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New insights into the radial structural differences
of polyacrylonitrile fibres during thermal

stabilization by the synchronous processing
adjustment of time and temperaturet
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In this study, the synchronous effects of time and temperature on the radial structural differences of

polyacrylonitrile (PAN) fibres during thermal stabilization were investigated. For each sample to achieve

equal densities (~1.36 g cm™)

, PAN fibres were thermally stabilized for various times between 8-32 min

and at corresponding temperatures of 279-252 °C, which was considered to give a synchronous

processing adjustment as a time—temperature integral (TTI). Besides, a previously developed mathematic

model was utilized to quantitatively evaluate the differences in the radial heterogeneous structures of the
stabilized PAN fibres as a function of TTIl. It was found that several structural parameters (e.g., the

stabilization degrees, the present crystallinities, and the orientation degrees) of PAN chains in the skin

regions that mainly determine the fibres' overall performances were dramatically different from those in
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the core regions. Meanwhile, based on the TTlI model, these skin—structure parameters demonstrated

a strong correlation with the tensile properties of the resultant carbon fibres. However, while the
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1. Introduction

Polyacrylonitrile (PAN) fibres have been widely utilized as a type
of precursor material for manufacturing carbon fibres (CFs)
through a series of processes, including spinning, thermal-
oxidative stabilization, carbonization, and surface treatments.
The structural evolution of PAN fibres during the thermal stabi-
lization process greatly determines the quality and production
efficiency of CFs.> To obtain CFs with better mechanical prop-
erties, the industrial processing time during thermal stabiliza-
tion takes tens of minutes or longer. The current low production
efficiency and high costs to manufacture CFs would limit
industrial developments in the future. Hence, that the stabiliza-
tion time has to be rationally reduced is highly necessary.

The mechanical properties (e.g. tensile strength and tensile
modulus) of CFs mainly depend on their imperfection level,**
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stabilized PAN fibres had equal densities, their structural parameters, as well as the properties of the
resultant carbon fibres, were obviously different.

and the radial heterogeneity (also called ‘skin-core’ structure)®”
is considered to be one of the main defects of PAN-based CFs.
The formation of a skin-core structure is attributed to the
oxygen diffusion along the radial direction of PAN fibres during
their thermal stabilization,**™° and the extent of radial oxygen
diffusion is a function of the stabilization time.""*> Due to the
stabilized PAN fibres (SFs) having skin-core differences, some
structural parameters, like the stabilization degree, aggregation
structure, and orientation degree, might thus be different.*®
These structural heterogeneities would be eventually inherited
by the resultant CFs, which could cause certain losses in the
mechanical properties of the CFs.** Thus, for eliminating the
skin-core effects of SFs, some investigations have manifested
that adjusting the stabilization time is critical to changing the
extent of the skin-core structures of SFs.'>'* When discussing
the regulation between the skin-core effects and stabilization
time, studies looking at the core region proportion in the cross-
sectional images of SFs have shown a downward trend with
extending the stabilization time, and have reported that the
uneven contrast in the SFs' cross-section gradually disappears.

Besides, some researchers prepared CFs stemming from SFs
with different stabilization times, and further measured their
mechanical properties, displaying at first an increase and then
a decrease trend over the prolonged stabilization time."”
Accordingly, when the stabilization time was shortened, the SFs’
inner (core) regions were poorly stabilized due to an insufficient
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exposure to oxygen.' These regions could easily evolve into
structural defects during the following carbonization process,
deteriorating the performances of the CFs. However, when the
stabilization time was extended,'*?® excessive amounts of oxygen
would be taken in by the SFs’ outer (skin) region. Oxygen would
then be released by the emission of the small molecular gases
during the subsequent carbonization process,*"** leaving certain
defects in the CFs. Thus, further measuring the radial distribu-
tion of the structural parameters of SFs during the thermal
stabilization process is key to preparing high-performance CFs by
scientifically and reasonably reducing the stabilization time.

With the progress of thermal stabilization, the bulk density,
which usually serves as a preliminary reference for the stabili-
zation degrees of the SFs, kept increasing. There are some
previous studies®** that indicated that the preparation of CFs
with good mechanical properties generally requires controlling
the bulk density within an appropriate range (about 1.36 g cm™3).
To achieve SF samples with approximately equal densities,
simply controlling the time is irrational, and it needs to be
combined with compensation for the temperature adjustments.
Thus, we propose a new concept in this area called the ‘time-
temperature integral’ (denoted as ‘TTI’), which is employed to
evaluate structural differences changing between the skin and
core regions of SFs. This is like the time-temperature equivalence
of the Williams-Landell-Ferry (WLF) equation, which empirically
indicates that physically polymeric performances acquired by
maintaining low temperature over a long time could be equally
converted into performance at high temperature in a short time.
Accordingly, there are some related applications in the gaseous
permeabilities of polymeric membranes, the necking behaviours
of polyester fibres, and other physical properties of polymer
materials.”*** However, physicochemical reactions during the
stabilization process of PAN fibres are highly complex and are
simultaneously affected by the stabilization temperature and
time. Hence, for the perspective of the processing adjustment,
TTI is simply equal to the multiplication of both the Kelvin
temperature and time. Essentially, it could allow further figuring
out the time effects during thermal stabilization on the SFs’
structural evolutions and could provide a practical application
basis for reasonably reducing the stabilization time needed to
manufacture high-performance CFs.

2. Experimental
2.1 Materials

PAN precursor fibres (Special Acrylic Fibres, 1.21 d/tex, 6000
filaments per tow) were obtained from Courtaulds Ltd. UK. The
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comonomers of the precursor fibres were mainly made of
92.8 wt% acrylonitrile (AN), 6.0 wt% methyl acrylate (MA), and
1.2 wt% itaconic acid (IA).

2.2 Thermal stabilization and carbonization processes

To obtain a series of SFs samples with equal densities of about
1.36 g cm >, the duration time, treatment temperature, TTI
adjustment values, and the detailed properties were determined
and are displayed in Table 1. PAN precursor fibres with
a stretching ratio of 1.00 (stretching ratio, A = v,/v;, where v
stands for the velocity of a roller, as shown in Fig. 1) were
thermally stabilized in an air or nitrogen atmosphere. The SFs
thermally exposed to the air atmosphere were denoted as Air-
SFs(G1), Air-SFs(G2), Air-SFs(G3), Air-SFs(G4), and Air-SFs(G5),
while the SFs thermally exposed to the nitrogen atmosphere
were named as N,-SFs(G1), N,-SFs(G2), N,-SFs(G3), N,-SFs(G4),
and N,-SFs(G5).

Subsequently, all of the Air-SFs samples from G1 to G5 had
the carbonization treatment carried out under the protection
of an inert atmosphere, as shown in Fig. 1. Two ends of the
fibres were first fixed on graphite frames with a certain
tension, which were then placed inside a straight-tube
carbonization furnace to carry out the carbonization treat-
ment according to the program with a heating rate of
5 °C min~' from room temperature to 1400 °C. Before
carbonization, the vacuuming and nitrogen filling of the
furnace chamber were repeated three times at least. The
sample codes of the resultant CFs were CFs(G1), CFs(G2),
CFs(G3), CFs(G4), and CFs(G5), respectively.

2.3 Characterizations

In order to acquire optical micrographs of the SFs, SPI-PON 812,
DDSA, NMA, and DMP-30 (a resin embedding kit provided by
SPI Supplies Structure Probe, Inc.) were utilized to embed all the
SFs samples placed in the vacuum drying chamber at 100 °C for
6 h. An ultra-thin slicer (Leica ARTOS, 3D) equipped with
a glass-made cutter was used to prepare the sheet samples with
a thickness of ~500 nm at room temperature (~23 °C), and an
optical microscope was used to observe the morphology of the
SFs' cross-sections with the ‘skin-core’ structures. As shown in
Fig. 3(a) and (b), obvious skin-core structures of the SFs could
be observed. Besides, the rest of the cross-sectional images can
be found in the ESI, Fig. S1.7 In the present study, we defined
the skin proportion (n) to calculate the ratio of the skin regions
to that of the whole fibre's cross-section. The quantification is
considered as below:

Table 1 Detailed processing parameters setting during the stabilization process, TTI processing adjustments, and their SFs' densities

Process code Temperature/°C (K)

Time/min (s)

3

TTI adjustments/10° s K Density/g cm™

G1 279(552.15) 8(480)
G2 268(541.15) 14(840)
G3 258(531.15) 20(1200)
G4 254(527.15) 26(1560)
G5 252(525.15) 32(1920)
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2.65 1.3634
4.55 1.3635
6.37 1.3642
8.22 1.3633
10.08 1.3644

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of the stabilization process and the direct carbon-
ization process under the protection of a nitrogen atmosphere.
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’n =
where Ag, and A.oe refer to the area of the skin and core
regions, respectively. Image J software was used to determine
the skin proportion. For each Air-SFs sample, the results ob-
tained by the average of approximately 15 statistics were plotted
as a function of TTI adjustments, as shown in Fig. 2.

Additionally, scanning electron microscopy and the energy-
dispersive X-ray technique (SEM-EDX, Oxford Instruments)
were applied to observe the SFs' cross-sections and to measure
the linear distribution of oxygen content along with the radial
direction of the SFs.

The densities of the SFs were measured by a gradient density
column (LLOYD), filled with a mixed organic solvent of tetra-
chloromethane and hexamethylene at 23 £ 0.1 °C, and the
measurement accuracy was 0.0001 g em 3. To analyze the
stabilization degrees, the results related to the SFs samples that
were prepared as KBr pellets were recorded by a PerkinElmer
FTIR spectrometer in 32 scans in a combined scan range from

o
[}
o
1

Gauss Fit
R2=0.9927

Overall skin proportion
o
2

2 3 4 5 6 7 8 9 10 1
TTI adjustments (10°s-K)

Fig. 2 Overall skin proportion (n) as a function of TTIl adjustment,
showing an increasing trend.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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4000 to 400 cm™ " with a resolution of 4 cm ™. The fraction of
reacted nitrile groups (FNs) and dehydrogenation index (DHI)

were determined by the following formulae:®

nAbs(1590)

FNS = Abs(1590) + Abs(2243) (22)
~ Abs(1360)

where n is 0.29.°° In the infrared spectrum, Abs(1590) and
Abs(2244) mean the absorbance of -C=N- and -C=N groups,
respectively. Besides, Abs(1360) and Abs(1454) refer to the
absorbance of -CH{ and -CH,- groups,* respectively.

A PerkinElmer FTIR spectrometer equipped with a wire-grid
polarizer was employed in the characterization of the PAN chain
orientations. When using the polarizer, two spectra for each SF
sample were obtained by means of both parallel and perpen-
dicular infrared radiations on the sample. The dichroic ratio D
and the orientation degree (f) were calculated according to the
following formulae:*?

_ Abs
= Abs, 4
Ry=2cot’ w (2-5)
20> _ _
f= 3<cos’ ¢ 1 (R—1)(Ry+2) (2-6)

2 (Ro— 1)(R+2)

where Abs) is the absorbance of the nitrile group with the
electric vector of polarized infrared radiation parallel to the
fibre axis, while Abs, is the absorption perpendicular to the
fibre axis, and « is the value of about 70° for uniaxially drawn
PAN fibres, indicating the transition-moment angle between the
direction of the dipole-moment and PAN-chain axis, and ¢ is the
angle associated with the molecular segment relative to the
stretching direction. The orientation degree of the PAN amor-
phous chains (f,) could be accordingly determined by the
equation below:*

S=0f+ 1 -6 (2-7)

The XRD patterns were obtained on a D/Max-2500 PC X-ray
diffractometer with Cu Ko characterized radiation, which was
produced at 40 kV and 40 mA power and a scanning range of 5°-
60°. Subsequently, the crystallinities (8) and the crystallite sizes
(L.) of the SFs were calculated by the following formulae:**

Ac
kA
Le= Foosd (2-9)

where A. and A, represent the total areas of the pattern peaks of
20 = 16.7° and 29.4°, as well as that of 26 = 26.5°, respectively.
Besides, 2 is the X-ray wavelength (0.1542 nm), # is Bragg's
angle, F is the FWHM (Full Width at Half Maximum) value of
the diffraction peak, and & is a constant value of 0.89.* Based on
Herman's equation, the ordered phase orientation degree (f) of

RSC Adv, 2022, 12, 13339-13346 | 13341
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the PAN chains could be calculated; however, the results could
be also rapidly acquired in the study by using the following
empirical equation:*

18— H

Je= 5o (2-10)

To measure the ordered degree of the graphite structures of
the CFs, all the samples were analyzed by Raman spectroscopy
(invia Reflex, Rein Shaw, 514 nm laser excitation) in the band
range from 100 to 3500 cm ™ *. The ratio (denoted to R) of the D
band intensity (Ip) to the G band intensity (Ig) was calculated by
the following equation:

R= b (2-11)

Is

For testing single-filament mechanical properties, including

tensile strength and tensile modulus, the CFs samples were

tested on a XQ-1A Fibre Tensile Tester at a pulling rate of 5

mm min~" and a testing gauge of 25 mm. The final results of
the CFs were the average of around 35 tests.

3. Results and discussion
3.1 Methodology

It is recognized that there is an optimal degree of stabilization
for producing high-performance CFs. Lower stabilization
degrees would result in CFs with deteriorated crystalline
structures due to the insufficient formation of the thermally
stable cross-linking structures. If the stabilization degrees are
too high, the excessive oxygen exposure may also bring about
more oxygen-containing structures (chemical groups) in the
PAN chains, and the mechanical properties of the resultant CFs
could not be better acquired.***® Specifically, during the next
low-temperature carbonization process, owing to the larger
carbon loss with more gaseous emissions of CO, CO,, H,0, O,,
HCN, higher molecular weight compounds, miscellaneous tars,
etc., the imperfections will be inherited in the final CFs.* This is
also the main reason why SFs with excessive stabilization
degrees lead to a relatively poor mechanical performance of the
CFs.

In addition, the SFs' density value is a general reflection of
the extent of the stabilization reactions, and high-performance
CFs are typically obtained when the density of the SFs is around
1.36 g cm 3.2 The stabilization degrees are mainly controlled
by the processing parameters, such as the time, temperature,
and drawing ratio. The densities of the SFs cannot be main-
tained constant by solely changing the stabilization time. The
temperature has to be adjusted accordingly to compensate for
the time adjustments. Thus, the synchronous adjustment of the
time and temperature during stabilization is used, and
a mathematical model to analyze the structural differences in
both the skin and core regions was further developed.

The skin regions of SFs are typically considered as the areas
with the higher stabilization degrees, while the core regions are
not affected by oxygen, having lower stabilization degrees.

13342 | RSC Adv, 2022, 12, 13339-13346
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Besides, we characterized the oxygen content along the fibres’
diameter direction using SEM-EDX analysis. As shown in
Fig. 3(c) and (d), there are some testing-point positions, namely
Air-SFs(G3) points in red, and N,-SFs(G3) points in deep blue,
respectively. Other sample images can be seen in Fig. S2 and
S3.1 The detailed results of the relative oxygen contents are
shown in Table 2, and indicate that the outer region of the fibres
thermally exposed to oxygen had a higher oxygen content, while
that of the core region had a lower relative content. More
importantly, the core region of Air-SFs and the entire cross-
section of N,-SFs demonstrated similar values of oxygen
content. Therefore, we can presumably use the structural
parameters of the N,-SFs to represent the parameters of the core
region of the Air-SFs.

The structural parameters of Air-SFs, including the fraction
of reacted nitrile groups (FNs), dehydrogenation index (DHI),
crystallinity (8), crystallite size (L), and orientation degree (f),
were averaged values of both the skin and the core. Meanwhile,
the structural parameters of the core of Air-SFs, including
FNScore; DHIcore; Beores Lecores and feore, could be acquired
through characterizing the N,-SFs. Thus, the structural
parameter of the skin region Air-SFs, including FNSgyin, DHIgyin,
Bskiny Le,skiny aNd fiikin, could be deduced. The detailed formulae
are displayed as follows:

Fig. 3 (a) and (b) Optical images of sample slices of Air-SFs(G3) and
N>-SFs(G3), respectively; (c) and (d) SEM images of cross-sections of
Air-SFs(G3) and N,-SFs(G3), respectively.

Table 2 Detailed results for the relative oxygen contents of Air-
SFs(G3) and N,-SFs(G3) diametrically at the five test points

Relative oxygen contents of SFs (%)

Position Air-SFs(G3) N,-SFs(G3)
1 9.84 5.95
2 5.92 5.73
3 5.97 5.99
4 6.07 5.81
5 10.06 6.07

© 2022 The Author(s). Published by the Royal Society of Chemistry
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FNs = nFNsgi, + (1 — n)FNseore (3-1)

DHI = 7DHIgg, + (1 — 7)DHIor (3-2)

B = nBskin + (1 — 1)Beore (3-3)

Le = nLeskin + (1 = M) Le core (3-4)

J=fin + (1 — Mfcore (3-5)

Je = feskin T (1 = fccore (3-6)

Jskin = Bskinfe.skin T (1 — Bsin)fa.skin (3-7)

Importantly, when an overall structural parameter of the SFs
is separated, the structural evolutions in the skin and core
regions would perform differently, which may influence the
performances of the final CFs. Thus, these specific separated
factors should be better measured and controlled in the thermal
stabilization to scientifically reduce the duration time and
improve the performances of the resultant CFs.

3.2 Integrating the effects of time/temperature on the
stabilization/aggregation structures parameters both in the
skin and core regions of stabilized PAN fibres

Based on previous studies,”'®**?>% the stabilization degrees
and the aggregation structures of SFs were typically measured
by several stabilization processing parameters, including the
stretching ratio, treatment temperature, and duration time. Due
to the ubiquity of the skin-core structure in SFs, the PAN chains’
structures in the skin regions were remarkably different from
those in the core regions. Utilizing the aforementioned model,
two kinds of stabilization degree and aggregate index of the SFs
were quantified, which involved the faction of reacted nitrile
groups (FNs), dehydrogenation index (DHI), crystallinity (8),
and the crystallite size (L.). Consequently, these structural
parameter results that were calculated by eqn (3-1)-(3-4) were
highly different even though the SFs' densities were the same.

Fig. 4(a) and (b) show that the stabilization degrees (FNs and
DHI) in the skin region were higher than in the core region,
which was because, during the thermal stabilization, the fibre's
outer layer was first exposed to oxygen, which could subse-
quently promote cyclization, dehydrogenation and oxidation
reactions to facilitate the increase in FNs and DHIL.* When TTI <
6.37 x 10° s K, decreasing trends were observed in response to
the stabilization degrees in the skin region, while the trends for
the stabilization degrees were converted into upward at a TTI
adjustment of 6.37 x 10° s K. Since this may because the skin
regions of the SFs were first influenced by the radial diffusion of
oxygen, a relatively larger stabilization degree during a short
duration time depends on a much higher stabilization
temperature.® Conversely, the main contributor to the increased
stabilization degrees was responsible for the prolonged stabi-
lization time.'? On the other hand, when the stabilization time
was about 20 min (corresponding to a TTI of 6.37 x 10° s K), the
stabilization degrees contributed by the extended stabilization
time began to compensate for the decrease caused by the drop

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Trends in the two kinds of stabilization degrees both in the skin
and core regions as a function of TTI: (a) fraction of reacted nitrile
groups (FNs), (b) dehydrogenation index (DHI); (c) and (d) crystallinities
(B) and crystallite sizes (L¢) of the 'skin—core’ structures of the SFs with
increasing TTI, respectively.

in stabilization temperature. However, it was also found that
the stabilization degrees in the core region gradually decreased
with the increase in TTI. This may be attributed to the PAN
chains in the core region being thermally stabilized in the
oxygen-deficient environment, and the changes in the stabili-
zation degrees were mainly affected by the temperature.

Fig. 4(c) and (d) represent a changing plot of the aggregated
structures both in the skin and core regions during the thermal
stabilization process by the synchronous adjustment of the time
and temperature. Due to the fibres' core region not being
affected by oxygen diffusion, Bcore and L core DOt only gradually
rose with the increase in TTI, but also were larger than S, and
Leskin- In addition, Bgn and Lcskin showed a completely
different trend compared to that of the core region, which was
a trend of initially increasing and then decreasing.

According to some studies, it has been found that some
stabilization reactions, including cyclization, dehydrogenation,
and oxidation reactions, are initiated at the amorphous PAN
chains, and then gradually expand to the ordered region with
the progression of stabilization reactions.*” This finally results
in crystal PAN chains being destroyed and disordered,
becoming new amorphous chain regions that can process other
stabilization reactions. Therefore, combined with the stabili-
zation degrees results discussed in the previous section, the
evolution trend of the aggregate structures both in the skin and
core regions was opposite to that of the stabilization degrees.
Furthermore, the extents of the stabilization reactions or the
aggregation structures of the SFs were mainly sensitive to the
temperature adjustment during the stabilization process. When
it comes to a single processing adjustment (time or tempera-
ture) to the PAN fibres during thermal stabilization, decreasing
the crystallinities and crystallite sizes are the results of an
elevated temperature or extended time. Thus, it was found that

RSC Adv, 2022,12,13339-13346 | 13343
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the stabilization temperature was much more dominant in the
downward trend of the stabilization degrees and the upward
trend of the aggregation structure evolutions in the core region
of the SFs. Importantly, the stabilization degrees and aggrega-
tion structures both in the skin and core regions of SFs still
showed some greatly different evolutions, even though the
densities of the SFs were the same.

3.3 Integrating the effects of time/temperature on the
orientation of PAN chains both in the skin and core regions of
stabilized PAN fibres

Based on the TTI model, the orientation degrees of PAN chains
both in the skin and core regions (fikin and f.ore) were examined.
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Fig. 5 (a) Overall orientation degrees of Air-SFs and the skin—core
regions, (b) orientation degrees in the amorphous Air-SFs and the
skin—core regions, (c) orientation degrees in quasicrystals of Air-SFs
and the skin—core regions.
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Although the density values of each fibre are approximately the
same, the overall orientation degree of the chains both in the
skin-core regions presented significantly different trends. Fig. 5
plots the orientation degrees in quasicrystals and amorphous-
ness forms (f. and f;) and that of the skin-core regions of SFs
(fskim fcore: f:,skim fc,core; fa,skin and fa,core) during different TTI
adjustment for equal densities.

As the TTI increasingly changed, it could be seen that f, sin
grew slowly, while f; sin showed an upward changing trend, but
its increasing rate was higher than with the former when TTI
was less than 6.37 x 10° s K. Subsequently, f; qqn turned to
a downward trend with continuing to enhance the TTI, which
may be the reason that a certain extent of stabilization reac-
tions, including cyclization, dehydrogenation, and oxidation
reactions, which are processed by prolonged duration time,
were initiated in the amorphous chains and extended into
ordered-chain parts, leading to disorientation in this region.
Besides, feore and f.core Simultaneously showed a similar
enhancing trend with increasing TTI, while f, core did not make
a big difference at a relatively low TTI control, but then showed
a great climb after the TTI went from 6.37 to 10.08 x 10° s K.

Importantly, it is noteworthy that the stabilization degrees in
the core region, FNs.ore and DHI, ., dropped slightly. In addi-
tion, the simultaneous enhancement of Score and Le core could be
viewed with the elevated TTI, in which relatively more ordered
chains were thus preserved and a relatively high f; .ore Was
maintained. In some regions of the fibres without the diffusion
effects of oxygen, a monotonous performance of the structural
parameters trend in the core regions was detected with the TTI
progressing. This is in contrast to the skin regions that included
the effects of oxygen diffusion, whereby the monotonicity was
somewhat changed. Generally, combined with the previous
discussions, including on the stabilization, aggregation evolu-
tions, the PAN chains’ orientation structures in the skin and
core regions of the SFs also presented big differences as
a function of the TTI.

3.4 Effects of the stabilized PAN fibres' structural differences
on the resultant carbon fibres' performances

Some structural characterizations (Raman and WAXD) and
mechanical performance tests were applied to reveal the influ-
ence of the structural differences of the SFs on the relationship
between the CFs' structures and their mechanical properties.
For visible excitation testing, the typical features in the Raman
spectra of carbon fibres or other carbon-like materials are the D
band (lying at ~1360 cm ') and the G band (lying at
~1580 cm ), which are mainly resonations of sp*-carbons (or
defected graphite) and sp*-carbons (or ordered graphite),
respectively.*

As shown in Fig. 6(a) and (b), Raman spectra of the resultant
CFs were recorded and quantified by the ratio (eqn (2-11)) of the
D band intensity (Ip) to the G band intensity (Is), which can
reflect the graphitic structure, stacking order, and crystal lateral
thickness of the final CFs.*>** Consequently, it was found that
with an elevated TTI, the results for the DG ratio showed the
trend of at first a decrease and then an increase. This indicated

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Raman spectra of the resultant CF samples, including
CFs(G1-G5), (b) Ip/lg trend of the resultant CF samples with elevated
TTI adjustments, (c) XRD curves of the resultant CF samples, (d)
graphitic stacking thickness examined by the diffraction peak denoted
to the (002) crystal plane, of 20 = 17° in the XRD pattern of the CF
samples; (e) and (f) tensile strength and tensile modulus of the resultant
CF samples, respectively, which stemmed from the PAN precursor
thermally exposed to an air atmosphere.

that the final CFs with relatively more ordered structures should
be at the lowest DG ratio value when TTI was 6.37 x 10° s K, and
the mechanical properties may be accordingly better. WAXD
curves and the quantified results, and the graphite stack size of
the crystal plane (002), can be observed in Fig. 6(c) and (d),
respectively. Obvious diffraction peaks of (002) could be found
in the spectra of the CFs, and the calculated L. results displayed
two trends during the TTI control: (i) a plain plot keeping low
during the high stabilization temperature-short time treatment
(when TTI < 6.37 x 10> s K); (ii) starting with the highest value
when the TTI reached 6.37 x 10° s K, it was converted into
a slowly dropping trend with the elevated TTIL.

After carbonization of the SFs, the mechanical properties of
the CFs were measured, and the trends with increasing TTI were
plotted in Fig. 6(e) and (f), such as the tensile strength and
tensile modulus. Similarly, the tensile strength also tended to
increase first and then decreased with the maximum value
(1720.84 MPa) at the TTI of 6.37 x 10° s K. Accordingly, this may
be due to what the proper stabilization degrees of the SFs are for
retaining a maximum f qin value of the SFs. This could cause
a nice performance of the final CFs in terms of the tensile
strength. However, the tensile modulus of the CFs was
enhanced slightly with the elevated TTI. There may be positively
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correlated to some reasons: (a) the upward trend of skin
proportion of the SFs with increasing TTI control, as well as (b)
the rising-up of f; «in for the formation of more graphitizable
structures inside the skin regions, which may provide a greater
extent of tensile modulus after carbonization treatment.

Through a series of reasonable adjustments of the TTI, the
structural parameters both in the skin and core regions of the
SFs during the thermal stabilization process, involving the
stabilization degrees, aggregation structures, and orientation
degrees, etc., could be better clarified. Also, it could imply that
although the PAN fibre samples were thermally stabilized with
equal densities of ~1.36 g cm >, there were massive differences
among the SFs' structural parameters, and each resultant CFs
sample performed in conformity with the graphitic structures
and the mechanical properties (tensile strength and tensile
modulus) with increasing the TTI control. This means that
a suitable stabilization processing in the future needs to be
utilized for obtaining preferred structures and the perfor-
mances of industrial CF products.

4. Conclusions

In summary, through synchronous adjustments of the stabili-
zation time and temperature, PAN fibres were prepared with
equal densities of around 1.36 g cm>. The synchronous effects
on the radial structural differences of the PAN fibres were
comprehensively investigated by introducing an integrating
framework, called the time-temperature integral (TTI). Conse-
quently, remarkable structural differences were observed in
both the skin and core regions, and the skin-structure evolu-
tions were the determining factors that dominantly influenced
the overall performances of the SFs. When the TTI adjustment
was 6.37 x 10° s K, the stabilization degrees in the skin regions
reached a minimum, and the orientation in the quasicrystals of
the skin regions was the highest, which facilitated the
aggregate-structure integration, and simultaneously maximized
the crystallinity and crystalline size. Therefore, during the TTI
adjustment during the stabilization process, a strong correla-
tion between the skin-structure evolutions and performances of
the resultant CFs was observed. Furthermore, when prepared by
the SFs with these skin-structure features, CFs with a relatively
preferred graphitic stacking thickness could be obtained, which
made the mechanical properties better. However, this was in
contrast to the structural evolutions in the core regions, where
there were insignificant effects on the performances of the CFs.
Admittedly, this could help the understanding of why, even
when the densities of the SFs were identical, the structures and
the properties of the resultant CFs showed different results.
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