike, O.; Hatori, H.; Yumura, M; lijima, S. Shape-
engineerable and highly densely packed single-walled carbon nanotubes and their application as super-capacitor electrodes. Nat.
Mater. 2006, 5, 987-994. [CrossRef]

Feng, Z.-H.; Fan, Z.; Kong, Q.; Xiong, X.; Huang, B.-Y. Effect of high temperature treatment on the structure and thermal
conductivity of 2D carbon/carbon composites with a high thermal conductivity. Carbon 2014, 82, 608. [CrossRef]

Silvain, J.-F,; Heintz, J.-M.; Veillere, A.; Constantin, L.; Lu, Y.F. A review of processing of Cu/C base plate composites for interfacial
control and improved properties. Int. J. Extrem. Manuf. 2020, 2, 012002. [CrossRef]

Chen, C.-M.; Huang, J.-Q.; Zhang, Q.; Gong, W.-Z.; Yang, Q.-H.; Wang, M.-Z.; Yang, Y.-G. Annealing a graphene oxide film to
produce a free standing high conductive graphene film. Carbon 2012, 50, 659-667. [CrossRef]

Mayhew, E.; Prakash, V. Thermal conductivity of individual carbon nanofibers. Carbon 2013, 62, 493-500. [CrossRef]


http://doi.org/10.1016/j.compositesa.2013.10.003
http://doi.org/10.1002/adma.201301926
http://doi.org/10.1016/j.diamond.2010.01.045
http://doi.org/10.1016/j.compositesb.2019.107711
http://doi.org/10.1088/2631-7990/ab0f74
http://doi.org/10.1038/nmat1782
http://doi.org/10.1016/j.carbon.2014.10.049
http://doi.org/10.1088/2631-7990/ab61c5
http://doi.org/10.1016/j.carbon.2011.09.022
http://doi.org/10.1016/j.carbon.2013.06.048

Nanomaterials 2022, 12, 83 15 of 15

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Lin, H.; Liu, X,; Kou, A.; Xu, S.; Dong, H. One-Dimensional Thermal Characterization at the Micro/Nanoscale: Review of the TET
Technique. Int. ]. Thermophys. 2019, 40, 108. [CrossRef]

Liu, G,; Xu, S.; Cao, T.-T.; Lin, H.; Tang, X.; Zhang, Y.-Q.; Wang, X. Thermally induced increase in energy transport capacity of
silkworm silks. Biopolymers 2014, 101, 1029-1037. [CrossRef] [PubMed]

Xu, S.; Zobeiri, H.; Hunter, N.; Zhang, H.; Eres, G.; Wang, X. Photocurrent in carbon nanotube bundle: graded seebeck coefficient
phenomenon. Nano Energy 2021, 86, 106054. [CrossRef]

Smith, K.M.; Holroyd, P. Engineering Principles for Electrical Technicians, Introduction to Electrical Units and Circuits—
ScienceDirect. In Engineering Principles for Electrical Technician; Elsevier: Amsterdam, The Netherlands, 1968; pp. 175-195.
Wang, Y.; Ni, X.-G.; Wang, X.X.; Wu, H.-A. Effect of temperature on deformation of carbon nanotube under compression. Chin.
Phys. 2003, 12, 1007-1010.

Balkanski, M. Physical Properties of Carbon Nanotubes; Saito, R., Dresselhaus, G., Dresselhaus, M.S., Eds.; Imperial College Press:
London, UK, 1998.

Balandin, A.A. Thermal properties of graphene and nanostructured carbon materials. Nat. Mater. 2011, 10, 569-581. [CrossRef]
[PubMed]

Liu, J.; Wang, T.; Xu, S.; Yuan, P; Xu, X.; Wang, X. Thermal conductivity of giant mono- to few-layered CVD graphene supported
on an organic substrate. Nanoscale 2016, 8, 10298-10309. [CrossRef] [PubMed]

Wang, Y.; Wang, X.-X.; Ni, X.-G.; Wu, H.-A. Simulation of the elastic response and the buckling modes of single-walled carbon
nanotubes. Comput. Mater. Sci. 2005, 32, 141-146. [CrossRef]

Charlier, J.-C.; Michenaud, J.-P. Energetics of multilayered carbon tubules. Phys. Rev. Lett. 1993, 70, 1858-1861. [CrossRef]
Chen, Z.H. Overview of the structure of carbon nanotubes. J. Fujian Inst. Educ. 2003, 4, 76-83.

Kim, Y.A ; Hayashi, T.; Osawa, K.; Dresselhaus, M.; Endo, M. Annealing effect on disordered multi-wall carbon nanotubes. Chem.
Phys. Lett. 2003, 380, 319-324. [CrossRef]

Gong, Q.J. Effect of Annealing on the Purity and Microstructure of Disorder Carbon Nanotubes. Rare Met. Mater. Eng. 2007, 36,
269-272.

Feng, D.L.; Feng, YH.; Chen, Y.; Li, W.; Zhang, X.-X. Effects of doping, Stone Wales and vacancy defects on thermal conductivity
of single-wall carbon nanotubes. Chin. Phys. B 2013, 22, 016501. [CrossRef]

Kim, P; Shi, L.; Majumdar, A.; McEuen, P.L. Thermal Transport Measurements of Individual Multiwalled Nanotubes. Phys. Rev.
Lett. 2001, 87, 215502. [CrossRef] [PubMed]

Liu, E-].; Fan, L.-D.; Wang, H.-].; Zhu, Z.-P. Study on the skin-core evolvement of carbon fibers as a function of heat treatment
temperature by Raman spectroscopy. Guang Pu 2008, 28, 1819-1822.


http://doi.org/10.1007/s10765-019-2571-8
http://doi.org/10.1002/bip.22496
http://www.ncbi.nlm.nih.gov/pubmed/24723331
http://doi.org/10.1016/j.nanoen.2021.106054
http://doi.org/10.1038/nmat3064
http://www.ncbi.nlm.nih.gov/pubmed/21778997
http://doi.org/10.1039/C6NR02258H
http://www.ncbi.nlm.nih.gov/pubmed/27129017
http://doi.org/10.1016/j.commatsci.2004.08.005
http://doi.org/10.1103/PhysRevLett.70.1858
http://doi.org/10.1016/j.cplett.2003.09.027
http://doi.org/10.1088/1674-1056/22/1/016501
http://doi.org/10.1103/PhysRevLett.87.215502
http://www.ncbi.nlm.nih.gov/pubmed/11736348

	Introduction 
	Materials and Methods 
	Experimental Materials 
	Transient Electro-Thermal Technique 
	Experimental Procedure 

	Results and Discussions 
	Results 
	Positive Effect of Annealing on CNTB1 
	Observation of Thermal Diffusivity Jump on CNTB2 and CNTF 
	Transient Annealing Behavior 
	Temperature Distribution and Thermal Conductivity Change of CNTB 
	Temperature Distribution and Thermal Conductivity Change of CNTF 

	Discussions 
	Mechanism of Phonon Scattering 
	Effects on Thermal Conductivity 
	Effects of Annealing on Structure 


	Conclusions 
	References

