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Abstract: In this work, pre-oxidized polyacrylonitrile fibers are treated with ultrasonic etching and
solution etching to produce ultra-thin sections. The evolution of the fibers’ microstructure in the
pre-oxidation process is observed, and the transformation model of the microstructure of the pre-
oxidized fibers is proposed. Scanning electron microscopy and high-resolution transmission electron
microscopy were used to observe the microstructure changes of the fibers. Fourier transform infrared
spectroscopy and X-ray diffraction were used to observe the chemical structure transformation
and crystallization degree of the fibers in the pre-oxidation process. The results revealed that pre-
oxidized fibers exhibited a smooth surface, while their interior consisted of fibrils. The longitudinal
microfibrils were connected by the transverse microfibrils and amorphous regions. The fracture
morphology of the fibers shifted from ductile to brittle, and the cross-section gradually became
smoother. The linear molecular chain of PAN transformed into a ring structure as pre-oxidation
progressed, subsequently leading to the cross-linking of this ring structure into an orderly trapezoidal
configuration. The connection between the fibrils was enhanced, and the fiber structure became more
compact and stable.

Keywords: polyacrylonitrile; pre-oxidized fiber; microstructure; carbon fiber

1. Introduction

Carbon fiber is a high-performance fiber with carbon content exceeding 90% [1,2].
Due to its high strength, high modulus, and lightweight properties, it is widely used in
aerospace, military, automotive, construction, and sports industries [3–5]. Carbon fiber can
be divided into pitch-based carbon fiber, polyacrylonitrile-based (PAN) carbon fiber, and
bio-based carbon fiber [6,7], with polyacrylonitrile-based carbon fiber currently holding
the largest market share [8]. This type of carbon fiber is made through processes such
as precursor polymerization, pre-oxidation, low-/high-temperature carbonization, and
graphitization [9,10]. Among these steps, pre-oxidation is considered a crucial link, which
transforms the linear polymer chain into a stable trapezoidal structure [11,12].

The pre-oxidation process is characterized by lengthy time consumption, high energy
costs, and irreversible chemical reactions. In addition, the results of pre-oxidation on the
polymer precursor are further inherited in the subsequent carbonization and graphitiza-
tion processes, ultimately affecting the mechanical properties of carbon fibers [13]. The
pre-oxidation of polymer precursors can be conducted through a variety of methods, the
most common of which is the gradient heating method [14]. In the pre-oxidation process,
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the polymer precursor will undergo cyclization, dehydrogenation, oxidation, and inter-
molecular crosslinking reactions [15]. Dehydrogenation and cyclization are two important
reactions and form a stable trapezoidal structure, which can resist high-temperature con-
ditions in the subsequent carbonization and pyrolysis process. By pre-oxidation in an
oxygen-containing environment, a polymer backbone containing oxygen-bearing groups
can be generated, providing higher stability in the subsequent high-temperature carboniza-
tion process. The dehydrogenation reaction occurs after the oxidation reaction, with the
introduction of oxygen and the removal of hydrogen in the form of water molecules. Dehy-
drogenation can occur both before and after cyclization. After cyclization, the nitrile group
and adjacent functional groups form a stable trapezoidal polymer [16]. Therefore, there
are complex chemical structural changes in the pre-oxidation process, and these complex
changes can affect the microstructure of polyacrylonitrile fibers.

The performance of carbon fibers is largely determined by their microstructure, which
includes crystal orientation, crystal structure, the skin–core structure, and graphitiza-
tion [17]. The skin–core structure appears in the pre-oxidation process of precursor poly-
mers, and refers to the uneven distribution of the fiber structure along the radial direc-
tion [18,19]. The structure of the fibrous cortex is denser and the core is looser. Many
observations and studies have been conducted on the microstructure during the pre-
oxidation process. Gao et al. treated the ultra-thin fiber slices via solution etching and
analyzed the internal structure of the PAN precursor through high-resolution transmission
electron microscopy (HRTEM), clarifying the formation and evolution mechanisms of the
interconnected microfiber network and lateral lamellae of the PAN nascent fibers in the
solidification process [20]. He et al. observed the microstructure of the polyacrylonitrile pre-
cursor fibers at different stages in the dry–wet spinning post-processing process. Through
the scanning electron microscopy (SEM) observation of the surface topography, it was found
that the fiber structure became denser with the processing process. An HRTEM observation
of the ultra-thin section of the fibers indicated that there was a unique skin–core structure
in PAN, and with further processing, the difference in skin–core structure decreased [21].
Lee et al. used the gradual etching method (from the surface to the inside) to study the
relationship between the changes in the radial microstructure and mechanical properties
of commercial PAN-based carbon fibers in the pre-oxidation process, and concluded that
the pore diameter and crystal orientation were the main structural factors determining the
mechanical properties of carbon fibers [9]. In recent years, there has been some progress
in studying the microstructure of pre-oxidized fibers, but there is little information on
the evolution of fibrils during pre-oxidation. Further research is needed on the evolution
mechanisms of the microstructure of pre-oxidized fibers in various temperature zones.

In this study, the pre-oxidized fibers were prepared through gradient temperature
pre-oxidation, and the fibers were treated via ultrasonic etching and solution etching ultra-
thin sections. The evolution mechanism of the microstructure of the pre-oxidized fibers
was examined using scanning electron microscopy (SEM), X-ray diffraction (XRD), high-
resolution transmission electron microscopy (HRTEM), and Fourier transform infrared
spectroscopy (FTIR). A new model for the evolution of the pre-oxidized fiber structure is
proposed to enrich the structural theory of fibers.

2. Experimental
2.1. Samples and Preparation

PAN fiber was prepared via a dry-jet wet spinning process on a production line at
Shandong University. PAN fiber was pre-oxidized via gradient heating in an air atmosphere
within a pre-oxidation furnace, passing continuously through six temperature zones. The
temperatures of the temperature zones were 240 ◦C, 245 ◦C, 250 ◦C, 260 ◦C, 270 ◦C, and
285 ◦C, respectively. The pre-oxidation time for each temperature zone was set to 8 min,
and the zones were labeled PO1, PO2, PO3, PO4, PO5, and PO6. The ultrasonic etching
process involved the following: first, the pre-oxidation fiber was cut with scissors and
placed in a centrifuge tube, a specific concentration of dimethyl sulfoxide (DMSO) solution
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was added, the centrifuge tube was placed in an ultrasonic cleaner, and the fiber was
ultrasonically etched in hot water at 75 ◦C at an ultrasonic frequency of 40 kHz. After
etching, the fiber was removed with a copper net, washed with deionized water at 75 ◦C,
and air-dried naturally. The process of preparing ultrathin sections is as follows: Fiber
microsegments were embedded in epoxy resin; after waiting for the resin to cure, the cured
epoxy resin containing the fibers was cut using an ultra-thin slicer. Ultrathin sections with a
thickness of 50 nm were prepared and deposited on a copper net with a carbon-supporting
film. The ultrathin slices on the copper mesh were placed in a solution containing a specific
concentration of DMSO and etched in a water bath at 75 ◦C.

2.2. Characterization

SEM (SU-70, Hitachi of Japan, Tokyo, Japan) was used to characterize the surface and
cross-section of the pre-oxidized fiber. Gold spray was used to increase the conductivity
of the sample before the test, and the test voltage was 5 kV. HRTEM (JEM-2100, JEOL
Company of Japan, Tokyo, Japan) was used to characterize the pre-oxidized ultra-thin
section sample after solution etching and depositing on the copper mesh; the internal
morphology of the fiber was observed, and the test voltage was 200 kV. The pre-oxidized
fibers were ‘pulled off’ with a fiber extensometer (XQ-1C, Donghua University of China,
Shanghai, China) to observe the tensile morphology. During the test, a single fiber was
clamped with a clamp at a distance of 20 mm and a tensile speed of 40 mm/min. FTIR
(BRUKER TENSOR-37, BRUKER of Germany, Berlin, Germany) was used to determine
the chemical structure of the pre-oxidized fiber. At room temperature, the sample was
processed by a pressing method, and the test range was 4000–400 cm−1. XRD (Rigaku
D/max-RC, Rigaku Corporation of Japan, Tokyo, Japan) was used to characterize the
crystal structure of the pre-oxidized fiber. The fiber was attached to the glass plate, and
Ni-filtered/CuKα radiation sources were used to test at a voltage of 40 kV and a current
of 50 mA, with the scanning range of 2θ set between 5 and 50◦. The crystallinity Xc of the
pre-oxidized fiber is usually calculated by the following formula [22]:

Xc =
Ac

Ac + Aa
× 100% (1)

where Ac represents the area of the crystallization region and Aa represents the area of the
amorphous region.

The grain size Lc of the pre-oxidized fiber is generally calculated by the following
formula [23]:

Lc =
Kλ

Bcos θ
(2)

where θ represents the Prague angle, B represents the half height near 2θ ≈ 16.9◦, λ is the
incident wave wavelength of 0.1541 nm, and K = 0.89.

Fibers in the pre-oxidation stage are usually evaluated by the infrared conversion
index to determine the content of cross-linked trapezoidal polymers in the pre-oxidation
fibers [24]:

IR − Conversionindex =
Ic

Ic + In
× 100% (3)

where Ic is the peak indensity of C=N at about 1590 cm−1, and In is the peak intensity of
C≡N at 2242 cm−1.

3. Results and Discussion
3.1. Basic Structural Characterization of PAN Fibers

Figure 1a,b display typical infrared and XRD spectra of six pre-oxidized fibers within
the 3250–1000cm−1 region across different temperature ranges. Figure 1a shows several
typical functional group structures in the pre-oxidation process; 1600 cm−1 denotes the
stretching vibration peak of C=N in cyclization PAN, and 2243 cm−1 denotes the stretching
vibration peak of C≡N; 1365 cm−1, 1452 cm−1, and 2939 cm−1 correspond to the C-H
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bending vibration peak in -CH, the C-H symmetric bending vibration peak in -CH2, and the
C-H symmetric extension vibration peak in -CH2. The peaks at 1666 cm−1 and 1733 cm−1

denote the stretching vibration peaks of C=O [25–28]. During pre-oxidation, the peak
intensity at C=N increased and the peak intensity at C≡N decreased with increasing
temperature, indicating that the PAN linear molecular chain produced cyclized cross-links
and gradually changed to a stable trapezoid structure. The peak strength of -CH increased
and that of -CH2 decreased, indicating that -CH2 transformed to -CH and dehydrogenation
occurred. In addition, the stretching vibration peak at C=O was continuously enhanced,
indicating that the occurrence of the oxidation reaction was related to the formation of the
ring-conjugated carbonyl structure.
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In Figure 1b, two distinct diffraction peaks at around 2θ ≈ 16.8◦ and 2θ ≈ 29◦ cor-
respond to crystal planes (100) and (110), respectively [27]. As the temperature of the
pre-oxidation heat treatment increased, the intensity of the two diffraction peaks contin-
uously decreased, indicating that the degree of crystallization decreased and the crystal
structure changed. When the temperature increased from 250 ◦C to 260 ◦C, the intensity
of the crystal plane (100) decreased greatly, and the crystal structure obviously changed.
Table 1 exhibits the crystallization parameters of the pre-oxidized fibers, showing that the
crystallinity and grain size of the pre-oxidized fibers continuously decreased. This was
due to the fact that—with the increase in temperature—the original crystal structure was
destroyed during heating, the chemical structure inside the pre-oxidized fiber was changed,
the PAN linear molecular chain was transformed into a cross-linked trapezoid structure,
and a new sequential structure gradually formed.

Table 1. Crystallization parameters of pre-oxidized fibers.

Sample PO1 PO2 PO3 PO4 PO5 PO6

B (◦) 0.604 0.724 0.804 — — —
Xc (%) 68.69 67.13 65.72 — — —

Lc (nm) 23.75 19.82 17.84 — — —

The infrared conversion index of the pre-oxidized fiber, obtained from Figure 1a from
the FTIR spectrum of the pre-oxidized fiber and Equation (3), is shown in Figure 2. The
change in its value represents the transformation of the nitrile-based structure to the con-
jugated structure, that is, the cross-linked cyclization of the PAN linear molecular chain
into a trapezoidal polymer. In the initial stage of pre-oxidation, the structural transforma-
tion was faster, and the infrared transformation index reached about 75% in the first four
temperature regions of pre-oxidation. The magnitude of the transition subsequently de-
creased. In general, the polyacrylonitrile structure was mostly transformed into a cyclized
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and cross-linked trapezoid structure at about 260 ◦C in the fourth temperature region of
pre-oxidation.
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3.2. SEM Surface Morphology of Pre-Oxidized Fibers

Figure 3a–f shows the surface SEM morphology of the pre-oxidized fibers. The surfaces
of the pre-oxidized fibers in the first to sixth temperature zones were smooth, without
obvious defects and grooves, and the diameters of the fibers from PO1 to PO6 were about
8 µm each.
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3.3. SEM Surface Morphology of Pre-Oxidized Fibers after Ultrasonic Etching

DMSO dissolved the fibers in two stages: swelling followed by dissolution. The DMSO
solution first diffused into the interior of the fiber, causing its volume to increase and swell.
Then, with the solvent increase, the interior began to dissolve. Figure 4 shows the SEM
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surface morphology and partial cross-sectional morphology of the pre-oxidized fibers after
ultrasonic etching in 98 wt% DMSO solution for 15 h; it shows the morphological changes
of the pre-oxidized fibers after ultrasonic etching. Compared with the untreated fibers
(Figure 3), the surface of the etched pre-oxidized fibers shows folds and the diameter is
significantly larger, which is due to the chemical structural changes of PAN protofilaments
after pre-oxidation, where the intermolecular force is weakened, and the solvent is diffused
into the fiber interior. In the later stages of pre-oxidation, the cortex of the pre-oxidized
fibers became relatively dense due to the oxidation and cyclization reactions between
molecules. It was difficult for the solvent to diffuse into the fiber interior, resulting in less
increase in the fiber diameter. Figure 4(a1–c1) show the cross-sectional morphology of the
fiber in the three temperature zones before the pre-oxidation heat treatment. It could be
seen that with the increase in the treatment temperature, the influence of the solvent on
the inside of the fiber gradually decreased, indicating that the fiber became more compact.
The fracture morphology gradually shifted from ductile to brittle, and the fracture surface
gradually flattened. After the fourth temperature zone, the fibers became denser, and
almost no fibers were broken.
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Figure 4. SEM morphology of pre-oxidized fibers after ultrasonic etching in 98wt% DMSO solution
for 15 h: (a) PO1, (b) PO2, (c) PO3, (d) PO4, (e) PO5, (f) PO6; (a1–c1) the cross-sectional morphology
of PO1, PO2, and PO3.

Figure 4 also shows that pre-oxidation increased the corrosion resistance of the fibers.
When the pre-oxidized fiber was in the fourth temperature zone, the corrosion resistance
of the fiber was significantly enhanced, and it was difficult for the solvent to diffuse into
the fiber interior, indicating the formation of a large number of trapezoidal cross-linked
structures at this stage; the pre-oxidized fiber formed a dense surface.
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3.4. SEM Surface Morphology of the Cross-Sections of Tensile-Fractured Pre-Oxidized Fibers

Figure 5 shows the cross-sectional morphology of the pre-oxidized fibers in the first
to the fourth temperature zones, broken by stretching. As shown in Figure 5(a,a1), when
the pre-oxidized fibers in the first temperature zone were ‘pulled off’, many longitudinal
lamellar microfibers extended along the stretching direction, and a large number of mi-
crofibers on the surface and in the inner layers of the fibers were extended, while some
small transverse microfibers could also be observed. In Figure 5(b,b1), it could be observed
that there was also a large number of lamellar structures when the pre-oxidized fibers in the
second temperature zone were ‘pulled off’. The extension length of microfibers in both the
fiber cortex and inner layer was similar but shorter than that in the first temperature zone.
This indicated that the connections between microfibers gradually strengthened with the
increase in the pre-oxidation heat treatment temperature. As shown in Figure 5(c,c1), the
pre-oxidized fibers in the third temperature zone became denser, and almost no lamellar
microfibers in the fiber cortex were stretched or extended when the fiber was ‘pulled off’;
only the relatively weak microfibers in the inner layer of the fiber extended when stretched.
Figure 5(d,d1) display the tensile fracture morphology of the pre-oxidized fiber in the
fourth temperature zone. At this time, the pre-oxidation temperature was already high, the
microfibers in the outer and inner layers of the fiber were (almost) neither stretched nor
extended, and the connections between the microfibers had become very dense. It could be
seen that the fracture morphology of the fiber changes from ductile to brittle, as well as the
cross-section, became relatively flat.
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3.5. HRTEM Morphology of Pre-Oxidized Fiber Ultrathin Slices after Solution Etching

DMSO was an effective solvent for PAN. In order to observe a more subtle fibrillar
structure, ultrathin fiber slices were etched with a DMSO solution. If the concentration of
the DMSO solution was too low or the etching time was too short, the amorphous tissue of
fiber could not be fully solved; if the concentration of the DMSO solution was too high or
the etching time was too long, the copper mesh would fall off. After many experiments,
it was determined that the best morphology was obtained by etching slices for 2 h with
92 wt% DMSO solution.

Figure 6 shows the HRTEM morphology of the ultra-thin section of the first to the
third temperature zones of the pre-oxidized fiber after etching with 92 wt% DMSO solution
for 2 h. Figure 6a–f present a low-magnification view of the section of the first to the sixth
temperature zones, with the blue arrow denoting the fiber axis orientation; Figure 6(a1–f1)
shows an enlarged view of the local area within the red wireframe in Figure 6a–f.
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As shown in Figure 6(a,a1), after the ultrathin section of the first temperature zone
was etched, the amorphous tissue was fully dissolved, and uniformly arranged fibrils
were separated, showing longitudinal microfibrils along the fiber axis with large sizes,
18–56 nm width, and transverse microfibrils perpendicular to the fiber axis with a small
size, connected between longitudinal microfibrils. In the first temperature zone, almost
all the amorphous tissue area was dissolved in the fiber section, and the fiber skeleton
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was exposed. The inner part of the fiber was formed by microfibrils and amorphous
tissue, and the transverse microfibrils and amorphous tissue served as bridges between the
longitudinal microfibrils.

As shown in Figure 6(b,b1), after etching, the sections appeared as fibrillar structures,
along the fiber axis and perpendicular to the fiber axis, and the width of the longitudinal
microfibrils ranged from 25 to 108 nm. Compared with the longitudinal microfibrils, after
dissolution and etching in the first temperature zone, thicker microfibrils appeared in the
second temperature zone, which was related to the chemical reactions occurring during the
pre-oxidation process.

As shown in Figure 6(c,c1), only part of the same section in PO3 was dissolved and
etched, and the microfibril structure appeared in thinner areas of the section, which was
caused by a further increase in the corrosion resistance of the fibers, and the microfibril
width was measured to be 15–98 nm. There were only a few longitudinal microfibrils inside
the section, the transverse microfibril structure could hardly be observed, and no obvious
fibril skeleton appeared. This indicated that in the third temperature zone, the internal
structure of the fiber began to show obvious differences, which was due to the higher
degree of fiber pre-oxidation in this temperature zone. The chemical reactions facilitated
the internal formation of more ring structures, and the fiber structure was more compact.

Figure 6(d,d1) show that compared with PO1-PO3, the dissolved tissue inside the
fibers gradually decreased as the pre-oxidation proceeded. As shown in Figure 6(d1), the
etched sections had a small number of microfibril structures along the fiber axis, with
widths ranging from 46 to 78 nm. This was because, at this stage, a large number of ring
structures were generated, PAN linear molecular chains were transformed into trapezoid-
shaped structures, cross-linked cyclization occurred between molecules, and new sequential
structures began to form inside the fiber, which enhanced the corrosion resistance.

As shown in Figure 6(e,e1), a few primitive fiber structures appeared in the fiber
sections, and no dissolution occurred in most areas, indicating that the corrosion resistance
of the fiber was further improved. It indicated that a very dense structure was formed
inside the pre-oxidized fiber at this stage.

As shown in Figure 6(f,f1), slices of pre-oxidized fibers could hardly be dissolved by
the DMSO solution, which was consistent with the structures of unetched slices, indicating
that in the final stage of pre-oxidation, the pre-oxidized fibers underwent cross-linking and
cyclization to form a compact and ordered trapezoid structure with strong resistance to
solvent corrosion.

The analysis of the pre-oxidized fibers in different temperature zones showed that the
amorphous region of the fiber section was dissolved during the dissolution etching process,
and the transverse microfibrils and longitudinal microfibrils with good orientation were
displayed inside the fiber. The longitudinal microfibrils were connected by the transverse
microfibrils and the amorphous tissue as a bridge. With the increase in the pre-oxidation
temperature, the area where the DMSO solution was dissolved gradually decreased, and
the corrosion resistance of the fibers gradually increased.

3.6. Mechanical Strength of Pre-Oxidized Fibers

As shown in Figure 7 and Table 2, the tensile strength of the pre-oxidized fiber de-
creased continuously from the first to the sixth temperature zones. The tensile modulus
decreased gradually. Elongation at the break increased continuously and decreased in
the sixth temperature zone. During the pre-oxidation process, XRD and FTIR analyses
indicated that with the pre-oxidation treatment temperature increase, the nitrile group
changed into the conjugated group, and the molecular cohesion decreased, leading to
a decrease in tensile strength and tensile modulus. However, the crystalline size of the
fiber gradually decreased, and the amorphous area increased, resulting in enhanced fiber
ductility and, therefore, increased elongation at break. When the fiber reached the sixth
temperature zone, the rigidity increased and the elongation at break decreased.
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Figure 7. Tensile strengths of pre-oxidized fibers.

Table 2. Tensile moduli of pre-oxidized fibers.

Sample PO1 PO2 PO3 PO4 PO5 PO6

Elongation at break (%) 12.76 14.38 15.73 16.03 16.05 12.74
AV a (cN/dtex) 6.20 6.14 5.98 4.64 4.62 4.56

CV b (%) 11.42 11.53 9.92 14.33 13.48 25.55
a Average value. b Coefficient of variation.

3.7. Microstructure Model of Pre-oxidized Fibers

According to the above research results, the internal microstructure of the pre-oxidized
fiber was analyzed, the structural morphology of the pre-oxidized fiber was summarized,
and the microstructure model of the pre-oxidized fiber was established, as shown in
Figure 8.
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Figure 8. Microstructure model of pre-oxidized fiber.

The surface of the pre-oxidized fibers was smooth and compact, and the interior was
composed of fibrils, which were formed by the aggregation of microfibrils of different
sizes, including transverse microfibrils and longitudinal microfibrils. The longitudinal
microfibrils were connected through transverse microfibrils and amorphous regions.

The lamellar structure in the protofilament was inherited inside the pre-oxidized fibers.
Microfibrils are composed of lamellae stacked along the fiber axis, in which ordered crystal
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layers and disordered regions are arranged alternately, and disordered regions are etched
away by a DMSO solution during dissolution etching.

In the pre-oxidation stage, the fiber underwent chemical reactions, the linear molecular
chain began to transform into a ring structure, and a ring structure began to form inside
the lamella. As pre-oxidation progressed, the chemical reactions became intense, and a
large number of ring structures were generated. The ring structures were cross-linked to
form a trapezoidal structure. The solvent corrosion resistance of pre-oxidized fibers was
constantly improved, and only part of the region was dissolved during solution etching.
During the late pre-oxidation stage, the trapezoidal structure was arranged in an orderly
manner around the lamella, and the connection between the primary fibers was enhanced.
The fiber structure became more compact and stable. The pre-oxidized fibers and ultra-thin
fiber slices were not easy to dissolve in the DMSO solution.

4. Conclusions

In this paper, pre-oxidized polyacrylonitrile-based carbon fibers were treated via ultra-
sonic etching and solution-etched ultrathin sections. The changes in fiber microstructures
during the pre-oxidation process were studied; the pre-oxidation microstructure model
was established and combined with the changes in its chemical structure. The FTIR results
indicated that cyclization, oxidation, and dehydrogenation occurred during pre-oxidation.
The XRD results showed that with the increase in temperature during the pre-oxidation
process, the crystal size and crystallinity of the pre-oxidized fibers continuously decreased,
the PAN linear molecular chain changed into a cross-linked trapezoidal structure, and the
degree of cyclization increased. The SEM observations of the morphology and cross-section
of the fibers after tensile fracture of the pre-oxidized fibers, following ultrasonic etching,
showed that as pre-oxidation progressed, the fiber skin became denser, the corrosion re-
sistance increased, and the fibers transitioned from ductile to brittle fracture. HRTEM
observations of the ultrathin cross-sections of the fibers after solution etching indicated
that the amorphous structure was dissolved, the original fiber structure was separated,
and the longitudinal microfibers were connected by transverse microfibers and amorphous
structures. The analysis results of fiber structure were summarized and a new model for
the evolution of pre-oxidized fiber structure was proposed.
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