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Abstract
This study investigated the impact of stabilization time on pretreated polyamide 6 (PA6) fibers using various analytical tech-
niques, including thermal analysis (TGA and DSC), infrared (IR) spectroscopy, X-ray diffraction (XRD), tensile testing, and 
density measurements. The two-step atmospheric air-based stabilization process for pretreated PA6 multifilament bundles 
involved initial thermal stabilization at 170 °C in an air atmosphere after ferric chloride impregnation, followed by a second 
step of thermal stabilization at 245 °C. Ferric chloride impregnation followed by thermal stabilization in an air atmosphere 
resulted in crucial structural transformations. The density values of the samples increased following thermal stabilization, 
accompanied by a decrease in tensile values. Ferric chloride pretreated and thermally stabilized PA6 fibers were found to 
be fully stabilized after 120 min of stabilization before the carbonization stage. The findings obtained from the DSC, XRD, 
and IR spectroscopy methods indicated the occurrence of disordering phases due to the scission of hydrogen bonds. The 
TGA findings showed significant increases in carbon yield percentages at 500 °C and 850 °C, reaching 71.4% and 63.5%, 
respectively, for the sample heat treated at 245 °C for 120 min. The addition of ferric chloride is expected to potentially 
reduce processing costs for final carbon fiber production by decreasing the time required for the thermal stabilization of PA6.

Keywords Polyamide 6 · Carbon fiber · Stabilization · Ferric chloride · Thermal analysis

1 Introduction

Carbon fibers (CFs) are widely acknowledged as one of the 
strongest and lightest materials used to reinforce advanced 
composite materials in construction [1]. The properties of 
CFs are influenced by various factors, including the struc-
tural composition of raw materials and the parameters used 
during production  [2]. The production of CFs typically 
involves two stages: thermal stabilization and carboniza-
tion. During the stabilization stage, the thermoplastic pre-
cursor fibers are converted into a thermoset material [3, 

4]. This process involves heating the fibers in ambient air 
within the temperature range of 200–300 °C for a specified 
period of time. The fibers absorb oxygen from the surround-
ing air, which is why this stage is also known as thermal 
oxidative stabilization (TOS). After stabilization, the fibers 
are annealed in an inert gas medium, usually nitrogen, at 
temperatures up to 2000 °C for a specific duration. Dur-
ing carbonization, the ratio of carbon atoms in the structure 
increases as non-carbon atoms are released in the form of 
volatile gases [5–7].

Polyamide 6, also known as Nylon 6, is an engineering 
thermoplastic with a range of versatile characteristics. It has 
a melting point (Tm) ranging from 210 to 220 °C, the ability 
to absorb moisture from the atmosphere typically within the 
range of 2.5–5%, and a density of 1.14 g/cm3 [8–12]. Poly-
amides (PAs) are composed of a layer of planar zigzag con-
formation crystals, which create methylene sequences, and 
repetitive amide groups (–NH–C=O), giving rise to similar 
hydrogen bonding interactions [13].

Several research studies have investigated the production 
of CF from aliphatic linear chain polymer fibers as a new 
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precursor [14–18]. The presence of amide and carboxylic 
and amino end groups influences the stabilization of poly-
amides. If chemical pretreatment is not used during the sta-
bilization of polyamides, the procedure becomes time-con-
suming [14]. To improve the stabilization of PA6, a metal 
salt such as Cu, Cd, Mn, Ca, Zn, alkali metals, or Fe can be 
used as a potent antioxidant inhibitor [19]. Chemical impreg-
nation of precursor fibers with complexes formed between 
polymers and metals accelerates thermochemical reactions 
and simplifies the development of a cross-linked polymer 
structure [17]. This study proposes the use of textile-grade 
polyamide 6 fibers as a cost-effective alternative precursor 
for low-cost carbon fiber production due to its relatively high 
carbon content, widespread availability in global markets, 
lower cost, recyclability, and ease of processing. According 
to published data, polyamide 6/66 fibers account for 6 mil-
lion metric tons of production per year by 2022. The aim of 
this research is to examine the effect of impregnating PA6 
fibers with  FeCl3 salt before subjecting to TOS. The interac-
tion between the  FeCl3 metal halide and PA6 fibers has been 
extensively studied. Therefore, this study is expected to pro-
vide valuable insights to other experimental studies in this 
field. Various characterization techniques, including TGA, 
DSC, IR spectroscopy, XRD, tensile testing, and density 
measurements, were employed to assess the results obtained 
in the course of the experimental study.

2  Materials and Methods

The PA6 multifilament bundle examined in this study has 
a yarn count of 15.8 tex and is composed of 48 filaments. 
The PA6 polymer composition includes 66.06% carbon (C), 
12.84% nitrogen (N), 10.09% hydrogen (H), and 11.01% 
oxygen (O). The measured fiber diameter is 19.9  μm. 

Anhydrous ferric chloride (99% purity) was obtained from 
Kimetsan AS (Turkey), and a 1% (w/w) aqueous solution of 
 FeCl3 was used to impregnate untreated PA6 fibers before 
the TOS stage. The linear density of the PA6 fibers impreg-
nated with a 1% (w/w)  FeCl3 aqueous solution is 17.6 ± 0.59 
tex, with an impregnation ratio of 11.4%. The pH of the 
solution was found to be 1.93 at room temperature. Fig-
ure 1 illustrates the complexation mechanism between PA6 
polymer chains in the presence of  FeCl3 as a cross-linking 
agent. Initially, untreated PA6 exhibits intermolecular hydro-
gen bonding among amide groups. However, after chemical 
pretreatment and thermal stabilization, a decreasing trend in 
hydrogen bond formation is observed. Following impregna-
tion, the fibers undergo thermal stabilization through a two-
step annealing process, as shown in Fig. 2.

Density measurements were conducted using mixtures of 
isopropyl alcohol (ρ = 0.79 gr/cm3) and perchloroethylene 
(ρ = 1.612 g/cm3) and the average of five measurements was 

Fig. 1  The mechanism of 
forming a complex between 
polyamide 6 and  FeCl3

Fig. 2  Two-step annealing procedure for PA6 fibers impregnated in 
1%  FeCl3 solution
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taken. Mechanical properties were assessed using a Prowhite 
tensile machine at a constant drawing rate of 5 mm/min and 
a gauge length of 20 mm, with reported findings represent-
ing the average of ten tensile tests. Thermal analysis graphs 
were generated using a Perkin Elmer TGA diamond sys-
tem, where specimens were heated at a rate of 10 °C/min up 
to a maximum temperature of 850 °C in a continuous flow 
of nitrogen gas. IR measurements were conducted using a 
PerkinElmer Spectrum 400 spectrometer with a scan range 
from 3750 to 900  cm−1 and a wavenumber resolution of 
2  cm−1. The diffraction measurements were conducted using 
the Bruker AXS D8 X-ray diffractometer, with voltage and 
current settings of 40 kV and 40 mA, respectively, covering 
the 2θ angle range from 5° to 40°. DSC experiments were 
performed using a PerkinElmer Diamond DSC system, heat-
ing samples at 10 °C/min up to a maximum temperature of 
340 °C, and the sample weight was about 5 mg.

3  Results and Discussion

3.1  Fiber Density

Thermal stabilization is an essential stage in the production 
of carbon fibers, typically carried out in ambient air. The 
duration of this process significantly influences the chemi-
cal composition of PA6 fibers. Figure 3 illustrates the den-
sity measurements of untreated and stabilized PA6 fibers 
over time, spanning from 0 to 120 min. The density values 
consistently raised as the annealing process progressed, 
reaching 1.35 g/cm3 during the final stabilization period, 
which is the 120-min mark. Similar to the stabilization of 

polyacrylonitrile fibers, an increase in fiber density values is 
observed with prolonged annealing durations [20].

The increase in density values observed in PA6 fibers 
following the stabilization process primarily arises from 
the elimination of non-carbon constituents and the subse-
quent reconfiguration of the polymer’s chemical composition 
[21]. PA6 fibers contain not only carbon, but also other ele-
ments such as hydrogen, oxygen, and nitrogen within their 
molecular structure. During the stabilization stage, which 
requires subjecting the fibers to elevated temperatures within 
an oxygen-rich environment, these non-carbon constituents 
undergo gradual removal in the form of volatile gases. This 
removal leads to a reduction in the overall mass of the fiber, 
while the carbon content remains preserved.

Simultaneously, as the non-carbon elements are expelled, 
the carbon atoms in the polymer chains undergo rearrange-
ment, often leading to the formation of cross-links and the 
creation of aromatic ring structures within the polymer. 
These changes result in a more tightly packed and ordered 
carbon structure [21]. The removal of non-carbon atoms and 
the development of a more ordered carbon structure lead to a 
reduction in the free volume within the polymer. This means 
that the carbon atoms are packed closer together, increas-
ing the fiber's density [22]. Typically, higher temperatures 
and prolonged stabilization yield more substantial density 
increments. However, careful control of these conditions is 
imperative to avoid undesired consequences such as fiber 
degradation.

3.2  Tensile Properties

Changes in mechanical properties such as tensile strength, 
tensile modulus, and extension at the break of untreated 
and stabilized samples are presented in Fig. 4. Additionally, 
stress–strain curves for each sample are shared in Fig. 5. 
The tensile strength and modulus values exhibit a declining 
trend as the duration of stabilization increases, as illustrated 
in Fig. 4. Untreated PA6 fibers display the highest tensile 
strength, measuring 217 MPa, whereas PA6 fibers subjected 
to 30 min of stabilization show a tensile strength of 83 MPa 
(Fig. 4a). Additionally, the tensile modulus of PA6 fibers 
stabilized for 30 min is measured at 12.5 GPa. The existence 
of  Fe+3 likely disrupts hydrogen bonds between the molecu-
lar chains of PA6. This is because ferric ions primarily form 
complexation bonds with the carbonyl (C=O) groups, leav-
ing N–H bonds free without hydrogen bonding (as shown in 
Fig. 1). The disruption of hydrogen bonding is a central fac-
tor contributing to the observed decrease in tensile strength 
with the incorporation of ferric chloride, particularly in rela-
tion to the duration of the stabilization process.

The tensile modulus experiences a rapid decline, reach-
ing approximately 12.5 GPa immediately after a 30-min 
two-step annealing process for the sample treated with a 1% 
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Fig. 3  Volume density values of untreated and stabilized PA6 sam-
ples depending on stabilization time
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 FeCl3 aqueous solution. 1%  FeCl3 aqueous solution-impreg-
nated and stabilized PA6 fibers’ tensile modulus was found 
to be 8 GPa for a stabilization time of 120 min (Fig. 4b). 
This observation highlights a reduction in tensile modulus 
values, with a notable initial decrease at the 30-min stabi-
lization, followed by a continuous and consistent decline 
over time. Extension at break values presented in Fig. 4c 
shows decreasing values with rising stabilization time. The 
decline in this value resulted in the transformation of the 
PA6 samples into a fragile structure. The tendency for a 
decline in the mechanical properties of PA6 fibers following 
thermal stabilization is a phenomenon that can similarly be 
observed when producing carbon fibers from PAN-based 
fibers [1, 21, 23].

The decrease in mechanical properties such as tensile 
strength and modulus following the stabilization of PA6 
samples in carbon fiber production may be due to many rea-
sons. High-temperature exposure during the stabilization 
stage can lead to the loss of molecular mobility and result 
in the fusion of polymer chains. As a consequence, the fiber 
becomes more rigid and less ductile [24], which can cause a 
reduction in tensile properties (as shown in Fig. 4c). Hydro-
gen bonds play a crucial role in enhancing the strength and 

flexibility of fibers. However, the mechanical properties are 
adversely impacted by the disruption of these bonds result-
ing from chemical pretreatment and the subsequent stabili-
zation process.

It is important to note that while the initial stabilization 
process may lead to a decrease in certain tensile proper-
ties, it is a necessary stage in the production of carbon fib-
ers. Subsequent processing stages, including carbonization, 
further transform the fiber to enhance its tensile properties, 
resulting in high-strength carbon fibers.

3.3  X‑ray Diffraction (XRD)

As per findings reported in the existing literature [25], XRD 
assessments have revealed the coexistence of both α- and 
γ-crystalline forms within the stretched PA6 multifilament 
bundle. Both of these crystal structures exhibit monoclinic 
configurations, each featuring distinct arrangements of 
hydrogen bonding networks among polymer chains. Moreo-
ver, both crystal forms exhibit monoclinic unit cells, with 
the b-axis oriented as the primary axis parallel to the fiber 
direction [26–28]. It has been proposed that the reconfigu-
ration of hydrogen bonds leads to the formation of distinct 

Fig. 4  Variation of a tensile 
strength, b tensile modulus, c 
extension at break (%) values 
of untreated and stabilized PA6 
samples depending on stabiliza-
tion time
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crystal structures. Specifically, it is anticipated that the dis-
tance between the amide groups would be greater in the 
α-crystalline form compared to the γ-crystalline form. 
This variation in hydrogen bonding behavior within the 
γ-crystalline structure is expected to result in reduced inter-
actions between polymer chains compared to the α-phase. 
According to existing literature, the α-form crystalline 
phase is typically found at room temperature. Interestingly, 
it has been observed that the α-form crystalline structure 
can undergo a transformation into the γ-crystalline phase 

through processes such as iodination, followed by iodine 
extraction using substances like water, acetone, ethylene-
diamide [29], or sodium thiosulfate [30]. Additionally, 
high-speed melt spinning of the PA6 multifilament bundle 
appears to induce the formation of the γ-phase structure [30, 
31]. Furthermore, electrospun PA6 nanofibers have dem-
onstrated the presence of the γ-crystalline form, which can 
subsequently convert to the more stable α-form crystalline 
structure through heat treatment at temperatures exceeding 
150 °C [32]. It seems that the crystal structures of α- and 

Fig. 5  Stress–strain curves of 
original and 1% FeCl3 aqueous 
solution-impregnated stabi-
lized PA 6 fibers as a function 
of stabilization conditions: 
a untreated PA6 b 245 °C at 
0.3 °C/min, 30 min c 245 °C at 
0.3 °C/min, 60 min d 245 °C at 
0.3 °C/min, 90 min e 245 °C at 
0.3 °C/min, 120 min
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γ-forms exhibit different density values. As a result of the 
formation of different crystalline structures, the observed 
density value of α-form is 1.23 g/cm3, whereas the observed 
density value of γ-form is 1.17 g/cm3 [33].

Figure 6 illustrates equatorial XRD patterns for both 
untreated and stabilized PA6 samples over varying stabiliza-
tion times. In addition to the crystalline peaks, an additional 
set of four reflections was identified with peak positions at 
11, 24.8, 25.7, and 35º (2θ) [34]. These reflections (corre-
spond to the  FeCl2·4H2O crystal structure) have been iden-
tified and indexed as (100), (020), (210), and (320) reflec-
tions originating from a monoclinic unit cell with specific 
dimensions: a: 1.175 nm, b: 0.709 nm, c: 0.849 nm, and β: 
111.15º (2θ) [30].

It seems that a portion of  FeCl3·6H2O undergoes a reduc-
tion to  FeCl2·4H2O during impregnation and thermal stabi-
lization processes. The XRD traces associated with ferric 
chloride indicate that the chemical impregnation process 
extends to both the amorphous and crystalline phases 
of PA6 samples, respectively. The peak separation in the 
equatorial XRD pattern of the untreated PA6 sample, as 
depicted in Fig. 7, indicates the presence and simultaneous 

coexistence of a polymorphic structure comprising both α- 
and γ-crystalline forms alongside an amorphous phase.

3.4  Infrared Spectroscopy (FT‑IR)

An in-depth analysis of structural alterations occurring dur-
ing the thermal stabilization process was carried out using 
IR vibrational spectroscopy. The emergence of unbound 
N–H peaks is attributed to the occurrence of complexation 
reactions between ferric ions and the oxygen in the carbonyl 
(C=O) group of the amide unit. The bonding of  Fe+3 cations 
with carbonyl oxygen results in the disruption of hydrogen 
bonds within the structure, leading to the liberation of N–H 
bonds. Specifically, the peaks located at 3270  cm−1 (N–H 
stretching) and 1630  cm−1 (C=O stretching), vibrations, 
participate in hydrogen bonding interactions at precursor 
fiber structure [35]. Especially noteworthy is that alterations 
in phase fractions do not impact the peak position of the 
N–H band involved in hydrogen bonding. The variations in 
intensity and spectroscopic alterations were investigated in 
relation to the duration of the stabilization process.

Figure  8A showcases the IR spectra within 
the 3750–2450   cm−1 range for untreated PA6, 
 FeCl3-impregnated followed stabilized samples. The infrared 
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(IR) spectral region ranging from 3500 to 3100   cm−1 is 
attributed to the stretching vibrations of hydrogen-bonded 
N–H groups. In pristine PA6, these intermolecular hydrogen 

bridges occur between NH–C=O groups of adjacent poly-
mer chains. As illustrated in Fig. 8A, untreated PA6 fiber 
displays a nearly 100% prevalence of hydrogen-bonded 
chains [36], indicated by the absence of peaks above 
3300  cm−1. The alterations observed in the N–H band fol-
lowing treatment with metal halides lead to modifications 
in the conformation of PA6 chains, transitioning them from 
a “trans” to a “cis” configuration [36]. It is quite likely that 
the changes observed, including the loss of hydrogen bonds 
due to the complexation between the amide groups and fer-
ric ions, could also lead to similar transformations. The 
amide I vibration, observed at 1630  cm−1 (Fig. 8B), is pre-
dominantly associated with the stretching vibrations of the 
carbonyl (C=O) groups. In this study, it has been observed 
that the initial structure of pristine PA6 chains is primar-
ily in the trans-conformation, as evident from the vibration 
at the wavenumber of 3270. The location of N–H vibra-
tion involved in hydrogen bonding was documented to shift 
toward higher wavenumbers [37]. Furthermore, the intro-
duction of gallium-trichloride  (GaCl3) as a Lewis acid into 
the PA6 structure led to a significant forward at the position 
of the N–H vibration [38]. After the impregnation of ferric 
chloride and following the two-step annealing approach, the 
infrared spectra displayed substantial alterations in intensity, 
particularly in relation to the peaks NH and  CH2 stretching 
vibration.

The IR traces of heat-treated samples showed the appear-
ance of a wide-ranging free N–H band covering the region 
between 3600 and 3350  cm−1. Besides, numerous peaks 
associated with amide I, amide II, and amide III vibrations 
were observed, alongside various crystalline and amorphous 
vibrations. Interestingly, the location of methylene vibra-
tions remained unaffected by the introduction of  FeCl3 into 
the PA6 structure. This outcome was unexpected but the 
C–H bands within the 3000–2800  cm−1 range are gener-
ally not influenced by complexation, as these vibrations do 
not play a significant role in hydrogen bond formation [39]. 
Furthermore, the IR band at 3270  cm−1, attributed to hydro-
gen-bonded NH vibrations, exhibited a gradual decrease in 
intensity with increasing stabilization time, signifying the 
dissociation of hydrogen bonds (Fig. 9a). Notably, in the 
sample heat treated at 245 °C for 120 min, the intensity of 
the hydrogen-bonded N–H vibration at 3270  cm−1 nearly 
vanished completely, indicating the complete disruption 
of hydrogen bonds between the amide groups of polymer 
chains. This observation further corroborates the extensive 
involvement of hydrogen-bonded N–H groups in complexa-
tion with ferric ions.

The methylene  (CH2) vibrations at 2920 and 2856  cm−1 
experienced a significant reduction in intensity as the 
stabilization time increased, yet some residual intensity 
remained, suggesting that not all hydrogen species were 
involved in the dehydrogenation reactions (Fig. 9b). The 
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decline in the trace of the methylene vibrations serves as 
a distinct indicator that dehydrogenation indeed appeared 
during two-step annealing processes. As stabilization time 
increased, the traces of NH and methylene groups, located 
at 3270, 2920, and 2856  cm−1, showed a gradual reduction 
but did not completely vanish. Moreover, the half-widths 
of the hydrogen-bonded N–H and methylene bands were 
observed to widen with an increasing stabilization period.

The IR spectra of the two-step annealing samples 
showed the emergence of a newly discovered peak posi-
tion at 1705  cm−1, ascribed to carbonyl vibration, which 
resulted from thermal stabilization reactions, and this 
band's traces steadily increased with extended annealing 
time. In Fig. 8B, the most prominent bands were amide 
I and amide II peaks at 1630 and 1528   cm−1, respec-
tively. Meanwhile, the infrared peaks associated with the 
α-phase, positioned at 1316, 1200, and 930  cm−1, experi-
enced a significant reduction in intensity as stabilization 
time increased. Similarly, infrared peaks associated with 
the γ-phase, located at 1236 and 973  cm−1, also exhibited 
a notable decrease in intensity with prolonged stabilization 
time, likely due to the initiation of an amorphization event, 

potentially caused by the disruption of hydrogen bridges 
among the polymer chains.

In the IR spectra of samples subjected to stabilization 
times ranging from 30 to 120 min, noteworthy frequency 
shifts were observed. The amide I peak, initially at a wave-
number of 1630, progressed to a lower peak position at a 
wavenumber of 1625, which suggests the connection of  Fe+3 
ions with the C=O vibration. Similarly, the amide II peak at 
a wavenumber of 1528 progressed to a lower peak position 
at a wavenumber of 1522. The amide II peak arises primar-
ily from N–H in-plane bending and is expected to change 
peak position when  Fe+3 ions form a connection with the 
carbonyl oxygen. This action leads to the breakage of hydro-
gen bridges, thus freeing the N–H groups. In the sample 
stabilized for 120 min, broadband appeared at 1590  cm−1, 
indicating the presence of C=C bonds, signifying the forma-
tion of intramolecularly cross-linked structures.

Figure 9c illustrates the changes in the intensity of amide 
I and II vibrations relative to the stabilization duration. It 
is evident that the intensities progressively diminish with 
extended time due to the take place of an amorphization 
event. The altered positions of the amide I and II peaks 

Fig. 9  Examining the change in 
absorbance value depending on 
the stabilization time of certain 
IR vibrations: a 3270  cm−1; 
b 2856 and 2920  cm−1 (□ 
2856  cm−1, ◯ 2920  cm−1); c 
amide I and II peaks (◯, amide 
I; □, amide II)
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remained relatively stable during the initial phases of stabili-
zation. However, as the stabilization period reached 120 min, 
most of the band intensities diminished significantly due to 
the initiation of decrystallization and dehydrogenation reac-
tions triggered by the introduction of ferric ions into the PA6 
structure.

3.5  Thermogravimetric Analysis (TGA)

Thermal analysis of untreated PA6 fibers, as well as those 
impregnated with  FeCl3 and subsequently stabilized, was 
conducted through TGA. The weight losses occurring within 
a narrower temperature range correspond to faster decompo-
sition processes, leading to more pronounced weight reduc-
tions and consequently lower carbon yields. For untreated 
PA6, thermal stability is maintained up to 300 °C, followed 
by a significant weight loss. Afterward, a more rapid and 
substantial decomposition process occurs, extending up to 
485 °C (see Fig. 10A).

The PA6 sample in its original state experiences a weight 
loss of approximately 98% at 850 °C, leaving a carbon yield 
of 2.2%. Upon treatment with ferric chloride and subsequent 
annealing, the TGA charts of PA6 samples indicate that the 
initial stage involves the removal of surface-bound water 
vapor up to about 100 °C. Subsequently, there is a significant 
rise in the weight loss rate between 300 and 500 °C, which 
can be attributed to the catalytic influence of  Fe+3 ions. 
These ions are actively involved in the decomposition events 
of the PA6 material [40]. Figure 10B presents the TGA 
charts of  FeCl3-impregnated and heat-treated PA6 materi-
als, demonstrating a reduction in weight loss with extended 
annealing duration, indicative of an increased carbon yield. 

This increase can be attributed to the growing intermolecular 
cross-linking reactions occurring between the PA6 polymer 
chains. The original PA6 material experiences weight loss 
within a limited temperature span, while annealing materi-
als exhibit weight loss across a broader temperature span. 
This phenomenon is attributed to the enhanced formation 
of ladder-like structures through intensified intermolecular 
cross-linking.

Figure  10B presents the carbon yield values of all 
experimental samples at 500 and 850 °C. The experimen-
tal investigations conducted on ferric chloride-impregnated 
and stabilized PA6 samples demonstrated highly efficient 
aromatization and dehydrogenation reactions. The develop-
ment of unsaturated sites as a result of hydrogen loss dur-
ing dehydrogenation processes facilitated the occurrence of 
intermolecular cross-links, leading to a substantial increase 
in carbon yield.

Ferric chloride played a crucial role in facilitating coor-
dination bonds between the carbonyl oxygen of amide 
(–NH–C=O) groups. This promoted the formation of intra 
and intermolecular processes that resulted in the develop-
ment of highly aromatic and cross-linked structures. The 
analysis of TGA charts suggests that intensified interactions 
between ferric ions and the amide bonds within PA6 sam-
ple reactions led to the generation of both intramolecular 
and intermolecular cross-linking reactions. This ultimately 
resulted in the production of significant amounts of carbon-
ized entities in a nitrogen atmosphere.

Figure 10B shows that carbon yield values increase con-
tinuously with increasing stabilization time. At 500 °C, 
carbon yields range from 2.7 to 71.4%, surpassing those at 
850 °C. The  FeCl3-impregnated PA6 samples that underwent 

Fig. 10  A TGA thermograms of 
experimental samples depend-
ing on stabilization time. (a) 
Untreated PA6, (b) 30 min, (c) 
60 min, (d) 90 min, (e) 120 min. 
B Comparison of carbon yield 
values of untreated and stabi-
lized PA6 samples at different 
temperatures (empty circle) 
500 °C; (□) 850 °C
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a 120-min stabilization period achieved the highest carbon 
yield of 63.5% at 850 °C. The TGA charts show that adding 
ferric chloride and thermally stabilizing the PA6 samples 
improves their thermal stability compared to the original 
PA6 sample. This is mainly due to cross-linking reactions.

3.6  Differential Scanning Calorimetry (DSC)

The DSC thermograms of both pristine and 1% 
 FeCl3-impregnated PA6 fibers are illustrated in Fig. 11A. 
In the DSC thermogram of untreated PA6 fibers, a promi-
nent melting endotherm is observed, situated around 222 °C 
[41]. Across all DSC thermograms, a minor endotherm in 
the 40–110 °C range is noticeable, attributed to the presence 
of surface moisture on the samples. As depicted in Fig. 11A, 
the incorporation of 1%  FeCl3 into PA6 fibers leads to a 
slight reduction in the melting point, down to 219 °C. This 
observation suggests that the introduction of ferric ions 
 (Fe+3) results in a decrease in the melting temperature. Pre-
vious studies have reported a decrease in melting point and 
crystallinity when incorporating metal halide salts, such as 
 FeCl3,  CuCl2, and  CuBr2, into the PA6 polymer. Further-
more, it is important to note that copper halides exhibit a 
more significant decrease in melting point compared to iron 
halides [42].

According to the literature, the glass transition temper-
ature (Tg) of PA6 increases as the content of cupric ions 
 (Cu+2) from cupric chloride  (CuCl2) increases. However, it 
is important to note that the rate of Tg increase was reported 
to be more significant for the ferric chloride  (FeCl3) sys-
tem compared to the cupric chloride  (CuCl2) system when 
both systems had similar metal halide content [43]. Fig-
ure 11B displays the DSC thermograms of PA6 samples 

that underwent thermal stabilization with varying times, 
namely 30, 60, 90, and 120 min. Notably, the melting points 
of samples stabilized for 30 and 60 min increased to 225 and 
227 °C, respectively. This suggests that cyclization reactions 
commenced during the early stages of the thermal stabiliza-
tion process due to ongoing cyclization and aromatization 
reactions as the stabilization time increased. In the DSC 
thermograms depicted in Fig. 11B, the complete absence of 
melting endotherms with the prolongation of the two-step 
annealing process indicates the outcome of the cyclization 
and aromatization reactions.

During the examination, decomposition peaks were 
observed at 300ºC. These peaks exhibited a decrease in 
intensity as the stabilization time progressed, suggesting 
that temperature stability is achieved after a 120-min sta-
bilization process at 245 °C. The coordination of  Fe+3 ions 
with the carbonyl oxygen (C=O) of the amide (NH–C=O) 
groups facilitates the cyclization and aromatization reactions 
of PA6 molecular chains. This results in the formation of 
ring-like structures that contain at least five or six carbon 
atoms, which exhibit high resistance to elevated tempera-
tures. It is highly likely that  Fe+3 ions coordinate with the 
carbonyl oxygen (C=O) of the amide (NH–C=O) groups. 
As ferric ions  (Fe+3) form complexation bonds with the car-
bonyl (C=O) groups, the N–H groups are left unbound by 
hydrogen, thus leading to the disruption of hydrogen bond-
ing. This disruption of hydrogen bonding is one of the pri-
mary factors contributing to the reduction in melting points 
following the incorporation of ferric chloride.

The complexation between ferric ions and the amide 
(N–H–C=O) groups is anticipated to primarily occur 
within the highly disordered regions due to the relatively 
easy access of ferric ions into such regions. As the thermal 

Fig. 11  A DSC thermograms 
of untreated PA6 and 1%  FeCl3 
wet treatment sample. B DSC 
thermograms of stabilized PA6 
samples depending on the stabi-
lization period. (a) 30 min, (b) 
60 min, (c) 90 min, (d) 120 min
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stabilization process progresses, this interaction is likely to 
extend into the ordered, crystalline regions by disrupting the 
hydrogen bonding network. This process is further enhanced 
and facilitated by the contribution of heat energy [44]. With 
increasing stabilization time at 245 °C, it becomes evident 
that the melting enthalpy (ΔH) decreases due to ongoing 
amorphization processes. The melting enthalpy values are 
commonly used to assess the degree of crystallinity, and it's 
worth noting that the maximum ΔH value for 100% PA6 
polymer is 190 J/g [45]. The structure of oriented PA6 fiber 
typically features a polymorphic crystal form comprising a 
combination of the more stable α-phase and the less stable 
γ-phase [25]. The γ-crystal form is known to remain sta-
ble up to 170ºC, transitioning to the more stable α-phase at 
higher temperatures [46]. Therefore, the melting enthalpy 
values evaluated above 170ºC in the DSC thermograms are 
associated with the α-phase. The DSC crystallinity values 
decrease progressively with increasing stabilization time 
due to ongoing decrystallization reactions. For instance, 
the DSC crystallinity value decreases from 35.2% for the 
untreated sample to 0.1% for the sample stabilized for 
60 min. The results plotted in Fig. 12 illustrate a decreasing 
trend in DSC crystallinity and a corresponding increasing 
trend in the amorphous fraction depending on the stabiliza-
tion period. DSC crystallinity decreases from 35.2 to 0%, 
while the amorphous fraction increases from 64.8 to 100%. 
These changes in melting point and the formation of amor-
phous structures are directly attributed to the strong interac-
tion between  Fe+3 and the amide segments within the PA6 
molecular chains.

4  Conclusions

The influence of stabilization time on pretreated PA6 fibers 
was investigated using various analytical techniques, includ-
ing thermal analysis (TGA and DSC), infrared spectroscopy, 
X-ray diffraction, tensile testing, and density measurements. 
The use of a partially oriented PA6 precursor, along with 
1% FeCl3 impregnation for stabilization, demonstrated the 
potential to reduce both stabilization time and temperature. 
This phenomenon was accomplished by creating a molecu-
lar structure that is highly stabilized. The study utilized a 
two-step atmospheric air-based stabilization process for pre-
treated PA6 multifilament bundles. The first stage involved 
thermal stabilization at 170 °C in an air atmosphere follow-
ing ferric chloride pretreatment. Subsequently, the second 
stage entailed thermal stabilization at 245 °C. Pretreatment 
of PA6 fibers with a 1%  FeCl3 aqueous solution was found 
to enhance the thermal stability and density of samples. The 
experimental findings suggest that pretreatment in the 1% 
 FeCl3 aqueous solution optimized the stabilization time and 
facilitated the rapid development of the cyclization structure. 
As the stabilization time increased, the IR results revealed 
accelerated aromatization and dehydrogenation reactions. 
This supported the formation of (C=C) bonds and aromatic 
structures. IR spectroscopic and XRD results indicated a 
gradual decrease in crystallinity due to H-bond breaking 
as the TOS period increases. According to the TGA find-
ings, the carbon yield percentages at 500 °C and 850 °C 
showed significant increases, reaching 71.4% and 63.5%, 
respectively, for the sample that underwent heat treatment 
at 245 °C for 120 min. The incorporation of ferric chloride 
into the PA6 molecular structure during carbon fiber manu-
facturing accelerated the stabilization reactions, which could 
potentially reduce the overall processing costs for final car-
bon fiber production. This study highlights the appropriate-
ness of using melt-spun PA6 fibers as precursors for carbon 
fiber manufacturing.
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