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Abstract
This study demonstrates that low processing rate for producing polyacrylonitrile (PAN)-based carbon fiber is a critical to 
obtain a homogeneous radial microstructure with high resistance to oxidation, thereby resulting in their improved mechanical 
strength. The dry-jet wet spun PAN organic fibers were processed (e.g., stabilized and then carbonized) utilizing two different 
rates; one is 1.6 times longer than the other. The effect of processing rate on the microstructural evolutions of carbon fibers 
was analyzed by scanning electron microscopy after slow etching in air, as well as Raman mapping after graphitization. The 
rapidly processed fiber exhibited the multilayered radial structure, which is caused by the radial direction stretching of the 
extrusion in the spinning. In case of the slowly processed fiber, the layered radial structure formed in the spinning process 
was changed into a more homogeneous radial microstructure. The slowly processed fibers showed higher oxidation resist-
ance, higher mechanical properties, and higher crystallinity than the rapidly processed one. Raman mapping confirmed that 
the microstructure developed during spinning was sustained even though fiber was thermally treated up to 2800 °C.
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1  Introduction

Carbon fiber-reinforced plastics (CFRPs) have received 
much attention in recent years as a result of their excellent 
mechanical, thermal, and physical properties [1, 2]. These 
excellent properties allow for the use of CFRPs in aeronaut-
ics, aerospace, sporting goods, and leisure industries [3–5].

Commercially available polyacrylonitrile (PAN)-based 
CFs are normally produced in two continuous processes. 
The first process involves wet- or dry-jet wet spinning of 
PAN, which includes a spray wash, boiling water stretch 
(2–6 times), and packing. The second process includes steam 
stretching, followed by oxidative stabilization (200–300 °C), 
first carbonization (500–1000 °C), and second carboniza-
tion (~ 1500 °C). The structure of the CF, including defects, 
is strongly dependent upon all processing parameters. CFs’ 
defects normally originate from impurities, gels in the 
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solution, solvent–non-solvent exchange during coagulation, 
the viscosity gradient during the stretching process, and/or 
heterogeneous structure formation during stabilization and 
carbonization [6–8].

A multilayered radial structure was evolved during fiber 
stretching as a result of viscosity variations in the radial 
direction [9]. Actually, the radial coagulation gradient was 
generated as a result of non-solvent diffusion from the fiber 
skin to fiber core. A small radial gradient between the skin 
and core brings about a relative viscosity difference, then 
leading to a radial distribution of tensile stress. The distribu-
tion of stress along the filament radius introduced a micro-
structural gradient consisting of a highly ordered structure at 
the skin and less ordered structure at the core. While stretch-
ing introduces a highly ordered structure at the skin, severe 
stretching creates defects on the skin, thereby weakening the 
mechanical properties of the fibers.

Defects generated within CFs are known to diffuse onto 
the surface when CFs are exposed to various processes, thus 
leading to large surface areas, which allow for reactions with 
oxygen. It is well known that the oxidation resistivity of CFs 
is closely related to their microstructure [10, 11]. Yang et al. 
revealed that high modulus CFs, such as PAN- and pitch-
based CFs, exhibited a high oxidation resistivity owing to 
their relatively high crystallinity. Therefore, it is essential to 
understand how various processing parameters (e.g., such 
as spinning, stabilization, and carbonization) are related to 
their microstructures as well as their mechanical properties.

In this study, we systematically elucidated the oxida-
tion behavior and mechanical properties of PAN-based CFs 
related to their microstructure as a function of processing 
rate (controlled by retention time). The relative processing 
rates chosen were rapid process (RP), as a control, and slow 
process (SP), which was 1.6 times longer than in the RP 
process. The microstructure was analyzed by scanning elec-
tron microscopy (SEM) after slow etching in air at 580 °C, 
and Raman mapping was obtained after graphitization. Both 
samples were comparatively characterized in terms of their 
crystallinity, density, and mechanical properties.

2 � Experimental

2.1 � Preparation of carbon fibers

The carbon filaments were prepared via the dry-jet wet spin-
ning of PAN copolymer in dimethyl sulfoxide (DMSO) on 
a pilot scale, capable of producing 100 kg/day of PAN pre-
cursor fiber. The PAN fibers were processed continuously 
through oxidative stabilization and carbonization, up to 
1400 °C. To elucidate the effect of processing rate on the 
microstructure, two process rates were chosen. The RP sam-
ples were stabilized at 2.5 °C/min and carbonized at 300 °C/

min. The SP samples were obtained using 1.6 times slow 
rate. The details of the PAN copolymer composition and 
other process conditions were difficult to open because of 
their commercial processes. Here, T700-grade CF (Toray, 
PAN-based CF), which has been widely used for CFRP, was 
chosen as a reference for comparison.

2.2 � Etching by oxidation and graphitization

To examine the radial microstructure, the CFs were chopped 
into 3–4-mm-length segments, placed in a tubular furnace, 
and heated to 580 °C at 20 °C/min under nitrogen flow 
(50 mL/min). Upon reaching 580 °C, the samples were oxi-
dized by shifting from nitrogen to air flow (50 mL/min) for 
130 min. To observe the morphology of the longitudinal 
fiber surface, the long fibers were loaded into the tubular fur-
nace, with one side fixed and the other loaded with a weight 
during thermal treatment. The long carbon filaments were 
oxidized in the same manner as the chopped CFs except that, 
for the long carbon filaments, the 50 mL/min air flow was 
performed at 500 °C (as opposed to 580 °C for the chopped 
fibers), and held for 5, 10, 15, and 20 h. The oxidation yield 
of CFs was obtained by dividing the weight of the oxidized 
sample by that of the pristine. The detailed experimental 
schematic diagram is shown in Fig. S1. Finally, the carbon-
ized samples were graphitized by heating up to 2000 °C at 
20 °C/min and to 2800 °C at 5 °C/min, followed by a 30-min 
isotherm and natural cooling using a graphite furnace in an 
argon atmosphere.

2.3 � Characterization

The surface morphologies of the CF samples were observed 
using a Hitachi scanning electron microscope (S-4700, 
Hitachi). The crystalline structures of the CF samples were 
analyzed by an X-ray diffractometer (D-Max-2400 diffrac-
tometer) with CuKα radiation (λ = 0.15418 nm). The crys-
tallite height (Lc) was determined via the Scherrer equation 
[12]. We obtained Raman spectra using a 533-nm Ar-ion 
laser (inVia confocal Raman microscope with streamline 
option, Renishaw, UK) and then calculated R value (ID/IG, 
the integrated peak intensity of the D-band divided by the 
integrated intensity of the G-band). Raman mapping was 
obtained by dividing target area into square with unit of 188 
pixels per inch (ppi), and then, the R value was obtained 
from each square. The density measurement was taken 
using a density gradient column (Polytest, RayRan, UK). 
The mechanical properties of the CFs were measured by a 
mechanical tester for single filaments (FAVIMAT+, Tex-
techno, Germany), with a test speed of 2 mm/min and gauge 
length of 25 mm. The data collected from 20 specimens for 
each CF sample were averaged. The electrical resistivity of 
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single carbon filaments was evaluated using the four-point 
probe method with 500 μm separation between the probes.

3 � Results and discussion

3.1 � Cross‑sectional microstructure

The development of a multilayered radial structure in the 
stretching step occurs due to a viscosity variation in the 
radial direction. Basically, the radially developed struc-
ture is not largely changed through the stabilization and 
following carbonization processes. Figure 1 shows the 
cross-sectional SEM images of the pristine and chopped 
CFs etched by oxidation. The etched surface allows us 
to visualize the cross-sectional microstructure with radi-
ally developed multilayered structures for both T700 and 
RP samples (Fig. 1d, f). It is reported that lower crystal-
linity regions can be etched earlier in the oxidation pro-
cess than higher crystallinity regions [13, 14]. Thus, it 
is possible to say that the multilayered structure having 

different crystallinities was generated in the stretching 
process of the spinning step due to high viscosity gradi-
ent at the skin of the gel fiber. Consequently, the radially 
developed microstructure in the RP sample was sustained 
through thermal treatment [15]. On the contrary, the SP 
sample does not exhibit the multilayered radial structure, 
indicating that the heterogeneous structure formed in the 
spinning process was homogenized by slow stabilization 
and carbonization (longer retention time).

The oxidation yields for T700, SP, and RP were 74.3, 
72.4, and 50.3%, respectively, as summarized in Table 1. 
Previous reports found that the CF core possessed a less 
crystalline structure [15, 16]. The T700 and RP samples 
acquired a pleat-like microstructure on the fiber surface 
when the diameter is reduced to 5 μm by oxidation. On 
the other hand, the SP sample showed no significant vari-
ation in the microstructure from the core to skin (Fig. 1e), 
representing no significant variations in crystallinity. From 
these observations, it can be concluded that the SP sample 
is more crystalline than both the T700 and RP samples.

Fig. 1   Cross-sectional SEM images of pristine. a T700, b SP, and c RP, and oxidized at 580 °C for 130 min, d T700, e SP, and f RP

Table 1   Basic properties of chopped and long CFs before and after the 20-h oxidation

Chopped CFs Carbon filament

Before oxidation After the 20-h oxidation

Yield of chopped CFs 
after oxidation (%)

Diameter of pris-
tine CFs (μm)

FWHM of pristine CFs at 
26° in XRD pattern (°)

Diameter of 20-h 
oxidized CFs (μm)

FWHM of 20-h oxidized 
CFs at 26° in XRD pattern 
(°)

T700 74.3 7.0 5.44 5.3 6.80
SP 72.4 6.8 4.94 5.4 4.96
RP 50.3 6.8 5.67 3.9 6.46
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3.2 � Longitudinal surface of carbon filament

Figure 2 illustrates the yield of the carbon filaments depend-
ing on oxidation time. All carbon filament samples showed 
high oxidation resistance until 5 h (yield of over 90%). The 
RP sample showed a rapid decrease in yield with oxidation 
time after 5 h. On the other hand, T700 and SP samples 
showed similar yields until 15 h. The SP sample produced 
higher yields than T700 at 20 h.

Figure 3 shows the CF surface microstructure as a func-
tion of oxidation time. Both RP and T700 samples had a 
smooth surface while being etched up to 15 h, and a pleat-
like surface structure at 20 h. This represents a heterogene-
ous radial morphology, with a more crystalline skin struc-
ture and less ordered core. In contrast, the yield of the RP 
sample rapidly is decreased with increasing oxidation time. 
The results illustrate that both T700 and RP samples exhibit 
similar radial structures, while the oxidation resistivity was 
slightly higher for T700 compared with the RP sample, indi-
cating the presence of more defects in the RP sample. How-
ever, the SP sample possessed a smooth surface and slow 
diameter reduction even after a 20-h oxidation.

3.3 � Microstructure of the carbon filament

To evaluate crystallite thickness (Lc) in the carbon fila-
ments, XRD patterns were obtained (Fig. 4). All pristine 
T700 and RP samples showed similar XRD patterns con-
sisting of a broad peak from 2θ = 20°–30° (Fig. 4a). The 
average crystallinities of the RP and T700 samples are not 
significantly different because they have presumably simi-
lar processing conditions [17, 18]. However, pristine SP 
showed a smaller full-width-at-half-maximum (FWHM) 
value at 26° (Table 1), indicating a more ordered crystalline 
structure than the two other CFs. After the 20-h oxidation, 

XRD patterns of RP and T700 samples showed significantly 
broadened peaks, presented by a FWHM at 26° (Fig. 4b; 
Table 1). On the other hand, the SP sample showed almost 
no change in the FWHM value at 26° or Lc values after the 
20-h oxidation (Fig. 4c). These behaviors reflect the radi-
ally developed microstructure. For example, RP and T700 
samples have a clear radial structure with a more crystalline 
skin and less crystalline core [19, 20]. On the other hand, the 
SP sample showed the highest Lc value for both pristine and 
20-h oxidation samples, even sustaining the original value. 
This indicates that the SP sample has a homogeneous radial 
microstructure, with high crystallinity, resulting in a high 
oxidation resistivity.

Raman mapping was performed to observe the structural 
perfection of the graphitized fibers at 2800 °C. In Fig. 5, 
the microstructures of the graphitized carbon filaments are 
compared using Raman mapping images of the fiber cross 
sections. The full width at half maximum (FWHM) of the 
G-band [21] and R value (ID/IG) of the CFs [22] were com-
pared in order to visualize variations in the degrees of crys-
tallinity. The distinctive difference is clearly observed from 
R value for three samples.

Both data indicated that the crystallinity of graphitized 
T700 and RP samples was lower in the core than in the skin. 
Specifically, T700 CFs showed a higher oxidation resistivity 
than the RP samples presumably as a result of more defects 
in the RP sample. The defects are coming from impurities, 
gels in the solution, solvent–non-solvent exchange during 
coagulation, the viscosity gradient in the stretching pro-
cess, and heterogeneous structure formation during stabi-
lization and carbonization [23, 24]. On the other hand, the 
graphitized SP sample possessed uniform crystallinity over 
the whole cross section. Despite the SP and RP samples 
being manufactured under the same conditions, except for 
the retention time at stabilization and subsequent carboni-
zation, both showed differing crystallinity at graphitization 
temperature. Raman mapping confirmed that the microstruc-
ture formed at an early stage was sustained even upon gra-
phitization at 2800 °C. We therefore deduced that a high oxi-
dation resistivity and a highly crystalline microstructure of 
the CFs can be obtained via homogeneous stabilization via 
cyclization and cross-linking reactions [25, 26]. Homogene-
ous stabilization with increased retention time minimized 
the effects of radial structural variations (which are formed 
during the solution spinning process) after thermal treatment 
at 1400 °C. Moreover, in the carbonization process, a mul-
titude of defects originating from insufficient cross-linking 
led to a low oxidation resistivity.

3.4 � Physical and mechanical properties of the CFs

In Table  2, the densities, mechanical properties, and 
electrical resistivities of the single carbon filaments are 
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Fig. 2   Yield of carbon filaments as a function of oxidation time
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Fig. 3   SEM images of pristine and oxidized carbon filaments as a function of oxidation time

Fig. 4   X-ray diffraction patterns of a pristine carbon filaments, b 20-h oxidized CFs, and c their calculated Lc values
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summarized for the pristine and 20-h oxidation samples. 
Pristine T700, RP, and SP samples possessed densities of 
1.80, 1.79, and 1.78 g/cm, respectively. After the 20-h oxi-
dation, the densities of all samples increased, and the incre-
ment was in the order of RP (0.06 g/cm) > T700 (0.04 g/
cm) > SP (0.01 g/cm). The density variations after oxidation 
originate from changes in the proportions of the crystalline 
and amorphous regions. The RP and T700 samples consist 
of distinct crystalline and amorphous regions. The amor-
phous region would be etched more quickly compared to the 
crystalline region, resulting in density enhancements after 
oxidation. On the other hand, the SP sample, possessing a 
homogeneous radial structure, showed almost no change in 
the density.

The pristine single carbon filament of the SP sample 
showed the highest tensile strength at 4.13 GPa, which is 
1.10 times higher than that of T700 (3.75 GPa) and 1.18 
times higher than that of the RP sample (3.49 GPa). After 
the 20-h oxidation, although the tensile strengths of all sam-
ples decreased, the SP sample still showed the highest tensile 
strength (3.25 GPa), which was 1.16 times higher than that 
of the 20-h oxidized T700 (2.81 GPa) and 1.38 times higher 
than that of the 20-h oxidized RP sample (2.35 GPa). The 
tensile modulus of the SP sample also showed highest values 
for both pristine and 20-h oxidation. After oxidation, the RP 

sample decreased in tensile modulus, similar to T700. After 
oxidation, the SP sample experienced an 8% increase in ten-
sile modulus, which is attributed to an increase in structural 
perfection by oxidation under tension. The electrical resistiv-
ity also reflects the microstructure and crystallinity. Oxida-
tion decreased the electrical resistivity of the SP sample due 
to the achievement of structural perfection (Table 2). On 
the contrary, RP and T700 samples experienced a slightly 
increased electrical resistivity after oxidation due to defects 
introduced to the less crystalline regions.

4 � Conclusions

The effect of the processing rate on the microstructure of 
CFs was studied by controlling the retention time. The SP 
sample, which was processed (e.g., stabilized and carbon-
ized) 1.6 times longer than the RP sample in a continuous 
commercial process, showed a higher oxidation resistivity, 
better mechanical properties, and a more homogeneous 
radial microstructure with higher crystallinity. On the other 
hand, the RP sample exhibited a lower oxidation resistiv-
ity and poorer mechanical properties because of their mul-
tilayered radial structure originally induced by stretching 
during wet spinning. Raman mapping confirmed that the 

Fig. 5   Cross-sectional Raman mapping images of the thermally treated carbon fibers at 2800 °C in argon. G-FWHM is the full width at half 
maximum of the G-band, and R value (ID/IG) is the integrated intensity of the D-band divided by the integrated intensity of the G-band

Table 2   Physical and mechanical properties before and after the 20-h oxidation

Before oxidation After the 20-h oxidation

Density (g/cm) Tensile 
strength 
(GPa)

Tensile 
modulus 
(GPa)

Electrical resis-
tivity (mΩ·cm)

Density of 20-h 
oxidized CFs (g/cm)

Tensile 
strength 
(GPa)

Tensile 
modulus 
(GPa)

Electrical 
resistivity 
(mΩ·cm)

T700 1.80 3.75 240.3 1.99 ± 0.05 1.84 2.81 244.1 2.34 ± 0.19
SP 1.78 4.13 281.1 1.72 ± 0.12 1.79 3.25 302.9 1.58 ± 0.16
RP 1.79 3.49 257.0 2.00 ± 0.16 1.85 2.35 204.2 2.02 ± 0.08
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microstructure formed during lower temperature processing 
was sustained, even at 2800 °C. We deduced that a high oxi-
dation resistivity, strong mechanical properties, and a highly 
crystalline microstructure of the CFs can be obtained by 
extending the processing time via adequate cyclization and 
cross-linking reactions. The homogeneous structure devel-
opment at longer retention times minimized radial structural 
variations, which is originally formed in the solution spin-
ning process. This research indicates that lower processing 
rates during stabilization and carbonization lead to fibers 
with a more homogenous microstructure, which are more 
resistive to oxidation. It is noteworthy that the developed 
microstructure at stabilization and carbonization processes 
is sustained after graphitization at 2800 °C.
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