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Abstract. Give this article delves into the investigation of the 
crystal structure and crystalline orientation of composite 
polyamide 6 (PA6) nanofibers. The study aims to elucidate 
the impact of crystallinity and crystalline orientation on the 
properties of composite nanofibers, which were 
manufactured by the electrospinning process of Nylon 
6/formic acid (HCOOH) polymer solutions at concentrations 
of 16%, 20% and 28%, incorporating 0.25% succinite 
powder with particle sizes ranging from 5 to 20 nm. The 
average diameters of the resulting nanofiber mats were 
systematically measured, revealing dimensions of 50±15 nm, 
90±18 nm, and 340±78 nm, respectively. Using wide-angle X-
ray diffraction (WAXD) analysis, the study provides a 
detailed examination of how the concentration of PA6 and 
the inclusion of organic succinite additives influence the 
crystal structure and crystalline orientation within the 
polymer matrix. In particular, it highlights the effects 
observed at smaller diameters of composite nanofibers, 
where enhanced macromolecular alignment is coupled with 
reduced crystallinity, marking the first comprehensive 
exploration of these phenomena in individual composite 
nanofibers. Research demonstrates that the relative 
distribution of different crystalline phases varies among 
samples with different average diameters. Notably, the 
sample with the smallest average diameter of 50 nm 
showcased a singular crystalline peak at 2θ=21.23°, closely 
aligning with the theoretically reported value for the γ phase 
(2θ=21.4°). On the contrary, samples with larger average 
diameters revealed progressively more distinct shoulders on 
X-ray diffraction patterns, indicative of the α phase. A 
notable increase of approximately 25% was observed as the 
diameter of the composite nanofibers decreased. 
Furthermore, the composite nanofibers of smaller diameter 
presented a narrower full width at Half Maximum (FWHM), 
suggesting enhanced orientation for both observed phases. 
This study not only contributes to understanding of the 
influence of nanofiber composition and structure on their 
physical properties but also opens new avenues for the 
tailored design of nanofiber based composites for advanced 
engineering applications. 

Keywords: PA6 (Polyamide 6), Nanofibers, Electrospinning, 
composity nanofibers, Nylon 6. 

I. INTRODUCTION 
This it is known that studies of the structural parameters 

(crystal structure and crystalline orientation) of the 
polymers allow to attribute their mechanical behavior 
(increased strength, modulus, and toughness) at small 
nanofiber diameter to improved macromolecular alignment 
coupled with low crystallinity [1], [2]. This combination of 
structural features of polymers is unusual and almost 
impossible to achieve in traditional manufacturing 
techniques. It is important to understand whether such 
behavior is universal in electrospinning or is dependent on 
the polymer/solvent system. The structural features of the 
polymers likely depends on the crystal structure and 
crystalline orientation of the polymer system, especially 
important if it is a composite structure (where different 
polymers may be included) [3], [4]. In order to examine the 
universality of these features and their impact on the 
mechanical properties, a polymer system that is more 
crystallizable. 

To date, some attempts have been made to 
systematically study the influence of polymer structural 
parameters (crystalline structure and crystalline 
orientation) on nanofibers with a wide range of diameters 
[5]–[8], obtained as a function of varying polymer 
concentration [9]–[11]. 

For this structural analysis, PA6 was chosen. It is one 
of the most widely used engineering plastics due to 
outstanding mechanical properties such as high tensile 
strength. In addition, Nylon 6 fibres also exhibit high 
toughness, good wear, chemical resistance, and easy 
processing [6], [8], [12]. It was considered an ideal 
replacement of metal and rubber used in the fibre industry 
to meet enormous market requirements from military to 
civilian applications [7]. Nylon 6 is an easily crystallizeable 
polymer and offers a good test case for comparison with 
other polymer materials. 
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It is known that nylon, a man-made semi-crystalline 
polymer, is one of the three major polymers used in 
industry. Nylon can have a different ratio of mixtures of 
diamines (-NH2) and diacids (-COOH) in repeated units, 
offering many possible tailoring for specific use. The 
polarity of the amide group of Nylon results in strong 
hydrogen bonds within the material.  

The different ratio of the mixture of the two groups 
results in a different structure of the polymer and thus leads 
to different properties. Besides this, the backbone of the 
nylon polymer chain is symmetrically aligned, and as a 
result, it easily facilitates the crystalline structure that is 
useful for the formation of fibres. So, Nylon 6 is known to 
be easily produced in the form of fibre through 
conventional spinning and electrospinning. Nylon 6 is one 
type of chemical structure, where one member of the nylon 
consisted of six carbons in the repeated unit called Nylon 6 
(or poly-(ε-caproamide)) and emerged as a new family of 
Nylon 6. 

The organic polymer (succinite powder) was chosen as 
an additive, which could potentially be used as part of the 
polymer structure to provide ultraviolet protection (based 
on our previous studies). As is known, any mixing of 
polymers with different hardness, and, accordingly, 
density, is decisive importance on the mechanical 
properties of the resulting polymer structures (in this case 
is the nano fibers). 

Thus, based on studies of the structural parameters of 
the polymer Nylon 6 (crystal structure and crystalline 
orientation, where combination of structural features of 
polymer almost impossible to achieve in traditional 
manufacturing techniques) follow the main task of the 
work - that is to study the influence of succinite additives 
on the crystal structure and orientation of composite PA6 
nanofibers with three range of diameters obtained as a 
function of varying polymer concentration. 

II. MATERIAL AND METHODS 
To observe the influence of Nylon 6 polymer structural 

parameters (crystal structure and crystalline orientation) on 
nanofibers with three range of diameters obtained as a 
function of varying polymer concentration, several 
structural investigations were conducted. To examine the 
crystal structure, random mats were electrospun from 16%, 
20%, and 28% Nylon 6/HCOOH polymer solutions. The 
average diameter was obtained for each of the mats (50±15 
nm, 90±18 nm, and 340±78 nm, respectively).  

Nylon 6 (PA-6) pellets (MW = 10,000, purchased from 
Sigma-Aldrich, Germany) and 0.25 wt/wt succinite (Baltic 
amber) powder (JLU Technologies Ltd, Latvia; CAS: 
9000-02-6; EC: 232-520-0; 5-20 nm, d98%<20 nm) were 
mixed with Formic acid solution (98%, purchased from 
Sigma-Aldrich, Germany) to prepare 16-30 wt% solution, 
prepared on a hot plate for 12 hours (room temperature 
22±1 °C; moisture content 60%). The diameters of the 
Nylon 6 composite nanofibers were controlled by 
electrospinning parameters such as voltage, needle gauge, 
and polymer solution concentration. Nylon 6 composite 
nanofibers were electrospun (Fisherbrand™ Single Syringe 
Pump, a needle-based electrospinning machine, USA) 
using 16.5 kV spinneret voltage from a 20 cm distance, 0.6-
1 ml/h feed rate, and 22–27 gauge needle. The PA6 
composite nanofibers were collected in a rotation dram 

collector (Shenzhen Tongli Tech Co Ltd, (D-608) 
Shenzhen, China; Rotating Collector RC-5000, D140, 
L50). The rotating speed of the drum collector was constant 
at 1800 rpm and aluminium foil (width 10 cm and coating 
thickness 35 µm; Vireo.de Merseburg, 06217, Germany) 
was used on the drum to collect composite nanofibers.  

The morphology of Nylon 6 composite nano mats and 
diameter distribution for each polymer concentration (16 
wt% 20 wt%, and 28 wt%) was obtained by capture SEM 
photographs, Hitachi's TM300 tabletop microscope SEM 
with a magnification of 1500, a vacuum of 10-2 Torr, an ion 
coating with six mA, a gold (Au) cover, and a coating 
thickness of 150 were used. Composite nanofiber diameter 
was acquired using the OrientationJ plug-in for the ImageJ 
programme (ImageJ, National Institutes of Health, 
Bethesda, MD, USA). The contrast of the SEM images was 
enhanced to observe the results. The determination of the 
mean diameter of the nanofiber and standard deviation was 
made possible by measuring the diameter of 100 nanofibers 
randomly selected from three SEM images. 

Composite nanofiber mats were examined by wide 
angle X-ray diffraction (WAXD), using 1D wide angle 
Diffractormeter Ragaku with Cu Kα radiation, for the 2θ 
range from 5 to 50°.  

In this study, a protocol [13] was used to examine the 
crystal orientation of PA 6 nanofiber. Electrospun Nylon 6 
nanofiber bundles with average diameters of 90±18 nm and 
340±78 nm were used. The respective morphology of the 
nanofibers is shown in Fig. 6 (a; d). The diameter 
distribution and degree of misalignment were measured 
based on SEM images, using Image J software. The degree 
of misalignment of the nanofibers from their respective 
main bundle axis for the two bundles were 90°±9° 
(D=90±18 nm) and 87°±7° (D=340±78 nm), respectively. 
The examination of the crystal orientation along the fiber 
direction was conducted using XRD transmission mode.  

WAXD experiments of the composite nanofibers 
(composite nanofibers D=90±18 nm; D=340±78 nm) were 
performed by a BL03XU beamline with a wavelength of λ 
= 1.0 Å at SPring-8, Harima, Japan. The sample-to-detector 
distance for the measurements was set to 77 mm. Two-
dimensional WAXD patterns were recorded with an 
exposure time of 1 s using a silicon-on-insulator photon 
imaging array sensor (SOPHIAS) as a detector. The lattice 
spacing and crystal lattice parameters were calculated by 
following the Wulff-Bragg condition from the obtained 
WAXD profile. The crystallinity of composite nanofibers 
(Xc) was determined through profile after the total pattern 
from WAXD was divided into crystalline and amorphous 
portions [14].  

III. RESULTS AND DISCUSSION 

A. Crystal structure 
If Nylon 6 has two main phases (α and γ). It is generally 

agreed that the α phase is an extended planar zigzag 
configuration, and it is thermodynamically stable. The γ 
phase is a pleated helical chain and is metastable. The 
parameters of the unit cell of two crystalline phases are as 
follows: α-crystalline phase (monoclinic cell, a = 0.956 
nm, b = 1.724 nm (fibre axis), c = 0.801 nm, and β = 67.5°), 
and γ -crystalline phase (monoclinic cell, a = 0.933 nm b = 
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1.688 nm, c = 0.478 nm, and β = 121°) [15].  Fig. 1 
demonstrates the molecular confirmation of these phases. 

 

 
Fig. 1. The conformation of α and γ phase crystal structure of Nylon 6 

[16]. 

In addition to α and γ phases, there are several 
intermediate phases. They appear when an unstable γ phase 
transitions into a stable α phase. Fig. 2 (a-b) shows the 
theoretical WAXD patterns for the two main phases.  

 
Fig. 2. The perfect theoretical crystal structures of two main crystal 

phases of the Nylon 6: a) the phase γ; b) the phase α [19]. 

 
Fig. 3. XRD pattern of composite Nylon 6 fibres: a) experimental 
results of composite Nylon 6 nanofibers (size of average diameters 
50±15 nm; 90±18 nm; 340±78 nm) with comparison of commercial 

microfiber: pure Nylon 6 (size of diameter 69.5±8 mkm); b) 
conventional spun nanofiber [17]. The diffraction lines of the individual 
phases (solid lines) obtained by fitting the measured intensities by three 
Pearson VII functions [19] and are labelled by diffraction indices. Only 

the line profiles corresponding to the spectral line Cu Kα are shown 

As can be seen in the left panel of Fig. 3, the electrospun 
composite nanofibers exhibited a generally poor structure 
with wide overlapping peaks. Similarly to commercial 
fibre, this pattern corresponds to a mix of the α and γ 

phases. The observed XRD pattern for electrospun nylon 
NFs is similar to patterns obtained from electrospun Nylon 
6 nanofiber mats in the literature [9], [17]. The patterns in 
the literature [9], [18]are especially similar to our pattern 
for a mat with an average diameter of 340 nm. 

The dominant feature in the XRD pattern is the peak 
that corresponds to the γ phase. Peaks corresponding to the 
α phase appear as shoulders in the pattern. It is reported 
that there are usually two characteristic peaks of the α-
phase located at 2θ=20° and 23.7° in the XRD diffraction 
pattern of Nylon 6, corresponding respectively to (200) and 
(002)/(202) crystal planes [20]. The γ  phase reflected peaks 
at around 2θ=10.7° and 21.4° corresponding to (020) and 
(001) crystal planes [21]–[23]. Zhudi Zhao and his 
coauthor studied crystalline and amorphous phases of the 
quenched Nylon 6 film and found a broad amorphous halo 
located at 2θ=21° [24]. It is clear that the relative mix of the 
different phases changed between samples with different 
average diameters. 

The sample with an average diameter of 50 nm 
exhibited only one crystalline peak located at 2θ =21.23°, 
close to theoretical reported value for the γ phase (2θ= 
21.4°) [17].  The samples with larger average diameters 
exhibited progressively more pronounced shoulders 
corresponding to the α phase. 

The different crystal and amorphous peaks were 
deconvoluted using spacing diameters from the literature. 
Crystallinity was extracted from the XRD patterns after 
deconvolution, using a protocol similar to reference [25] 
(an example in Fig. 4 a-b). Crystallinity as a function of the 
average diameter of the composite nanofiber diameter 
(50±15 nm; 90±18 nm; 340±78 nm) is shown in Fig. 4-c.  

The ~ 25% increase in composite polymer crystallinity 
was observed with the decrease in composite nanofiber 
diameter.  

 
Fig. 4. The conformation of α and γ phase crystal structure of Nylon 6 
[17]. a) XRD pattern of composite nanofiber with average diameter of 

340±78 nm; b) peak fit of (a); (c) crystallinity of electrospun composite 
Nylon 6 nanofibers with three different diameters. 

This result is consistent with DSC experiments carried 
out by collaborators at the University of Rouen Normandie, 
CNRS, and Groupe de Physique des Materiaux, France 
(Fig. 5) and can explain the slight decrease in strain-to-
failure for thinner nanofibers. For example, compared with 
other mostly used polyacrylonitrile (PAN), behavior of PA 
6 is different from that of PAN [26], where decrease in 
crystallinity was observed for smaller diameters. 
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Fig. 5. Crystallinity as a function of composite nanofiber diameters 
(provided by University of Rouen Normandie, CNRS, and Groupe de 

Physique des Materiaux, France). 

In electrospinning, fast solvent evaporation plays a role 
similar to fast quenching in traditional polymer 
manufacturing from melts. This fast process promotes 
nucleation of phases that are not in thermodynamic 
equilibrium (such as γ phase in Nylon 6) and is likely to be 
faster in thinner nanofibers. This can explain why larger 
diameter nanofibers exhibit a larger amount of the α phase. 
The differences in the size-dependent crystallinity 
behaviour between, for example, with PAN [27], and 
Nylon 6 nanofibers can be explained by the different 
crystallinities of these two polymer systems. The observed 
structural differences are also consistent with the 
differences observed in nanofiber strain-to-failure. 

In addition, the electrospun Nylon 6 composite 
nanofibers showed a lower crystallinity than the 
conventional Nylon 6 microfibers [28]. This supports the 
hypothesis that even in a crystallisable polymer such as 
Nylon 6, the rapid solvent evaporation holds back the 
crystallisation process.  

The crystal sizes for the different phases were extracted 
from the XRD patterns, using the Scherrer’ equation 
(similar to Protocol [29]), shown in Table 1. The results 
showed that the crystal size of the crystal phases did not 
change significantly and remained well below nanofiber 
diameter. This indicates that crystal size did not play a 
significant role in the determination of mechanical 
properties.   

TABLE 1 CRYSTAL SIZE OF EACH CRYSTAL PHASE FOR WELL-ALIGNED 
COMPOSITE NANOFIBERS WITH AVERAGE DIAMETERS OF 50, 90 AND 340 

NM. 

Nm Coherence 
length 
(nm) 

Nanofiber 
# 1 

(D = 
50±15 
nm) 

Nanofiber 
# 2 

(D = 
90±18 
nm) 

Nanofiber 
# 3 

(D = 
340±78 

nm) 

1 α1 2.97 4.04 4.29 

2 γ 4.23 4.03 4.62 

3 α2 3.93 3.84 2.07 

 

B. Crystal orientation 
Define WAXD experiments of composite PA6 

nanofibers (composite nanofibers D=90±18 nm; 
D=340±78 nm) were performed (a similar protocol for 
crystal orientation research shown in [30]).  

Electrospun composite Nylon 6 nanofiber bundles with 
average diameters of 90 and 340 nm were produced. The 
respective morphology of the composite Nylon 6 
nanofibers was as shown in Fig. 6 a-d. The diameter 
distribution and the degree of misalignment were measured 
based on SEM images, using ImageJ software [31]. 
Homogeneous composite nanofibers with uniformly 
distributed succinite particles are observed. The degree of 
misalignment of the nanofibers from their respective main 
bundle axis for the two bundles was ±9° and ±7°, 
respectively (see the distribution of the orientation of the 
composite nanofibers in Fig. 6 b-e). The examination of the 
crystal orientation along the direction of the composite 
nanofiber was conducted using XRD transmission mode. 
WAXD 2D (two-dimensional) patterns of two bundles are 
shown in Fig. 6 (c-f). 

 
Fig. 6. The Comparison of the orientation of Nylon 6 nanofibers: a) 

morphology of aligned nanofiber bundles with average diameter of 90 
nm; d) morphology of aligned nanofibers bundles with an average 
diameter of 340 nm; b) nanofibers orientation D=90±18 nm: along 

nanofiber direction; e) nanofibers orientation D=340±78 nm: of along 
nanofiber direction; c) WAXD 2D patterns of composite nanofiber 

D=90±18 nm; f) WAXD 2D patterns of composite nanofiber D=340±78 
nm.  

The extent of the double arcs in the diffraction pattern 
was used as an indicator of crystal orientation. The 2D 
pattern was converted into an azimuthal intensity scan, 
corresponding to the arcs from different crystal phases (Fig. 
7 b-d; Fig. 8 b-d). 

 
Fig. 7. The Crystal orientation in well-aligned composite nanofibers 
with diameter of 90±18 nm; a-c: WAXD patterns exhibited two main 
peaks: peak 1 (FWHM 33.28°) and peak 2 (FWHM 24.91°); b-d: 2 D 

pattern converted into an azimuthal intensity scan, corresponding to arcs 
from different crystal phases. 
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The WAXD patterns exhibited two main peaks. Peak 1 
and peak 2 were labelled in Fig’s: 7 (a-c) and 8 (a-c). Peak 
1 corresponded to the γ phase, while peak 2 corresponded 
to a mixture of γ and α phases ((001) plane in the γ phase 
and (200) and (002)/(202) planes in the α phase). Peak 1 
indicated that the crystalline plane (020) was parallel to the 
fibre direction. Peak 2 indicated that the mixture of crystal 
planes was perpendicular to the fibre axis. Full width at 
Half Maximum (FWHM) of the peaks in the azimuthal 
scan was used as an indicator of crystal orientation. Table 
2 summarises the orientation parameters for the different 
phases. 

TABLE 2 CRYSTAL ORIENTATION PARAMETERS OF ALIGNED COMPOSITE 
NANOFIBERS WITH AN AVERAGE DIAMETER OF 90 AND 340 NM. 

Nm Average 
Diameter 

(nm) 

FWHM (°) - 
Mixture of α 
and γ phase 

FWHM (°) - 
γ phase 

1 90 33.3 24.9 

2 340 37.9 50 

 
Fig. 8. The Crystal orientation in well-aligned composite nanofibers 

with an average diameter of 340±78 nm; a c: the WAXD patterns 
exhibited two main peaks: peak 1 (FWHM 37.88°) and peak 2 (FWHM 

50°); b-d: the 2 D pattern converted into an azimuthal intensity scan, 
corresponding to the arcs from different crystal phases.  

Composite nanofibers with smaller diameters exhibited 
narrower full width at Half Maximum (FWHM) indicating 
better orientation, for both phases. Higher crystallinity and 
better crystal alignment in thinner nanofibers can explain 
the improvements in strength and modulus for these 
nanofibers.  

This study not only contributes to understanding of the 
influence of nanofiber composition and structure on their 
physical properties but also opens new avenues for the 
tailored design of nanofiber based composites for advanced 
engineering applications [32]–[41], included an innovative 
recycled technologies of these materials [42]–[44]; because 
the modern industrial development has a high demand for 
new materials – with unique properties, combinations, and 
functionality [45]–[51]. 

IV. CONCLUSION 
A study of the influence of the Nylon 6 structural 

characteristics of the composite polymer structure showed 
that the average diameter of the nanofiber depends on the 

concentration of the polymer in combination with 0.25% 
succinite, namely at a concentration of 16% the average 
diameter of the nanofiber is 50 nm; at 20% - 90 nm; at 28% 
- 340 nm. This is consistent with the reference literature, 
where a similar pattern (as the polymer concentration 
decreases, the average nanofiber diameter during 
electrospinning increases) was observed for pure polymer 
compositions (for example, PA6; PAN). 

It was shown that the relative mix of the different 
phases changed between samples with different average 
diameters. The sample with an average diameter of 50 nm 
exhibited only one crystalline peak located at 2θ=21.23°, 
close to theoretical reported value for the γ phase 
(2θ=21.4°). The samples with larger average diameters 
exhibited progressively more pronounced shoulders 
corresponding to the α phase. The ~ 25% increase in 
composite polymer crystallinity was observed with the 
decrease in composite nanofiber diameter. 

Electrospun Nylon 6 composite nanofibers showed a 
lower crystallinity than conventional Nylon 6 fibres. This 
supports the hypothesis that even in a crystallisable 
polymer such as Nylon 6, the rapid solvent evaporation 
holds back the crystallisation process. 

Composite nanofibers with smaller diameter exhibited 
a narrower full width at Half Maximum (FWHM) 
indicating better orientation for both phases. Higher 
crystallinity and better crystal alignment in thinner 
nanofibers can explain the improvements in strength and 
modulus for these nanofibers. 
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