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Abstract: Thermal-oxidative stabilization of polyacrylonitrile (PAN) fiber pretreated with ammonium bromide (NH,Br) was
performed in the air atmosphere at temperatures between 200 and 250 °C for periods of 5 to 75 min in a multistep approach.
The study demonstrates that the NH,Br incorporation is highly effective in accelerating nitrile group cyclization by reducing
the time required to form a thermally stable structure. After 60 min of the multistep stabilization, NH,Br incorporated and
stabilized PAN was entirely thermally stable, infusible, and non-burning. XRD analysis showed the conversion of the pristine
PAN molecular structure from a laterally ordered condition to a very disordered amorphous structure by crosslinking and
aromatization process. Infrared analysis indicated rapid and concurrent aromatization and dehydrogenation reactions assisted
by the formation of oxygen-containing functional groups. With the progression of the stabilization period, TGA thermograms
revealed a comparative increase in thermal stability, as directed by the continuous rise of carbon yield. By decreasing the
required time for the stabilization process of PAN fiber, the use of NH,Br impregnation is expected to enhance carbon fiber

productivity at a reduced cost considerably.
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Introduction

Carbon fibers have increasingly gained attention in recent
times as a potential and promising material in high-
performance engineering applications due to their lightweight
with excellent mechanical properties [1,2]. Carbon fibers are
widely used in the composite form in various fields,
including aerospace, automobiles, turbine blade production,
pressure vessels, defense, sports, and medical [3,4]. The
efficiency of carbon fiber-based composites is strongly
dependent on the precursor, which needs to have a high
molecular weight [5,6], carbon content [7], and degree of
molecular orientation [5,8,9]. PAN-based carbon fibers seem
to meet all of these criteria. Polyacrylonitrile fiber is one of
the most significant carbon fiber precursors, accounting for
nearly 90 % of the global high-performance carbon fiber
production [10-12]. PAN-based activated carbon fiber has
received increased interest in present times for water
treatment and gas adsorption processes, besides its
recognized applicability as an outstanding reinforcer for
composite materials [4,13].

Thermal-oxidative stabilization (TOS) at 200-300 °C is a
crucial step in the production of PAN-based carbon fibers,
comprising oxidation, dehydrogenation, cyclization, and
tautomerization reactions [14,15]. The TOS process alters
the PAN molecular structure from a linear to an intermediate
cyclic structure. The modified PAN structure plays a vital
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role in the subsequent thermal processing stages, including
carbonization, graphitization, etc. [16-19]. The oxidation
process of thermal stabilization, in which oxygen is added to
the PAN molecules and hydrogen is released in the form of
H,0, may influence dehydrogenation mechanisms [19-21].
The chemical composition of the original PAN precursor and
stabilization parameters, including heating rate, highest
stabilization temperature, stabilization time, and applied
environment, are all factors that influence the thermal
stabilization reactions. Different reactions take place in
different stabilization environments. PAN macromolecules
are transformed from a linear to a non-burning ladder-like
configuration, allowing for subsequent carbonization at
higher temperatures (1000-1700 °C) in the inert environment
[22,23].

The stabilization and carbonization steps in carbon fiber
production consume around 69 percent of the total energy
expenditure. Only the precursor fiber stabilization stage
requires around 48 % of expenditure. As a result, the highest
quantity of energy and time is expended to ensure that the
stabilization step is completed effectively [24,25]. Chemical
pretreatments were reported to speed up the TOS process by
decreasing the activation energy of the stabilization reactions
[26-29]. The incorporation of ammonium persulfate was
mentioned to speed up the thermal stabilization reactions,
and the initial structure of the PAN multifilaments was
rapidly transformed into a completely disordered amorphous
phase comprising pre-graphitic structures [29]. The efficacy
of halogen-comprising flame-retardants rises in the
sequence F < Cl < Br < 1. Because of the interference in the
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combustion mechanism, fluorine and iodine-containing
flame retardants are not practically utilized. In the gas phase,
fluorine cannot perform like a radical interceptor due to the
tight bond with carbon. lodine, on the other hand, is so
weakly bonded with carbon that it might well be released by
even a small amount of energy applied [30]. Bromide is
highly efficacious because of its weak bonding with carbon,
allowing it to intervene in a more beneficial way in the
combustion phase. Furthermore, it is thought that the HBr as
a potent element is released over a confined temperature
span, allowing for a greater concentration in the combustion
stage. At the combustion phase, there exists a variety of
radicals in the vapor state. Generally, the most potent
radicals that can assist combustion are "H, ‘OH, and others;
hence their elimination can aid to inhibit the flame. This
would be desirable if these active radicals could be
transformed into less reactive radicals in order to attain the
target. It is worth noting that in neutralizing active free
radicals, all the halogens are efficient [31,32].

The effect of ferric chloride (FeCl;) incorporation was
mentioned to stimulate the TOS process by accelerating the
incidence of oxidation, cyclization, and dehydrogenation
reactions [33]. After impregnation with Cu(I)Cl aqueous
solution and thermal stabilization, the tensile properties loss
of PAN fibers was reported to be optimized [34]. Ammonium
bromide was mentioned in a patent by Sweeny [35] to
impregnate with acrylonitrile fiber prior to the thermal
oxidation process. However, there was no comprehensive
analysis of the physical, mechanical, structural, and thermal
properties of the ammonium bromide incorporated and
stabilized PAN fiber. In the present investigation, ammonium
bromide was used as a catalyst for the aromatization and
cyclization reactions during the thermal stabilization process
allowing accelerated heating of the samples under investigation
to annealing temperatures without unnecessary weight loss
or multifilament fusion. The incorporation of ammonium
bromide into the PAN molecular structure seems to have
resulted in the availability of dehydrogenation and
aromatization reactions. These reactions seem to have
resulted in the presence of intermolecular and intramolecular
crosslinked structures. The apparent interaction between the
structures of PAN and ammonium bromide is represented in
Figure 1 [36].

The main objective of this study was to perform a
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Figure 1. Apparent interaction between the structures of PAN and
ammonium bromide.
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thorough investigation on the impact of ammonium bromide
incorporation on the molecular structure of PAN fiber
followed by thermal stabilization by employing a combination
of thermal analysis (TGA), X-ray diffraction, infrared
spectroscopy, and physical testing outcomes to monitor and
follow the structural conversions with growing stabilization
period.

Experimental

Materials

Commercial textile grade PAN fibers (in non-carbonized/
non-activated form) were collected from AKSA Acrylics
Ltd., Yalova, Turkey. The PAN multifilaments utilized in
this study had a linear density of 59.68 tex and fiber
thickness of 224+0.2 um. The chemicals including ethanol
and ammonium bromide employed in this work were
laboratory-grade provided by TEKKIM chemical industries,
Turkey.

Samples Preparation

Prior to chemical impregnation, untreated PAN fibers
were treated in 10 % aqueous ethanol solution for one hour
at room temperature to eliminate impurities from the
surface. Afterward, the samples were allowed to dry
overnight. Chemical impregnation of the PAN fibers was
carried out with the aqueous solution of 5 % NH,Br at 90 °C
temperature for one hour. The pH of the solution was
measured as 5.82 at 22.7 °C. NH,Br incorporated samples
were dried at 80 °C for four hours. The impregnated PAN
fibers had a linear density value of 61.64 tex, and the
chemical integration with fibers was 3.3 %. The NH,Br
impregnated PAN fibers were wrapped on stainless steel
rectangular frames to avoid shrinkage and reduction of fiber
orientation. The PAN fibers were passed through the
multistep TOS process in an air-circulated furnace. The
stabilization times of 5, 15, 30, 45, 60, and 75 min were
utilized at the temperatures of 200, 210, 220, 230, 240, and
250 °C with a heating rate of 2 °C/min. Afterward, the same
heating rate was followed to reach the furnace at room
temperature.

Methods

Thermogravimetric (TGA) Analysis

The TGA thermograms of the raw and stabilized specimens
were obtained using a Perkin Elmer diamond TGA device.
The highest temperature for the TGA measurements was
1000 °C. The temperature was raised at a rate of 10 °C per
minute. The temperature adjustment of TGA was accomplished
utilizing melting temperature standards of indium, tin, zinc,
aluminum, and gold. Weight calibration was performed
using 20 mg standard weight at 20 °C in both systems. By
means of the TGA results, weight loss (%) and carbon yield
(%) values were assessed due to untreated and thermal
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stabilized PAN fibers.

Fourier Transform Infrared (FT-IR) Analysis

Infrared spectroscopy is widely used to examine structural
changes that occurred during the process of thermal
stabilization reactions. A Perkin Elmer" Spectrum 400
infrared spectrometer was employed during the present
investigation. For all the samples, 50 interferograms were
collected and averaged. Using the curve-fitting techniques
and SPECTRUM" software, all the bands were studied
where applicable. Finally, all the averaged interferograms
were converted by using medium the Norton-Beer apodization
function.

X-ray Diffraction (XRD) Analysis

The Bruker” AXS D8 X-ray diffractometer is used for
XRD work using current and voltage adjustments of 40 mA
40 kV, respectively. X-ray scattering values were collected
for raw and stabilized specimens at 5-35 © 20 in reflection
mode and were adjusted for Lorentz, polarization, and
incoherent scatter aspects.

Burning Behavior Test

The burning (non-flammability) test is a suitable pretesting
method to determine textile fiber categories. Stabilized PAN
samples were directly exposed to a match flame to determine
their burning rate and properties. Afterward, it was removed
from the flame and, the burning characteristics were observed.
Flameproof test results were classified as pass or fail.

Fiber Thickness Measurement

Fiber thickness measurement was performed using an
optical microscope (Nikon ME 600L) for pristine and
stabilized PAN fibers. Twenty marks in width were collected
from five separate fibers to measure the thickness of the
fiber, and the mean value was utilized.

Linear Density Measurement

The linear density values of the samples were evaluated
based on the mass (g) per unit length (m). Tex, a typical unit
for measuring linear density, is the assessed value of the
weight in grams per 1000 meters length of the yarn. By
utilizing linear density values, stabilization yield percentage
was evaluated, which is the ratio of linear densities of the
pristine and the stabilized samples.

Volume Density Measurement

Volume density measurements for the untreated and
stabilized samples were acquired utilizing a density gradient
device operating at 23+1 °C. To make ready the column for
density measurement, isopropyl alcohol (p=0.793 g/cm’)
and perchloroethylene (p=1.61 g/cm’) were employed. The
gradient column was adjusted by incorporating specific
floats of known density.

Mechanical Properties Measurement

PAN fibers were measured by a PROWHITE/Zwick-Roell
1446 tensile machine. The load cell of 25 N with a testing
length of 20 mm for stabilized and untreated PAN fibers. In
each case, 20 strands were tested, and the average value was
calculated.
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Data Analysis

IR-Conversion Index Evaluation

The IR-conversion index is commonly utilized to assess
the overall quantity of crosslinked ladder structure in the
stabilized samples [37] and was calculated using equation

).

IR-Conversion Index (%) = ly x 100 )
I,+1

0 N

I, indicates the conjugated band intensity at ~1590-
1600 cm™, while Iy indicates the intensity of the nitrile band
at~2242 em™.

X-ray Stabilization Index Evaluation

The X-ray stabilization index was calculated employing
the peak intensity above that of the baseline, as shown in
equation (2) [38].

I,—1
1,
I, shows the reflectance (100) at 26=17 ° of the original PAN
fibers, and I indicates the reflectivity (100) at 26=17 © of the

oxidized PAN fibers.

Apparent X-ray Crystallinity Evaluation

The apparent X-ray crystallinity () is the relationship
between the integrated intensity under the resolved peaks
and the entire diffusion under the experimental trace [39]. A
curve-fitting technique was applied to evaluate exact peak
shape characteristics in specified peak heights above
baseline to determine X-ray stabilization parameter (%)
indices. In the present investigation, the apparent degree of
crystallinity was evaluated using equation (3). In this study,

the assessment was conducted within a range of 20 between
5°and 35 °.

[71.20d20)
- &)

X [(1,20d20)

Apparent Lateral Crystallite Size Evaluation

For a specified reflection, apparent lateral crystallite is
calculated using the Scherrer formula as shown in equation
(5) [40].

X-ray Stabilization Index (%) = x 100 2)

KL
hkl ﬂcos(g)

Ly is the average crystal length, K is the Scherrer
parameter, A is the radiation wavelength, B is the breadth at
half-maximum intensity, 0 is Bragg’s angle of the related
reflection.

“4)

Results and Discussion

In the manufacture of carbon fibers, the TOS is a
mandatory step that is usually carried out in the air
atmosphere. During the thermal stabilization, atmospheric
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oxygen accelerates cyclization and oxidation reactions. In
the present investigation, the effect of ammonium bromide
impregnation of PAN fiber was investigated. Different
structural changes take place in nitrile (C=N) groups in the
polymer structure and form a ladder-like structure for the
chemical reactions in the TOS process.

Physical and Mechanical Properties Analysis

The TOS process of NH,Br pretreated PAN fibers was
performed by a multistep annealing method up to 250 °C
temperature in the air for different stabilization times
ranging from 5 to 75 min. Stabilized PAN fibers were
exposed directly to a match flame to determine the burning
behavior, and the test outcomes were classified as pass or
fail. The color of the fibers gradually changes from white to
golden-brown to blackish and black during thermal
pretreatment with increasing stabilization time. Alteration of
colors confirms the existence of a highly crosslinked
aromatized structure of the stabilized PAN samples. The
color of the fiber turned completely black of the 60 min
multistep stabilized samples (Table 1).

The fiber thicknesses of the raw and stabilized PAN fibers
measured for different stabilization times are presented in
Table 1. With growing stabilization time, the fiber thickness
of the stabilized samples was observed to decrease
consistently. After a 5 min stabilization period, the fiber
thickness dropped considerably, and the drop proceeded as
the stabilization time increased. With a stabilization period
of 75 min, the highest loss in fiber thickness was noticed,
with around 36.56 %. The primary cause of decreased fiber
thickness is thought to be the weight loss of the PAN fibers
due to dehydration in the thermal stabilization stage.

With growing stabilization time, the linear density values
reduced gradually (Table 1). After the 75 min stabilization
time, a linear density fall of 44 % was noticed in the PAN
samples and reached 51.07 tex from the value of 59.68 tex of
the pristine PAN fiber. The exclusion of non-carbon
elements, including hydrogen, nitrogen, H,O, etc., is believed
to be the cause of the significant reduction in linear density.
The stabilization yield (%) reduced as the stabilization time

Table 1. Physical properties of pristine and stabilized PAN fibers
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increased, eventually dropping from 100 % to 89 % after
75 min multistep thermal stabilization.

Volume density values showed a continuous increase
throughout the stabilization process. The volume density
increased from 1.18 g/cm’® of pristine PAN to 1.40 g/cm’ of
75 min thermally stabilized samples because of the ongoing
cyclization and oxidation reactions. The increase in volume
density, comprised by the close packing of the molecular
chains due to the cyclization of the nitrile bonds, is ascribed
to creating a ladder-like pattern in the polymer [41].

The tensile strength of NH,Br pretreated PAN samples
revealed a significant dependence on the stabilization time.
The 5 min multistep stabilized PAN lost 37.49 % tensile
strength by reaching 158.61 MPa from 253.74 MPa of the
pristine sample (Table 2). The value of tensile strength was
continuously decreased with the increase of stabilization
time and reached 81.14 MPa when it was stabilized for
75min in the multistep approach. An intermolecular
crosslinking process transforms nitrile (C=N) bonds into
nitrilo (C=N) during the TOS phase in the air environment.
This transition results in a considerable loss of cohesive
energy inside the polymer structure, which is the principal
cause of tensile strength loss [42].

Strain to failure (%) of the pristine PAN sample was
approximately 10.87 % (Table 2). However, thermal stabilization

Table 2. Mechanical properties of pristine and stabilized PAN
fibers

Oxidationtime Tensile strength Strain to failure Tensile modulus

(min) (MPa) (%) (GPa)
Pristine  253.74+30.06  10.87+3.57  14.1842.42
5 158.61423.50  6.81+1.03 9254151
15 1262042535 4294111  10.89+1.38
30 107.80+1539  2.8940.95  11.34+1.13
45 94.79+16.88 1.8340.55  11.78+1.16
60 84.81421.42 1356045  11.81+1.81
75 81.14+19.80 1304026  12.9942.10

*The values were expressed as means+standard deviations.

Oxidati(.)n time Color change Flame test Fiber thickness Linear density Volume dgnsity Stabilization yield

(min) (nm) (tex) (g/em”) (%)

Pristine White Fail 21.9940.15 59.68+0.11 1.18+0.04 100.00

5 Golden yellow Fail 17.29+0.30 59.2940.14 1.224+0.04 96.19

15 Golden brown Fail 16.90+0.14 57.4340.12 1.25+0.03 93.17

30 Dark brown Fail 16.31+0.29 57.33+0.16 1.26+0.06 93.01

45 Blackish Fail 16.30+0.26 55.18+0.13 1.35+0.03 89.52

60 Black Pass 16.18+0.05 55.07+0.09 1.36+0.05 89.34

75 Black Pass 13.95+0.10 51.07+0.20 1.40+0.04 89.00

*The values were expressed as means+standard deviations.
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caused a great decrease of this measure of the PAN fibers.
The decreasing tendency was noticed from 5 min multistep
thermally stabilized samples with about 6.81 %, and reached
around 1.30 % for 75 min multistep thermal stabilization.
Table 2 represents the tensile modulus values of the pristine
and NH,Br incorporated-stabilized PAN samples. The
tensile modulus of the pristine PAN was 14.18+2.42 GPa. A
sharp decline of about 34.77 % was noticed in the 5 min
multistep thermally stabilized samples. Afterward, this value
gradually increased with the increase of stabilization
duration and reached 12.99+2.10 GPa for 75 min multistep
thermal stabilization.

X-ray Diffraction Analysis (XRD)

Analysis of XRD trace of untreated PAN fiber given in
Figure 2 shows two ordered heights with d-distances of
0.538 and 0.309 nm, accredited to a hexagonal unit cell [26,
42,43]. The findings suggest that the ordered peaks (PE1 and
PE3) could be ascribed to the (100) and (110) peaks of a
hexagonal crystal structure with basal layer sizes of
a=b=0.6 nm [42].

Table 3 shows that for stabilization periods between 5 and
75 min, d-spacing of the (100) reflection resulted ina 1.18 %
lattice growth. In this instance, lattice enlargement of the
(110) reflection was 0.68 % (Table 3). The X-ray diffraction
traces also present an extra, less ordered, and wide peak
(PE2) with a d-spacing of 0.346 nm (at approximately 25.5 °
20) in Figure 2. Equatorial XRD curves of untreated and
stabilized PAN fibers for different stabilization times are
illustrated in Figure 3.

The lateral size of the (110) peak was dropped from 4.82
to 1.39 nm, according to the findings shown in Table 3. It
also demonstrates the chain number in the hexagonal crystal
structure estimated from the (110) planes based on the lateral
crystal dimensions. The lateral crystal dimension for a 5 min
stabilization period was estimated as five chains, while the
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Figure 2. Curve-fitting of equatorial XRD curve of untreated PAN
fibers.
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Figure 3. XRD curves of pristine (a), and stabilized PAN fibers
for the stabilization times, (b) 5 min, (¢) 15 min, (d) 30 min, (e)
45 min, (f) 60 min, and (g) 75 min.

untreated sample size conforms to 16 chains. The disordered
peak (PE2) lateral dimensions varied between 2.54 and
0.7 nm when the stabilization times between 5 and 75 min.
Because of continued stabilization reactions, the progressively
occurring stabilization phase in the air led to a steady loss of
apparent crystal structure and related decreased lateral
crystallite size. The unoriented and disordered state can be
attributed to this peak. The (002) reflection of the pre-
graphitic structure (i.e., the aromatic/ladder) is ascribed to
the d-space value of this peak [42].

The thermal stabilization process seems to have a great
influence on crystalline structure in terms of crystal dimension
and degree of crystallization. The curve fitting technique
was utilized to determine precise peak characteristics in
terms of peak position, peak height, and half breadth. A
close investigation of Figure 4 reveals a steady loss of
laterally ordered structure allotted to the hexagonal crystal
phase by the progressing stabilization interactions [26,42,43].
The presence of the (100) reflection in the samples was
observed for the stabilization times of 5, 15, and 30 min but
weakened considerably in intensity for the samples stabilized
for stabilization times of 45 min and higher. A comparable
pattern was observed for the (110) reflection that stayed in a
modest quantity throughout the stabilization process up to
the 30 min multistep stabilization period but disappeared
significantly during the stabilization times of 45 min and
higher as a result of decrystallization reactions. Due to the
use of equatorial XRD profiles, apparent X-ray crystallinity
can be considered as an indicator of lateral order [42].
Equation (3) was used to calculate the apparent crystallinity
values in this study. Curve fitting of the XRD traces led to
practical assessment of apparent X-ray crystallinity and
amorphous fraction (Figure 4).

The curve fitting technique was also used to obtain
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Table 3. Analysis of XRD results of (110) reflection of the untreated and stabilized PAN samples

3051

Stabilization ~ Peak position d-spacin d-Spacing Corrected Corrected
period 20 Peak height (I;m) ©  cnlargement  half-height width crystallite size ~ No of chains
(min) (deg) (%) 26 (deg) (nm)
0 30.30 189.6 0.293 0.00 1.88 4.83 16
5 30.32 33.4 0.293 0.00 5.87 1.57 5
15 30.26 32.8 0.296 0.35 6.19 1.49 5
30 30.26 31.6 0.296 0.35 6.26 1.45 5
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Figure 4. Curve fitting of equatorial XRD curves of stabilized PAN fibers for different stabilization times; (a) 5 min, (b) 15 min, (c) 30 min,

(d) 45 min, (e) 60 min, and (f) 75 min.

accurate peak attributes, specifically peak heights above
baseline, to assess X-ray stabilization indices employing
equation (2). The X-ray stabilization index values in this
study were seen to increase very rapidly as the stabilization

time increased, which is considered to estimate the quantity
of aromatic structure produced during stabilizing processes
[42]. Figure 5 shows that apparent X-ray crystallinity values
revealed a decreasing tendency from 19 to 5%, while
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Figure 5. X-ray crystallinity, stabilization index, and amorphous
fraction values with growing stabilization time. (O) X-ray
crystallinity (%), (O0) X-ray stabilization index (%), and (V)
Amorphous fraction (%).

amorphous fraction values grew over the stabilization
periods. On the other hand, the amorphous fraction exposed
the opposite tendency, growing from 81 to 95 % as the
stabilization period increased.

For the determination of visible crystal dimensions, peak
widths at half-height were employed and were corrected
utilizing Stoke’s deconvolution method. After the adjustment
of instrumental broadening impacts relating to the ordered
PE1 and PE3 peaks (100 and 110 respectively) utilizing
Scherrer equation (4) of the pristine and stabilized PAN
fibers, the lateral crystallite size was determined without
regard for crystal perfection. The curve-fitting technique
was used successfully to calculate exact peak specifications
for the analysis of XRD profiles for determining lateral
crystal dimensions attributed to the (100) and (110) ordered
reflections. Table 3 and Table 4 represent adjusted half-
height widths of ordered PE1 and PE3 reflections that were
used to determine apparent crystallite sizes. The lateral size
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Figure 6. IR spectra of pristine (a), and stabilized PAN in the
wavenumber range of 2000-450 cm™ for stabilization times, (b)
5 min, (c) 15 min, (d) 30 min, (¢) 45 min, (f) 60 min, and (g) 75 min.

of the (100) reflection was decreased from 9.7 to 1.3 nm,
according to the data shown in Table 4.

Infrared (IR) Spectroscopy Analysis

Infrared spectra of ammonium bromide impregnated and
stabilized PAN samples showed significant structural
changes compared to the original PAN spectrum, reflected
by the intensity variations of the IR spectra with increasing
stabilization time. Figure 6 represents a comparative
analysis of infrared bands of original and stabilized PAN
fibers for different treatment times in the 2000-450 cm™
range. At 1736 cm™, the carbonyl (C=0) band of the
aliphatic ketone group loses a major portion of its intensity
after 5 min of residence time, then moves to a subordinate
position as stabilization period increases, until it is apparent
as a shoulder on the preceding conjugation absorption. This
distinctive feature has been suggested as a possible indicator
of the carbonyl bands being conjugated [44].

Because of the structural changes occurring during the

Table 4. Analysis of XRD results of (100) reflection of the untreated and stabilized PAN samples

Stabili.zation ' Peak position d-spacing d-spacing Cornrected. Corre-cted' Number of

perTod Peak height 20 (nm) enlargement half-height width crystallite size chains
(min) (deg) (%) 26 (deg) (nm)

0 842 16.48 0.538 0.0 0.92 9.7 18

5 614 16.48 0.538 0.0 0.93 9.6 18

15 539 16.42 0.539 0.19 0.95 9.4 17

30 308 16.42 0.539 0.19 0.97 9.2 17

45 21 16.40 0.540 0.37 1.53 5.8 11

60 11 16.27 0.544 1.11 1.97 4.5 8

75 7 16.27 0.544 1.11 7.08 1.3
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TOS process, a new vibration at about 1585 cm™ is observed
in the IR spectra of NH,Br impregnated-stabilized PAN
sample. The IR vibration positioned at 1585 cm™ is thought
of as a sign of intramolecular reactions as well as the
alteration of nitrile (C=N) into nitrilo (C=N) band due to the
incidence of aromatization processes [26]. In the published
literature, different interpretations are made for the spectrum
at 1585 cm™. In some investigations [44-46], it is assigned to
a conjugated nitrilo (C=N) group arising from the formation
of aromatization reactions. This spectrum is also ascribed to
C=C and C=N vibrations by Clarke and Bailey [47].
Another assignment for the stabilized PAN sample is the
composition of C=N, C=C, and N-H in-plane bending
spectra [48]. The oxygen absorption processes are considered
to be responsible for the existence of IR vibrations at 1583
and 1655 cm™. The attendance of oxygen-comprising
groups, including conjugated ketone, aliphatic ketone, and
hydroxyl groups in thermal stabilization processes indicates
the presence of continuing oxygen uptake reactions. It is
thought that oxidation reactions occur together with cyclization
and dehydrogenation reactions. The C-C is transformed into
a C=C entity that produces aromatic structures during the
TOS phase, where oxygen is likely to keep a significant
impact by aiding dehydrogenation processes.

The development of oxygen-containing functional groups
including hydroxyl (-OH), carbonyl (-C=0), and carboxylic
(-COOH) are thought to serve a secondary function of
oxygen, which are compulsory for intermolecular crosslinking
reactions in polymer structures, and also to have a role in the
growth of structures with high thermal stability. During the
carbonization reactions, the formation of intermolecular
crosslinking reactions results in enhanced thermal stability
and reductions in the formation of chain-breaking reactions
[49]. The appearance of a new band at 1154 cm™ suggests
the development of a C-O group in carboxylic acids and
o, B-unsaturated esters, which was based on oxygen
inclusion reactions [50].

Due to the occurrence of dehydrogenation and the creation
of C=C bonds, the -CH, and -C-O stretch at 1452 and
1233 cm™, correspondingly, turn out to be less prominent as
treatment time increases (Figure 7). The IR-spectra between
1600 and 1300 cm™ are categorized by a widening and
intensification because of the generation of conjugated C-H
(C=C-H) spectrum, which is ascribed to a new vibration
creation at 806 cm™ [51]. Just a few C=C groups are
generated in the initial phases of the TOS and indicated as
the instability of the band. The conjugated hydrocarbon
structure is produced entirely as the thermal stabilization
time increases, as shown by rising band intensity in the
higher stabilization phases. In the wavenumber range from
3000 to 2800 cm™, two significant vibrations are positioned
at 2920 and 2852 cm’, where the major methylene (CH,)
band is traced (Figure 7). The intensity fluctuation of the
nitrile (C=N) groups of PAN fiber is also noticeable as the
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Figure 7. IR spectra of pristine (a), and stabilized PAN in the
wavenumber range of 4000-2000 cm™ for stabilization times, (b)
5 min, (¢) 15 min, (d) 30 min, (e) 45 min, (f) 60 min, and (g) 75 min.

stabilization time increases. The nitrile (C=N) band is
centered at around 2242 cm™. Within 5 min of multistep
TOS process, the methylene (CH,) bands lose most of their
intensity, indicating that hydrogen atoms are eliminated,
owing to the occurrence of dehydrogenation in the polymer
chain along with the development of a crosslinked pattern.
In the TOS procedure, oxygen is partially integrated with the
PAN fibers by the dehydrogenation processes. At 2242 cm™,
the nitrile band shows a rapid decrease of intensity;
meanwhile, at approximately 2120 cm™, a new band
corresponding to thiocyanate (S=C=N) stretching emerges
[50].

Thermally stabilized PAN samples demonstrate a greater
intensity loss of nitrile groups in the oxygen-rich air at
increased temperatures [47]. The IR bands between the 3700
and 2300 cm™' region, characterized by a methylene vibration
(CH,), contain a major band at 2920 cm™ that is partly
retained but considerably reduced in intensity even after
75 min multistep heating. The loss of hydrogen atoms
causes dehydrogenation processes in the main polymer
chains, as directed by the steady loss of intensity of the
methylene groups at 2920 cm™.

Figure 8 represents the intensity variations of nitrile
(C=N) groups of polyacrylonitrile polymer for different
residence times. By the growth of the thermal stabilization
stages, continuous peak height decrease of the nitrile group
directs to the incidence of the aromatization reactions. With
increasing residence time, methylene (CH,) intensity in-
plane bending and aliphatic methylene (CH,) bands at 1452
and 2920 cm™ weakens, followed by an increased conjugation
=C-H spectrum at 806 cm™, indicating the creation of a
conjugated polymer structure. The specific peak heights in
absorbance mode utilized to assess the dehydrogenation
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Figure 8. Curve fitting of IR spectra in the 1850-850 cm™ region of pristine (a), and stabilized PAN for different stabilization times. (b)

5 min, (c) 15 min, (d) 30 min, (e) 45 min, (f) 60 min, and (g) 75 min.
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Figure 9. IR-conversion index of pristine and stabilized PAN fiber
for different stabilization times.

index (A;432/A 36) Were obtained using the infrared curve
fitting technique for the bands at the 1850-850 cm™ region.
By utilizing the nitrile group at 2242 cm™ and conjugated
structure band at 1583 cm’, the IR-conversion index was
estimated using equation (1) to assess the conversion of
structures into a highly crosslinked and cyclized structure.
NH,Br impregnated PAN fibers exhibit quick transformation
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Figure 10. Dehydrogenation index variations of pristine and
stabilized PAN fibers.

of untreated PAN to a highly aromatized structure, as shown
in Figure 9. The IR-conversion index is usually utilized to
assess the growth of ladder pattern formation in a polymer
that is quicker in the early stages but slows as the
stabilization period increases. The IR-conversion index
value grows quickly within the first 5 min of the multistep
TOS process, reaching 75 % and then progressively slowed
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and reached 98 % after 75 min of multistep stabilization.
The IR spectroscopy study revealed that the change of
polyacrylonitrile structure into crosslinked ladder-like
structure started in 5 min of multistep TOS process of the
PAN fiber.

The dehydrogenation indices indicate the continual
hydrogen atom loss caused by dehydrogenation processes
that were measured employing the absorbance ratios Ajgyy/
Ases and Ajys0/A ;35 as illustrated in Figure 10. The results
suggest accelerated dehydrogenation processes. As a result,
the hydrogen content declines as the dehydrogenation index
values drop. So, a strong correlation is thought to be present
in the dehydrogenation index and the loss of hydrogen atoms
from the polymer structure. Because of the enhanced
dehydrogenation reactions, NH,Br incorporation with PAN
fibers accelerates the conversion of the C-C into a C=C
bond.

Thermal Analysis (TGA)

In the current investigation, TGA characterization was
utilized for the structural analysis of the ammonium bromide
impregnated PAN fibers. Quantitative analyses of TGA
thermograms are commonly performed to acquire carbon
yield values that are regarded as an important evaluation
method for stabilized PAN fibers. During the carbonization
phase, significant weight losses of these stabilized fibers
occur through elimination reactions resulting in various
pyrolysis by-products. Typically, components excluding
carbon are expelled in the course of carbonization reactions
from the untreated PAN fibers in the temperature interval of
200-600 °C and higher. Transformation of untreated PAN
fibers from a chain to a cyclic structure leads to a heat-
resistant form and the removal of water vapor, CO,, CO,
HCN, N,, O,, H,, etc., atoms during the stabilization and
carbonization stages [44,52].

100 4 B
3 ] ar
S 754 fI
] 1 <el
S df
] °f
o 504 bE
= T

al
254 B

250 500 750 1000
Temperature (°C)

Figure 11. TGA thermograms of pristine (a) and stabilized PAN
fibers for stabilization times, (b) 5 min, (¢) 15 min, (d) 30 min, (e)
45 min, (f) 60 min, and (g) 75 min.

Fibers and Polymers 2022, Vol.23,No.11 3055

The TGA thermograms of pristine and NH,Br integrated
PAN samples are illustrated in Figure 11, which direct the
two-step degradation mechanism occurring in the PAN
fibers. The thermal stability of the samples remains unchanged
from 50 to 200 °C without any significant weight loss. A
slow rate of degradation was noticed at the temperature range
from 200 to 300 °C. However, in the temperature range
between 300 and 450 °C, a rapid mass loss of the PAN
samples was observed. TGA thermograms of stabilized PAN
samples exhibit growing carbon yield and thermal stability
because of the impact of the enhanced intramolecular and
intermolecular crosslinking and aromatization reactions
caused by the addition of NH,Br in the PAN fiber structure.

TGA thermograms presented in Figure 11 indicate the
increase in carbon yield with the growth of stabilization
time, which directs a decrease in mass loss caused by the
progressing aromatization process. The weight loss steadily
decreases between 50 and 450 °C as the stabilization time
gets longer. Stabilized PAN samples between 300 and
450 °C undergo severe thermal degradation in 5 min
stabilization, with mass loss of 53.4 % at 500 °C and 50.5 %
at 1000 °C. Stabilized PAN Samples lose 17 % weight at
500 °C and 28 % at 1000 °C after 75 min of stabilization.
Analysis of the TGA thermograms shows that due to the
formation of oxidation-based crosslinking and aromatization
reactions, the PAN fibers gain superior thermal stability.

For 500 °C and 1000 °C temperatures, carbon yields of
pristine and NH,Br integrated-stabilized PAN fiber are
presented in Figure 12. With the progress of stabilization
periods between 5 and 75 min, continuous growth in carbon
yield was noticed. At 500 and 1000 °C, the carbon yield
percentage for the 5 min multistep stabilized PAN fibers was
54 and 51 %, respectively. The highest carbon yield value in
the investigation was 83 % at 500 °C, and 72 % at 1000 °C
for the 75 min stabilized PAN fiber (Figure 12).

Figure 13 depicts the dTGA pattern of the TGA
thermograms. Between the 300 to 400 °C temperature range,
exothermic peaks of the dTGA curves are noticed for the

100 Frtm—temtm et bt
80 ar
60 - -
40- [

Carbon yield (%)

20 1 -

0 T T ¥ T ¥ T ¥ T
0 20 40 60 80

Temperature (°C)

Figure 12. Carbon yield (%) of pristine and stabilized PAN fibers
for different stabilization times at temperatures of 500 °C (a), and
1000 °C (b).
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Figure 13. dTGA thermograms of pristine (a), and stabilized PAN
fibers for stabilization times, (b) 5 min, (¢) 15 min, (d) 30 min, (e)
45 min, (f) 60 min, and (g) 75 min.

untreated PAN fiber. The dTGA thermograms for stabilized
PAN fibers shift to 410 °C after the TOS processes, and a
new peak emerges at 330-380 °C. The exothermic peak
located at 330 °C is prominent in intensity in comparison
with the peak at 400 °C. These peaks are assigned to the
aromatization and cyclization processes of the PAN fibers
with the discharge of different by-products containing
acetonitrile, acrylonitrile, benzonitrile, crotonitrile, propane,
dicyanobutene, HCN, and dicyanobenzene [53]. The peak
observed at 100 °C is assigned to the presence of water.
From the results obtained, it can be seen that aromatization
reactions occur because of the formation of (C=N) bonds
resulting in the creation of ring structures [54]. The
cyclization reaction of nitrile bonds occurring in the TOS
process causes entirely new molecular structures. The
broadening of the exothermic peak observed in Figure 13 is
thought to be related to the formation of cyclic structures
occurring in the course of thermal stabilization. The steady
reduction of exothermic peak heights due to aromatization
reactions with growing stabilization periods as mentioned in
Table 5. When the exothermic peaks disappear completely, it
signifies that the intramolecular aromatization processes are

Table 5. dTGA results of the pristine and stabilized PAN samples

Stabilization 1st Peak 1st Peak 2nd Peak  2nd Peak
time temperature temperature temperature temperature-
(min) (°O) height (°O) height

0 330 336 420 40
5 330 120 412 40
15 332 78 408 34
30 360 60 408 20
45 380 25 - -
60 380 18 - -
75 380 18 - -

Tuba Demirel et al.

completed at higher stabilization temperatures.
Conclusion

Ammonium bromide impregnation was carried out for
PAN fibers prior to thermal stabilization experiments. The
results suggested faster thermal stabilization reactions
resulting in the rapid formation of aromatized structures in
the NH,Br integrated-stabilized PAN fibers necessary to
tolerate higher carbonization temperatures and meanwhile
reducing the stabilization time before the carbonization step.
The physical, structural and thermal properties of stabilized
PAN fibers were evaluated using IR spectroscopy, equatorial
XRD, TGA, tensile testing, volume density, linear density,
and fiber thickness measurements. For stabilization periods
of 5 and 75 min, volume density values ranged between 1.22
and 1.42 g/em’. The quantitative analysis of equatorial XRD
profiles was used to follow and describe structural changes
to a completely amorphous state. A curve-fitting procedure
was used to calculate average crystallite size using Stoke’s
deconvolution method. Quantitative analysis of equatorial
XRD traces indicated the loss of lateral order as shown by
the reduced crystallite size and the intensity of the (100)
reflection assigned to a hexagonal unit cell. The formation of
dehydrogenation and aromatization processes, aided by the
take up of oxygen in the TOS process, appears to be a direct
result of the conversion of molecular structure from a highly
ordered to an entirely disordered amorphous state. The
attendance of oxygen in the molecular structure of the
stabilized PAN multifilament was confirmed by the presence
of hydroxyl (OH), carboxyl (COOH), carbonyl (C=0)
functional groups. IR spectroscopy findings specified a
quicker and constant dehydrogenation and cyclization process
as the stabilization duration increased, as demonstrated by
the quick intensity decrease of the methylene band at 2920
cm™ and the nitrile band at 2242 cm™. TGA study revealed
the integration of NH,Br improves carbon yield and thermal
stability significantly over untreated PAN specimens. As a
whole, the experimental results suggest that NH,Br
impregnation with PAN fiber may keep a significant
contribution in carbon fiber manufacturing by reducing
overall processing expense and time once the other
operating conditions are controlled accurately.
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