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Introduction

ABSTRACT

Carbon fibers (CFs) have been the most popular material for decades and
compound into various materials because of their excellent performance.
Herein, a novel one-step hot pressing molding is proposed to prepare poly-
acrylonitrile (PAN) CFs, eliminating the time-consuming and energy-consum-
ing thermal stabilization stage. The fibers are tiled and pressed tightly between
the two plates. The unit is then carbonized in a tubular furnace. Hot pressing
enforced the fiber structure to be cyclized and reduces the damage of fibers by
mitigating the escape of heteroatoms gas. The thermoplasticity of PAN fibers is
innovatively utilized in the preparation of carbon fibers by hot pressing, which
is able to improve density and repair the cracks. The density and tensile strength
of fibers at 900 °C have reached to 1.70 g cm ™ and 1.1GPa. The CFs obtained by
hot pressing molding have not only a smooth surface morphology, but also a
high degree of microstructure cyclization. Hot pressing molding can not only
realize the function of thermal stability stage, but also simplify the process, save
energy and time, and reduce the cost.

recognized as the material of light weight, high
strength, temperature resistance and chemical corro-
sion resistance [3, 4]. Commonly, the commercial CFs

For decades, carbon fibers (CFs) have been success-
fully applied in aerospace, automotive manufactur-
ing, sports equipment, building materials [1, 2]. It is
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can be manufactured from various precursors
including polyacrylonitrile (PAN), pitch and rayon
[5]. But the strength properties of pitch CFs are
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inferior to that of PAN CFs [6]. Although rayon fibers
are cheaper than PAN fibers, PAN CFs still play the
dominant role in the market because the carbon yield
of PAN is almost double that from rayon [7]. There-
fore, PAN precursor fiber was selected as the imple-
mentation object of this study.

The industrial manufacturing process of PAN CFs
mainly involves two following steps: thermal stabi-
lization and carbonization. During the thermal sta-
bilization, the precursor fibers are heated and
stretched at 200-300 °C in the air atmosphere, per-
forming dehydrogenation, oxidation and cyclization
reactions [8]. The main role of thermal stabilization is
to transform the linear structure of the PAN into a
heat-resistant trapezoid structure and to remove
some heteroatoms [9]. PAN precursor fibers are
converted from thermoplastic polymer to non-
meltable PAN-stabilized fibers in order to carbonize
steadily at subsequent high temperatures [10].

The thermal stabilization is considered as the
complicated and most time/energy-consuming step
in the whole manufacturing process of CFs. Too high
heating temperature, too fast heating rate or too long
holding time will lead to over intense or excessive
dehydrogenation, oxidation and cyclization reactions
of fiber [11, 12]. And it causes more oxygen or
nitrogen compounds to form and embed in the rings,
causing the internal structure to be messy [13]. Or the
drastic evaporation of gas molecules destroys the
fiber structure. These reflections on the fiber mor-
phology are cracks, micropores and core-skin struc-
ture [14]. The defects can be decreased to some extent
by stretching force applied to fibers in the thermal
stabilization stage [15]. However, it is not practical to
repair the disordered pore structure completely.
These defects will continue to be retained or even
deepened in the subsequent carbonization process, so
that the surface morphology [16] and strength prop-
erties [17] of CFs will be affected. The aforementioned
properties are the crucial indexes to evaluate the
quality of CFs.

Whereafter, PAN-stabilized fibers are carbonized
in the N, atmosphere at 700-2400 °C [18]. In the
carbonization stage, the cyclized structure of the
stabilized fibers develops into a larger planar hete-
rocyclic structure [19]. And the planar structure is
transformed into a stacked graphite-like structure. It
is reported that fibers undergo severe mass loss (60%)
during the temperature range of 300-500 °C [10]
owing to the removal of heteroatoms from the
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structure like nitrogen, oxygen and hydrogen. Vola-
tile products such as HCN, NH;, CO,, CO, H,, Ny,
H,0O, hydrocarbons and nitriles are escaped from the
fiber [20]. This process will cause damage to the
structure of the fiber, so that the defects formed in
thermal stabilization deepen or produce new cracks,
which leads to bad surface morphology and poor
strength of CFs.

In order to obtain qualified CFs, the optimization of
parameters for thermal stabilization and carboniza-
tion stage has been studied for more than 40 years. It
is reported that 200 °C, 220 °C, 250 °C and 280 °C are
considered to be key temperatures to stabilize PAN
fibers in the thermal stabilization stage [21]. Thermal
stabilization in nitrogen atmosphere [22] can improve
the degree of cyclization and mechanical properties
of the fibers [23]. And the application of mechanical
tensile load during carbonization can enhance the
mechanical properties of the fibers [24, 25]. But there
has been little innovative progress. The complexity
and time/energy consumption of thermal stabiliza-
tion stage have not been solved.

Now, based on our years of research on polymers,
we know that they are usually molded by hot
pressing or injection molding, because polymers
usually have good thermal plasticity. It is well known
that PAN is a linear polymer [16]. The glass transition
curve of PAN has a gentle glass transition peak and a
very obvious exothermic peak related to molten state,
which means that PAN precursor fiber is thermal
plasticity [26]. The utilization of PAN fiber thermo-
plasticity in the CFs preparation process is a knowl-
edge gap. Therefore, this paper presents a one-step
method for preparing PAN CFs by hot pressing
molding. It can not only realize the function of ther-
mal stabilization, but also simplify the process, save
energy and time, and reduce the cost.

In PAN-stabilized fiber, it is a non-meltable trape-
zoidal structure. PAN CFs is a heat-resistant material
with graphite structure. Therefore, during the whole
process, the fiber must have undergone a transition
from thermoplastic material to implastic material.
Molecular structure is transited from linear to trape-
zoidal to graphite-like structure. This paper illus-
trates that it is considered to be the processes of
plasticizer volatilization and further cyclization of
PAN fibers. Because the mass loss of fiber is known to
be as high as 60% below 500 °C. The purpose of
obtaining stabilized cyclized structure by thermal
stabilization is to ease the pyrolysis of the fiber
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during carbonization, so as not to cause damage to
the carbon fiber. In the one-step scenario, the thermal
stabilization step is abandoned and the fiber is
directly carbonized by thermocompression molding.
Hot pressing can force the fiber structure to be
cyclized and develop into graphite structure. More-
over, hot pressing makes it more difficult to release
the gas molecules during fiber pyrolysis. So the
intense pyrolysis of fiber can be slowed down during
carbonization. In this way, the plasticizer can be
retained in the fiber longer, and the thermoplasticity
of the fiber can be maintained longer. Even if there
are defects in thermoplastic fibers caused by pyroly-
sis in the carbonization process, it will be eliminated
by hot pressing immediately. And slowing down the
evaporation of plasticizer gas might also lessen
defects such as fiber cracks, which is benefit to the
morphology and mechanical properties of carbon
fiber. Therefore, it is possible to achieve one-step hot
pressing molding to produce high performance CFs.

Thereupon, we develop a simple and novel one-
step hot pressing molding method to prepare PAN
CFs. Remarkably, the whole course is carried out in
the nitrogen atmosphere. The time/energy-consum-
ing thermal stabilization step has been eliminated in
this process. The PAN precursor fibers are placed
and compressed between two hot pressing plates.
Then the setup is placed in the constant temperature
area of the tube furnace for rapid heating to achieve
carbonization. In the process of carbonization, the hot
pressing slows the escape of heteroatoms in the fiber
in the form of gas, and all kinds of gas can be released
slowly, which greatly reduces the damage caused to
the fiber. Second, hot pressing can make better use of
the thermoplasticity of PAN fiber, promote the
cyclization of molecular structure and effectively
repair fiber defects. The yield of carbon fibers will
also increase because the hot pressing cushions the
escape of organic molecules. The diagram is shown in
Fig. 1.

The surface morphology, microstructure and
mechanical properties of hot pressing CFs have been
investigated via SEM, XPS and universal testing
machine. The surface of CFs prepared by hot pressing
is smooth nearly without cracks or other defects. The
density and tensile strength/modulus of CFs by 900
°C hot pressing have reached to 1.70 g cm™> and
1.1GPa/74GPa, respectively. The yield of hot press-
ing CFs has also increased by 27% compared with
conventional CFs. These results demonstrate that the
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procedure in this study is simple, novel, and cost-
effective, which can be a valuable theoretical explo-
ration and data reference for the innovation of the
preparation technology of PAN CFs.

Experimental
Fiber material

The PAN precursor fibers were a 6 k tow purchased
from Jilin Chemical Fibre Co. Ltd., China. Fibers feed
about 3 wt% methyl methacrylate (MMA) and 1 wt%
itaconic acid (IA). The average molecular weight is
53000 ~ 106,000. The fibers are used without further
refinement.

Tows of 12 cm length are laid flat on one hot
pressing plate. Another plate was then placed on top,
so that the fibers were sandwiched between the two
plates. Then we tightened the screws on both ends of
the custom plate. The fibers were compacted and the
device was placed in the constant temperature zone
of the tubular furnace (KTL 1600, Nanjing University
Instrument Co., Ltd.) with a stable nitrogen atmo-
sphere (20 ml/min) to obtain the effect of one-step
hot pressing carbonization. The sample was com-
pressed between two iron plates (180 x 35 x 4 mm?®),
the two ends of plates were tightened with two
screws (M4, A2-70). The pressure (890 MPa) exerted
on the fibers was calculated by the formula
(F=050s x As) (os =640, As =28.78). The «car-
bonization temperatures were 400 °C, 600 °C, 800 °C
and 900 °C at a rate of 10 °C/min. The samples were
recorded as 4HSPAN, 6HSPAN, 8HSPAN and
9HSPAN. The temperature was kept at the set final
temperature for 1 h.

The corresponding blank carbonization was to
place PAN precursor fibers in a crucible. Then the
crucible was placed in the tubular furnace (KTL 1600,
Nanjing University Instrument Co., Ltd.) with
stable nitrogen atmosphere (20 ml/min). The crucible
was also heated to 400 °C, 600 °C, 800 °C and 900 °C
at a rate of 10 °C/min. The samples were denoted as
4PAN, 6PAN, 8PAN and 9PAN.

Characterization

The morphological photographs on the surfaces of
PAN CFs were obtained by field emission scanning
electron microscope (FE-SEM, JSM-7600F, Japan
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Figure 1 Schematic illustration of the hot pressing carbonization process and structural formula for samples.

Electronics Co., Ltd). The density of samples was
measured by a density balance (XS205DU, Mettler
Toledo) according to GB/T 1033.1-2008. Thermo-
gravimetrical (TG) analysis was conducted on a
thermogravimetry analyzer (TGA, TG 209 FI,
NETZSCH) in nitrogen atmosphere (flow rate 20 ml/
min). Differential scanning calorimetry (DSC) analy-
sis was done on a DSC 214 device (NETZSCH) in
nitrogen atmosphere (flow rate 40 ml/min). The
X-ray photoelectron spectroscopic (XPS) results were
obtained on an instrument (AXIS UltraDLD, Shi-
madzu, Japan). The Raman spectra were acquired
using a Raman spectrometer (DXR532, Themor, USA)
with wavelength of 532 nm. The tensile properties
were tested by an Electromechanical Universal Test-
ing Machine (CMT8502, MST SYSTEM Co., LTD,
China) on the basis of GB/T 3362-2005.

Results and discussion

The surface morphology of the samples was analyzed
by SEM as shown in Fig. 2. It can be seen that the
surface of the sample 4PAN is uneven. This is
because drastic denitrification, dehydrogenation and
deoxygenation reactions begin to take place since 300
°C [19]. The gases produced by pyrolysis first leave
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the fiber through phase separation and then spill out
into the environment. The surface morphology can be
damaged in the phase separation, which makes the
fiber surface morphology rough. Then the volatiliza-
tion of gas molecules further damages the fibers and
makes the fibers defective. The significant gully-
shaped cracks can be seen in the 6/8/9PAN samples.
It was reported that the total weight loss of PAN
fibers was about 63% at 700 °C [27]. It means a huge
amount of volatile substances escape from the fiber.
So lots of defects can be formed in the 6/8/9PAN
fibers. Obviously, with the increase of temperature,
the cracks from 4 to 9PAN increased and deepened
gradually. These cracks can cause fatal damage to the
mechanical strength of the carbon fiber and cannot be
remedied in subsequent processes.

The corresponding 4/6/8/9HSPAN samples all
show a flat and smooth morphology in Fig. 2, which
strongly proves the superiority of hot pressing
molding. It is reported that fibers undergo severe
mass loss (60%) in the temperature range of 300-500
°C [10]. However, from 4 to 6HSPAN, it can be
observed that the surface morphology of 6HSPAN
does not deteriorate due to pyrolysis. This result
proved our hypothesis that thermoplasticity of fiber
and hot pressing were mutually utilized to mold fiber
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Figure 2 SEM images of the
surface morphology of 4/6/8/
9PAN and 4/6/8/9HSPAN
samples.

and eliminate defects. Hot pressing carbonization
proceeds according to the process we inferred in
Fig. 1. Most of the defects in the carbon fiber are
known to be caused by the free escape of heteroatoms
[20]. Hot pressing not only effectively slows down the
release rate of heteroatoms, but also smooths out the
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18
4HSPAN

tiny defects. Second, it can be concluded from the flat
appearance of 4/6/8/9HSPAN samples that there
was deformation during the carbonization by hot
pressing, which indicated that hot pressing made full
use of the thermal plasticity of PAN fiber and played
a role in molding CFs.

@ Springer
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The average diameter of samples is listed in
Table 1. The diameter of 4/6/8/9PAN is universally
larger than that of 4/6/8/9HSPAN. Probably on
account of violent pyrolysis, the 4/6/8/9PAN fibers
crazed and expanded in an unrestrained manner. The
fibers range in size from 10 to 12 um. 4/6/8/
9HSPAN fibers are only 7-9 um in size, which also
proves the effect of hot pressing molding. Hot
pressing has a compacting and shaping effect on
fibers. The obtained CFs are compact and regular.

Subsequently, the density of samples measured by
a density balance according to GB/T 1033.1-2008 is
shown in Fig. 3a. It can be seen that with the rise of
temperature, the trend of density in two groups is
both increased. The density of 4/6/8/9HSPAN
samples is significantly higher than that of corre-
sponding blank samples, while the density of the
4/6/8/9PAN samples was not ideal. From 4 to
9HSPAN, the density increases from 1.36 to
1.70 g cm . The density of 4PAN-9PAN varied from
1.25 to 1.36 g cm . Generally, the density of com-
mercial CFs at 900 °C is in the range of 1.7-1.8 g cm >
[28]. It is reported that the density of the modified
acrylonitrile carbon fibers prepared by the conven-
tional carbonization process with thermal stabiliza-
tionis 1.73 g cm ™2 [26]. Therefore, the density of CFs
in hot pressing carbonization has reached the level of
commercial CFs. This data strongly supports the
effect of thermocompression molding on CFs. It can
reduce the damage caused by pyrolysis gas and
repair fiber defects to obtain compact carbon fiber.
This is also consistent with the SEM photo analysis
results above.

The yield of the samples is recorded in Fig. 3b,
which referred to the residual mass of fibers under
different experimental conditions at characteristic
temperatures. It can be seen that the sample yield of
the hot pressing group is significantly higher than
that of the blank group. Compared to 4PAN (60%),
the yield of 4HSPAN is as high as 74%. Similarly, the
yield of 6HSPAN (61%) is 13% higher than that of

Table 1 Average diameter of samples

Sample 4PAN 6PAN 8PAN 9PAN
Average diameter 11.85 ym 11.71 ym 11.13 pm 10 pm
Sample 4HSPAN 6HSPAN 8HSPAN 9HSPAN
Average diameter 7 pm 8.08 um 836 pum  8.87 um
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6PAN (48%). The escape of gas molecules [29] was
effectively buffered by hot pressing. This scheme re-
duces the product loss during the process and
increases the yield of CFs. As can be seen from the
horizontal comparison in Fig. 3b, both groups suf-
fered the greatest mass loss between 400 and 600 °C.
It has been studied that a large number of dehydro-
genation and deoxygenation reactions take place
during the initial carbonization stage (300-600 °C)
[30, 31]. It can be seen from the SEM photographs that
the surface cracks of 6PAN were more and deeper
than those of 4PAN. However, the morphology of
6HSPAN was not greatly affected and even became
more flat under the action of thermocompression
molding. Therefore, the one-step hot pressing mold-
ing of carbon fiber has a remarkable effect.

Next, the yield of 8PAN is only 41%. This is basi-
cally consistent with the reported yield (~ 37%) of
the sample carbonized at 700 °C without thermal
stabilization [10]. The yield of SHSPAN is 53%, which
is 12% higher than that of 8PAN after the effective
control of the free escape of gas molecules by hot
pressing carbonization. This result is similar to the
mass loss (52%) of PAN CFs carbonized at 700 °C
after thermal stabilization at 250 °C for 30 min [10].
Therefore, it can be inferred that one-step hot press-
ing carbonization may have the same effect on the
conventional process (thermal stabilization and car-
bonization). The yield of 9HSPAN is 47%, while that
of 9PAN is only 37%. The yield of 900 °C has been
markedly increased by 10%. Hot pressing can effec-
tively buffer gas escape from pyrolysis and improve
the yield of CFs. And it has the advantages of sim-
plicity, energy conservation and saving time com-
pared to thermal stabilization.

Figure 4a shows the TG curves of PAN precursor
fibers and samples. It can be seen that the mass loss of
PAN precursor fibers is about 60% when they are
carbonized to 900 °C at a heating rate of 10 °C/min.
Severe pyrolysis begins at about 276 °C. It is consis-
tent with other studies [10]. By comparing the curves
of 4PAN and 4HSPAN, it can be seen that the
pyrolysis rate of 4HSPAN is higher than that of
4PAN when it exceeds 400 °C at the beginning. This
is due to the suppression of heteroatomic gas escape
by hot pressing. When the fibers were released, the
heteroatoms escaped briefly and explosively. When
the temperature increases gradually, it can be seen
that the weight loss degree of 4HSPAN is lower than
that of 4PAN. So the thermal stability of 4HSPAN is
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better than that of 4PAN. This indicates that hot
pressing can not only buffer the damage caused by
the escape of gas molecules, but also promote the
internal cyclization of the fiber and improve the sta-
bility of the fiber. The contrast between the three sets
of curves at 600 °C, 800 °C and 900 °C is not obvious.
But the samples in the hot pressing group still have a
small amount of mass loss at high temperature. This
is to be expected. Because hot pressing has a certain
buffer effect on the pyrolysis of nitrogen, oxygen and
hydrogen, which results in more heteroatoms being
retained in the 4/6/8/9HSPAN than in the 4/6/8/
9PAN, and thus being released during TG analysis.

The DSC curve of PAN precursor fibers is shown in
Fig. 4b. As shown in the figure, it exhibits a strong
exothermic peak at about 280 °C, which represents
the molten state of PAN fiber at 263-293 °C. Other
scholars attribute the peak more to cyclization and
oxidation reactions [26]. In fact, fibers in this tem-
perature range undergo complex changes, including
dehydrogenation, oxidation, cyclization and melting.
Fibers can be damaged by the evaporation of various
gases, but they are also the most easily repaired
because they are in the molten state. This is where the
hot pressing molding works best, helping to reorga-
nize the structure within the fiber and eliminating the
damage caused by escaping heteroatoms. In addition,

@ Springer
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the enlarged area of the image shows a small peak at
113 °C, which is the glass transition temperature (Tg)
of the PAN polymer. Tg is the inherent property of
polymer materials [32], at that point the polymer
motion form happen to transformation [33], the
materials become plastic [34]. At this point thermo-
compression molding can also come into play. Based
on above analysis, the thermoplasticity and melting
properties of PAN fibers are known to weaken
gradually with the occurrence of dehydrogenation,
deoxygenation and denitrification. They can be well
utilized by hot pressing molding to solve cracks and
promote cyclization, etc.

Subsequently, chemical bonds of samples and the
composition of C, N and O are analyzed in detail by
XPS. The element composition of samples are com-
pared in Table 2. The carbon content of blank group
is from 55.08 (4PAN) to 82.41% (9PAN), while that of
hot pressing group is from 51.36 of 4HSPAN to
78.71% of 9HSPAN. As expected, the carbon content
of 4/6/8/9HSPAN is lower than that of 4/6/8/
9PAN. It also means that the hot pressing samples
have higher heteroatom content. This is in line with
the previous analysis that the hot pressing cushions
the escape of heteroatomic gases and reduces fiber
damage. And the heteroatoms (plasticizer) make the
fibers’ thermal plasticity, or molten state, last longer.
Therefore, the fiber density is higher and surface
morphology is better under the interaction of ther-
moplastic fibers and hot pressing.

As can be seen from Table 2, C-composition
increases in both PAN and HSPAN, O-composition
decreases. Because carbonization and deoxidation
occur primarily in this work. N-composition trend is
not-regular. Because deoxidation and carbonization
are dominant, and N hardly participates in the
pyrolysis reaction below 600 °C [19, 31]. N-composi-
tion relatively changes due to the decrease of the
overall fiber mass and the change of the ratio of C
and O in the fiber. At temperatures above 600 °C,
denitrogenation occurs, leading to the lateral growth
of graphite-like ring systems [20, 30]. Carbonization
and deoxidation are also occurring. N-composition

Table 2 The element

J Mater Sci (2022) 57:2277-2291

trend is jointly determined by the denitrification
reaction and the reduction of the total fiber mass.
These cause the irregular trend of N-composition.
Then, N-composition of PAN and HSPAN is ana-
lyzed by combining Fig. 3b with Table 2. It can be
seen from Fig. 3b that the overall quality of HSPAN
group is higher than that of PAN group. The fibers in
PAN group undergo a violent deoxidation reaction,
but N-composition does not participate in the pyrol-
ysis reaction, which leads to the increase of N relative
content. The pyrolysis reaction of HSPAN is moder-
ated by hot pressing, so the overall quality of HSPAN
fiber is higher. The deoxidation reaction was slowed
down to some extent, and the carbonization reaction
continued with the increase of temperature, which
resulted in the irregular fluctuation of N-composition
in the HSPAN group, and the relative content of N
was low.

The Cy5 (~ 285.0 eV) and O;5 (~ 532.0 eV) binding
energy spectra are shown in Figs. 5 and 6, and fitted
by Gaussian function. First, the evolution of Ci;
bonds between the hot pressing and blank samples is
clearly compared in Fig. 5a—d. The C;s peak at
~ 284.8 eV represents C-C in the carbon rings
[10, 21]. From the two curves of each figure, it is clear
that the C;; peaks (~ 284.8 eV) of 4/6/8/9HSPAN is
sharper and stronger than that of 4/6/8/9PAN. This
indicates that there are more carbon rings and higher
degree of cyclization in the hot pressing samples.
This result strongly confirms that hot pressing is
helpful to recombine intermolecular structure and
promotes the cyclization reaction inside samples. The
Cys peak (~ 286.4 eV) represents C-O/ = N-O on
the chain. And the C;, peak (~ 288.4 eV) represents
O-C = O at the junction of rings and chains [35, 36].
From the curves of 4HSPAN to 9HSPAN, the inter-
molecular binding law of the hot pressing samples is
very obvious. In addition to the carbon ring peak
(~ 284.8 eV) with the highest strength, there is the
C-0O/ = N-O on the chain and the O-C = O at the
junction of rings and chains. This indicates that the
heteroatoms retained in the fibers are then connected
to the carbon rings by ester or ether bonds under the

composition of samples

Sample/Content(%) 4PAN 4HSPAN 6PAN 6HSPAN 8PAN

S8HSPAN 9PAN 9HSPAN

C 55.08 51.36 68.41 62.71 78.58 71.34 82.41 78.71
o 44.12 4746 2572  34.28 12.85 2741 947 18.74
N 0.8 1.18 5.68 3.01 8.57 1.25 812  2.55
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Figure 5 XPS C;; peaks of 4/6/8/9PAN and 4/6/8/9HSPAN samples.

hot pressing. And these ether and ester bonds are
what keep the fibers thermoplastic for longer [37].
This explains the mechanism of hot pressing molding
fundamentally. The possible evolution of the molec-
ular structure during hot pressing carbonization is
also given in Fig. 1. By observing Fig. 5a—d, we can
find that the carbon ring peaks are gradually weak-
ened in 4/6/8/9PAN curves. C-O/ = N-O hybrid
peaks are dominant. It indicates that wanton pyrol-
ysis makes more C-O/ = N-O compounds to form
and embed in the rings, causing the internal structure
to be messy [13].
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The O, curves are given in Fig. 6a—d. Except for
the consistent oxygen bond in the C;5 spectrum, the
most conspicuous O peak is at ~ 532 eV, which
represents C-C = O in the rings [21]. The peak is
observed in the 4/6/8/9HSPAN pattern and keeps
getting stronger. This indicates that oxygen atoms are
more connected to the carbon ring as ester bonds
with the increase of carbonization temperature,
which helps to retain the melting properties of the
fiber. Therefore, hot pressing can help the thermo-
plastic fiber eliminate defects and increase the den-
sity. The results of 6/8/9PAN are consistent with the
carbon spectra, with only C-O/ = N-O peaks. It is
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Figure 6 XPS O, peaks of 4/6/8/9PAN and 4/6/8/9HSPAN samples.

also proved that the internal structure of blank sam-
ples is seriously damaged during carbonization.
Raman spectroscopy is usually used to detect the
degree of lattice defects and graphitization of carbon
materials [31, 38]. Figure 7a-d shows the Raman
spectra curves of 4/6/8/9PAN and 4/6/8/9HSPAN,
which are fitted with Lorentzian function. The
intensity of the D-band around 1360 cm™' usually
represents the degree of carbon lattice defects [39].
The G-band at 1580 cm ™" is caused by the E,; mode
vibration of graphite [40]. I(D)/I(G) is an important
index used to measure the degree of carbon lattice
defects in carbon materials [41]. It can be observed
that the D-band and G-band of 4/6/8/9HSPAN have
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very significant changes. The G-band representing
graphite structure becomes stronger and the ratio of
I(D)/1(G) decreases from 2 to 1.34. However, the
I(D)/I(G) of CFs obtained by conventional car-
bonization process (1000 °C) is ~ 3.4[31], which is
obviously higher than that obtained by thermo-
pressing molding in this paper. It indicates that
under the promotion of hot pressing, the internal
defects of the fibers are corrected, and the molecular
structure develops steadily toward the graphite-like
structure. In contrast, the D-band and G-band of the
4/6/8/9PAN in the blank group are weaker and
wider from beginning to end. The value of I(D)/
I(G) ranges from 2.67-1.64, indicating that there are
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Figure 7 The Raman spectra of 4/6/8/9PAN and 4/6/8/9HSPAN samples.

many carbon lattice defects and irregular structure in
the 4/6/8/9PAN fibers. The result is in good agree-
ment with those of XPS.

Tensile tests were performed on both blank and hot
pressing samples, as shown in Fig. 8a—c. The tensile
strength and modulus of 4/6/8/9PAN decreases
gradually, which is also consistent with the SEM
results. With the rise in carbonization temperature,
dehydrogenation, deoxygenation and denitrification
reaction takes place violently. It results in a large
number of furrowed cracks in the fibers. And the
defects have a huge effect on fiber strength, which
leads to the results shown in the figure. This can also
be related to the results of the loose density of 4/6/8/
9PAN described above. Loose and porous will

inevitably lead to poor fiber strength. In contrast, the
tensile strength and modulus of the samples in the
hot pressing group increase steadily. The tensile
strength of 4HSPAN 0.34GPa, slightly higher than
that of 4PAN is 0.3 GPa. This result is close to the
tensile strength (0.308 GPa) of the fibers carbonized to
400 °C after thermal stabilization in other studies [10].
There is little difference in the strength of the sample
obtained at 400 °C. This indicates that the pyrolysis at
the initial stage of carbonization is not very intense
and has no significant effect on the fiber strength. The
strength of 6HSPAN carbonized at 600 °C is obvi-
ously higher than that of 6PAN. It has been studied
that the highest amount of heteroatom removal
occurs between 300 and 500 °C. This is the reason
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Figure 8 a Tensile strength of 4/6/8/9PAN and 4/6/8/9HSPAN samples. b. Tensile modulus of 4/6/8/9PAN and 4/6/8/9HSPAN samples. c.

Strain of 4/6/8/9PAN and 4/6/8/9HSPAN samples.

why the strength of 6PAN cannot be further
improved. The severe pyrolysis reaction causes irre-
versible damage to the fiber and affects its strength.
The pyrolysis reaction of 6HSPAN is effectively
controlled by hot pressing, which buffers the escape
of gas molecules, reduces the heteroatom damage to
the fibers. Meanwhile, thermoplastic fibers and hot
pressing are mutually utilized, eliminating cracks in
the fibers. Thus, the strength is greatly improved,
reaching 0.87 GPa. It is also higher than the strength
(0.5 GPa) of the fibers obtained by carbonization (600
°C) with thermal stabilization [31]. The same is true
for samples of 800 and 900 °C. The tensile strength of
9HSPAN is 1.1 GPa, while the strength of 9PAN is
only 0.195 GPa due to a large number of irreparable
defects. The conventional process of acrylonitrile
carbon fiber (1400 °C) strength is only 1.05 GPa [26].
Hot pressing promotes the formation of C-C rings
and the stacking of graphite-like structures. From the
density results, the fiber structure in the HSPAN
group is obviously more compact. SEM pictures also
show that the fiber morphology of HSPAN is
smoother and has fewer defects. All these lead to the
improvement in mechanical properties of fibers.
Therefore, the effect of hot pressing carbonization
process is remarkable.

Figure 8c shows strain comparison of 4/6/8/
9PAN fibers and 4/6/8/9HSPAN fibers. It is known
that the smaller the strain of the material, the greater
the brittleness [24]. The strain of HSPAN group is
significantly lower than that of PAN group, indicat-
ing that the brittleness of HSPAN group is greater
than that of PAN group. With the increase of tem-
perature, the strain of HSPAN decreases slightly,
indicating that the brittleness of HSPAN group
increases slightly. The strain of 4PAN is 3%, which is
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higher than that of 4HSPAN (1.2%) and lower than
that of the fiber carbonized with thermal stabilization
(4.9%) [10]. This is because the degree of carboniza-
tion of 4PAN fibers is low. The fibers tend to be
similar to polymer fibers [31], so the strain is slightly
higher. However, due to the fact that 4PAN is car-
bonized without thermal stabilization, there are lots
of defects in fibers, resulting in lower strain than that
of fibers carbonized with thermal stabilization. The
reason for the high brittleness of HSPAN can be
deduced from the XPS results. Compared with PAN
group, the C;5 peak at ~ 284.8 eV (C-C rings) and
O;s peak at ~ 532 eV (C-C =0 in the rings) of
HSPAN are stronger and sharper, which implies high
cyclization in the HSPAN group. It is reported that
the higher the cyclization, the greater the brittleness
of the fiber [24, 31]. Therefore, we obtained the reason
for the high brittleness in the HSPAN group. As the
temperature increases, the C—C ring peak in HSPAN
group becomes sharper and stronger, which indicates
higher degree of cyclization. So the brittleness of
HSPAN CFs increases. The strain of 4/6/8/9HSPAN
is relatively stable at about 1%, closely to the 1.09% of
conventional acrylonitrile CFs [26]. Since there is
nearly no defect in the hot pressing CFs, the strain
(brittleness) is mainly affected by the increase of
carbon content and graphite-like structure of the
fiber. The strain of 4/6/8/9PAN also decreases
gradually. That is because the fiber becomes brittle
due to the increase of carbonization temperature.
Moreover, it is also caused by the cracks inside the
fiber as shown in SEM photos.
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Conclusion

In this paper, PAN CFs was successfully prepared by
one-step hot pressing molding. It realizes the
cyclization reaction of thermal stabilization and
eliminates the complex and time/energy-consuming
thermal stabilization stage. Hot pressing does buffer
the violent escape of gas molecules and reduce the
damage of fiber caused by heteroatom removal
Atoms such as oxygen and nitrogen were well inte-
grated into the cyclization structure as ether or ester
bonds, which promotes the retention of fiber ther-
moplasticity and molten state. So the defects of the
fiber can be easily repaired by hot pressing and the
cyclization of the molecular structure can be pro-
moted. The obtained PAN CFs have higher degree of
cyclization microstructure, good surface morphology
and excellent mechanical properties. The density of
9HSPAN is 1.7 g cm >, and tensile strength is 1.1
GPa. We provide a novel experimental idea and
theoretical support for the preparation of CFs. The
proposed one-step method preparation for CFs is
practicable to reduce the cost, decrease the loss and
evolving technologies.
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