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A high-resolution Raman mapping method has been developed in order to obtain 2D information about struc-
tural anisotropies (crystallinity, molecular alignment) in thin filament cross-sections (diameters between 27 pm
and 79 pm). Cross-sections of melt-spun, hot-drawn poly (ethylene terephthalate) (PET) filaments and bicom-
ponent core-sheath PET-polyamide 6 (PA6) filaments have been scanned through a laser beam (spatial resolu-
tion <1 pm). Raman spectra were analyzed with a specifically developed peak fitting method to obtain Raman

maps, e.g., mapped peak height ratios across the face of the fibers. These maps reveal microscopic interconnected
networks of crystalline strands within a low crystalline matrix. Radial gradients in PET crystallinity, as well as
average and surface crystallinities, were determined. The presented Raman mapping method to visualize vari-
ations in the PET crystallinity across such fine filament cross-sections, and the findings thereof, open a new
pathway to better understand how fiber processing parameters affect radial fiber structures.

1. Introduction

Among synthetic fibers, poly (ethylene terephthalate) (PET) fibers
have the highest production volume worldwide and are widely used in
sectors like automotive, furnishing, homewear, sportswear, technical
wear amongst other sectors [1]. Structural properties like molecular
orientation, crystallite sizes and crystallinity strongly influence the
mechanical properties such as tensile strength, elongation at break,
abrasion resistance and shrinkage of semi-crystalline fibers [2]. To
optimize and tailor physical fiber properties, it is, therefore, crucial to
study the interplay between processing parameters and structural
changes ranging from the molecular to the microscopic level [3].
Typically, structural studies on fibers focus on comparing average
quantities like crystallinity, molecular orientation, long-spacing or
crystallite sizes, extracted from e.g. wide-angle x-ray diffraction
(WAXD) or small-angle x-ray scattering (SAXS) patterns [4-7].

However, of particular interest for technical textiles is the detailed
microscopic 2D structure (crystallinity, molecular alignment) of poly-
mer fiber cross-sections, since it strongly influences the mechanical
properties and affects the surface characteristics of the fibers. For
example, radial gradients in, e.g., molecular orientation or crystallinity
can strongly affect the abrasion resistance of polymer fibers [8]. It is,
however, very challenging to obtain 2D structural information across
polymer filament cross-sections with diameters below e.g. 80 pm. Some
methods exist to obtain radial average structural (e.g., crystallinity or
molecular alignment) gradients in filaments, e.g., one-dimensional
WAXD tomography [9-13] or polarized light microscopy [14], but
these methods do not provide 2D structural information across the face
of the fiber. Other methods to study microscopic structural features in
polymers are for example atomic force infrared (AFM-IR) mapping
[15-17].

Recently, confocal Raman mapping has become a very attractive
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technique to elucidate changes in the chemical composition in polymer
blends [18,19] or in the structure of various materials [20,21]. Confocal
Raman spectroscopy has also been used to study the core of a
PET-polypropylene (PP) core/sheath fiber by focusing the laser to the
center of the fiber through the PP sheath [22]. The disadvantage of
focusing the laser through the sheath to the core of the fiber is that the
spectrum of the PET core is overlapping with some remaining peaks
from the PP sheath, making it rather challenging to obtain radial gra-
dients in this way.

In this work, we present a newly developed high-resolution (spatial
resolution <1 pm) 2D Raman mapping method to study the 2D structure
of thin polymer filament cross-sections (diameters <79 pm). The
structure of monocomponent PET and bicomponent PET-polyamide 6
(PA6) core/sheath filament cross-sections was analyzed with Raman
mapping and wide-angle x-ray diffraction (WAXD). For the Raman
mapping, a special embedding and polishing technique of fibers was
employed. A respective fitting algorithm was developed to analyze
structural differences, like anisotropies in crystallinities or molecular
alignment, between i) PET filaments which have been drawn offline
with different draw ratios and between ii) a melt-spun bicomponent
PET-PA6 (core-sheath) filament and a PET monocomponent filament.
Extracted surface crystallinity and average crystallinity values from the
Raman maps have been validated with other methods, such as attenu-
ated total reflection Fourier transform infrared spectroscopy (ATR-
FTIR), WAXD and differential scanning calorimetry (DSC), respectively.
Descriptions of the ATR-FTIR and DSC measurements and analysis
procedures are given in the data in brief [23]. SAXS was also performed
to confirm the presence of crystals in the PET material and to estimate
crystal long-spacings and crystallite sizes. Results thereof are shown in
the data in brief [23].

2. Experimental
2.1. Materials

Three PET monofilaments were studied, which are labeled DR1, DR2
and DR4. A melt-spun amorphous PET fiber (DR1), which was directly
wound up after melt-spinning (speed 600 m/min) without drawing, was
provided by Monosuisse AG (Emmenbriicke, Switzerland). This filament
was melt-spun from PET polymer pellets from Invista (Wichita, Kansas,
United States), which had an intrinsic viscosity of about 0.63 dl/g. A
spinneret die with a 0.45 mm opening was used. This as-spun fiber was
used as provided to produce two post-drawn fibers (DR2 and DR4) with
draw ratios 2 and 4, respectively. The draw ratios represent the ratios
between speeds of take-up godet and winder. The offline drawing was
performed at Empa (St. Gallen, Switzerland) with a custom-made
drawing setup using three godets and a heating plate [23] (section 2.2).

In addition, bicomponent PET-PA6 (core-sheath) filaments, as well
as a monocomponent PET multifilaments were produced via direct
spinning using a custom-made pilot plant at Empa (St. Gallen,
Switzerland). The melt-spinning plant is described elsewhere [24], but
detailed spinning parameters are given in section 2.3. The studied single
filaments out of multifilaments are named (bico) for the bicomponent
PET (core)-PA6 (sheath) fiber and (mono) for the melt-spun PET mon-
ocomponent filament. These (bico) and (mono) filaments were
melt-spun using post-condensated PET polymer pellets. During
post-condensation, the molecular weight of PET was increased by
applying heat under vacuum until an intrinsic viscosity of about 0.79
dl/g was achieved (Serge Ferrari Tersuisse AG, Emmen, Switzerland).
PA 6 pellets (Grilon F34 natur, M;, = 25-80 kDa, M,, = 50-54 kDa) were
used as raw material for the sheath of the bico fiber and have been
obtained from Ems-Chemie AG (Domat/Ems, Switzerland). Draw ratios,
fineness and diameters of all single filaments are summarized in Table 1.
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Table 1
Draw ratios, single filament fineness and diameters.

Fiber label Draw ratio, DR Fineness of single Diameter” (um)
filaments (tex = mg/m)

DR1 as-spun 7.20 79

DR2 2.0 3.48 56

DR4 4.1 1.78 44

mono 4.0 0.84 27

bico 4.0 0.71 dfiber = 29 deore = 23

@ Determined from Raman maps.

2.2. Offline drawing of PET fibers

Fiber DR1 was used as received and was drawn with draw ratios 2
and 4 to fibers DR2, DR4 using the following procedure. The drawing
was carried out on an in-house assembly at Empa (St.Gallen,
Switzerland) consisting of three godets and a winder along with a few
guide rollers and a heating plate [23]. A first minor drawing occurred
between godet 1 and godet 2, which was carried out at room tempera-
ture (20 °C). The major drawing, however, took place between godet 2
and 3, where the fiber was directed over a heating plate which was
placed between these two godets. The heating plate was maintained at
170 °C and was kept at a distance of about 2 mm from the filament.
Godet 3 was maintained at room temperature (20 °C) and the final
minor drawing took place between godet 3 and the winder. Table 2
summarizes the drawing parameters for fibers D2 and DR4.

2.3. Melt-spinning of bicomponent PET-PA6 and PET filaments

The following multifilaments were melt-spun at Empa: bicomponent
PET-PA6 multifilaments (bico) and PET monocomponent multifilaments
(mono). Prior to spinning, the PET and PA6 pellets were dried under
vacuum for 8 h at 100 °C. For the bicomponent filaments, the PET pellets
were melted with an 18 mm, and the PA6 pellets with a 13 mm single
screw extruder, each with a length to diameter ratio of 25. The extruder
pressures needed for an effective operation of the melt pumps were set to
80 bar, and the throughputs were set to 3 cm®/min for PET and 1.5 cm®/
min for PA6. Here, the given throughput values are only nominal values.
The effective throuputs, that determine the volume ratio between the
core and the sheath material, may slightly differ from the given values
due to pressure differences over the pump or other reasons. Three
heating zones were used in the extruder, which increased from 250 to
270 °C for PET and from 240 to 260 °C for PA6. The spin pack tem-
perature was set to 270 °C. For core-sheath bicomponent spinning, a
spinneret with seven multiple dies [3], each comprising a core capillary
with 0.40 mm inner diameter and 0.55 mm outer diameter within a 0.71
mm nozzle. For the monocomponent multifilaments, the same spinneret
was used, but no PA6 was added and a higher throughput was chosen
(4.5 cm®/min) for the PET. The polymer melt leaving the spinneret was
quenched in a 1.2 m long air cooling chamber at 14 °C. Three godets
were used to draw the polymer melt directly after the air cooling

Table 2
Drawing parameters for DR2 and DR4. The numbers in parenthesis along with
the speeds represent the number of windings on the respective godets.

Fiber Godet 1 Godet 2 Heating plate Godet 3 Winder Draw
label (at (at temperature (at speed ratio
20 °C) 95 °C) (O] 20 °C) (m/min)

speed speed speed
(m/ (m/ (m/
min) min) min)
DR2 70 (6w) 71 (2w) 170 140 142 2.03
(6w)
DR4 70 (6w) 71 (2w) 170 280 285 4.07

(6w)
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chamber (online drawing). Godet temperatures, speeds and number of
windings are given in Table 3. The speeds were chosen to be the same for
both multifilaments (bico and mono), but the godet temperatures for the
mono fiber had to be slightly different to achieve a stable process for the
drawing of the filaments.

Single filaments out of the sevenfold melt-spun multifilaments have
been investigated with Raman mapping. The other techniques, DSC,
WAXD and SAXS were performed on filament bundles. For DSC, WAXD
and SAXS, the PA6 sheath of the bico filament was removed with the
following procedure: The filament bundles were wound around a
specially designed 3D printed holder and were immersed in a solvent
mixture comprising 3 parts of formic acid (>99%) and 2 parts of
dichloromethane (99.9%) [25]. The setup was maintained at room
temperature for 1 h while being continuously stirred with a magnetic
stirrer at 250 rpm. Later, the fiber bundles were washed multiple times
with water and acetone to completely get rid of the remnant solvent
mixture and were subsequently left to dry in air.

2.4. Characterization

2.4.1. High-resolution Raman mapping

The fibers were embedded in a resin hardener (Epoxi cure 2, Buehler,
USA) in order to measure Raman maps of polished fiber cross-sections.
Fibers were wound on a sample holder and subsequently embedded
under vacuum in order to avoid air inclusions. The samples were cured
overnight and further ground and polished several times in order to
obtain a smooth and transparent surface for subsequent Raman spec-
troscopy measurements [23].

Raman spectra were acquired using a WITec Alpha 300 R confocal
Raman microscope (WITec GmbH, Ulm, Germany) in backscattering
geometry. As an excitation source, a laser with 488 nm wavelength was
used. The light was focused onto the embedded sample using a 100x
objective with a numerical aperture of 0.9, resulting in a diffraction-
limited in-plane laser spot size of <1 pm. The confocality of the
Raman microscope limits the focal depth to approximately <1 pm. The
Rayleigh scattered light was blocked by a notch filter. The backscattered
light was coupled to a 300 mm lens-based spectrometer with a grating of
1800 g/mm for all filaments. The spectrometer is equipped with a
thermoelectrically cooled CCD (1600x 200 pixel, pixel size 16x16 pm?)
leading to a spectral resolution of <0.85 cm™!. Raman spectra were
acquired with a set laser power of 1 mW and an integration time of 2.0 s
for the mono and bico filaments, and a laser power of 5 mW with an
integration time of 0.4 s for DR1, DR2 and DR4, respectively.

The embedded samples were mounted on a piezo stage and maps of
fiber cross-sections were acquired by scanning the sample through the
laser. The raw spectra have been treated with a cosmic ray removal
procedure and a background was subtracted using a moving shape with
a radius of 100 cm™! in order to remove signatures of photo-
luminescence. All corrected Raman spectra were subsequently binned
by averaging over 4 spectra (2x2), spanning an area of 1 pmZ Before
fitting, the binned spectra were all normalized by the intensities of the
1291 em ™! Raman band. This normalization was necessary in order to
account for changes in the absolute intensity due to a slightly bent fiber
surface, which we have observed with atomic force microscopy [23].

Spectral analysis was done with specially developed Python codes,
where Raman peaks of interest were fit with one or two Pearson VII
functions and a linear background. A Pearson VII function is a Lor-
entzian function raised to the power m and is given by the following

Table 3
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equation.

FWHM*"
2
[FWHM? + <21/m -1) (x - x0> "

The peak height is I, and the full width at half maximum is given by
FWHM, x is the Raman shift and xp is the Raman shift peak position. The
shape factor, m, was fixed for each map, but varied from map to map in
order to enable a better fitting of different tail-shapes of peaks of interest
in individual samples. For almost all peaks and samples, shape factors
between 1 and 12 were found to lead to best fitting errors. In general,
different peak shapes are only slightly improving fits but are not
significantly affecting the final results of the Raman maps.

‘Raman __
Isim =1

(Eq- 1)

2.4.2. Wide-angle X-ray diffraction (WAXD)

WAXD were recorded on a Bruker Nanostar U diffractometer (Bruker
AXS, Karlsruhe, Germany) with a Cu-Ko radiation A = 1.5419 Aand a
VANTEC-2000 MikroGap area detector. Single filaments (DR1, DR2,
DR4) or fiber bundles (mono, bico, bico with sheath removed) were
mounted on sample holders for WAXD, and the sample to active detector
area distance was about 9.3 cm. The recorded patterns were analyzed
with the evaluation software DIFFRAC.EVA (version 4.2., Bruker AXS,
Karlsruhe, Germany) and specifically developed Python codes. For the
samples, DR4, mono and bico with sheath removed, the crystallinity
values of PET (percentage of crystalline intensity in WAXD patterns)
were estimated from Lorentz corrected 2D patterns by analyzing
azimuthal and radial profiles using DIFFRAC.EVA [23]. The Lorentz
correction has been explained elsewhere [26]. SAXS patterns have also
been collected and are shown in the data in brief [23].

3. Results and discussion
3.1. Raman analysis

Raman maps were measured with 180x180 lines over 90x90 pm for
DR1, with 140x 140 lines over 70x70 pm for DR2, with 100x100 lines
over 50x50 pm for DR4 and with 70x70 lines over 35x35 pm for the
PET monocomponent (mono) fiber and PET-PA6 bicomponent fiber
(bico) with 0.5 pm steps. Microscope images of the cross-sections that
were taken with the Raman setup are shown in the data in brief [23].

Raman spectra at the center (each averaged over 9 (3x3) spectra
from an area of 1.5x1.5 pm) of all fiber cross-sections are shown in
Fig. 1. A Raman spectra of the surrounding epoxy material and of PA6
are shown at the bottom of Fig. 1. As expected, vibrations of different
functional groups in PET and PA6 in the bicomponent fiber lead to
distinct peaks in the Raman spectrum, and the materials can easily be
distinguished from one another. For PA6 we have analyzed the peak at
1635 cm’l, which can be assigned to the C=0 amide stretching [27].

All Raman spectra from PET have been normalized to the peak at
1291 cm ™! (ring and O-C stretching [28]), since this band has shown a
rather constant intensity.

Multiple research groups have shown that the ethylene glycol
segment of PET adopts a trans conformation in the crystalline phase,
whereas both gauche and trans conformations are present in the amor-
phous phase [28-35]. These conformations lead to specific Raman
[28-35] and infrared bands [36-40], which may be used to determine
PET crystallinities [36,41,42]. The trans conformation gives rise to a
peak at 1095 cm ™! [28-30,41,43] and the gauche conformation gives

Processing parameters of PET-PA6 bicomponent and PET multifilaments. Number of windings around godets are indicated in brackets.

Fiber Godet 1 temperature Godet 1 speed (m/  Godet 2 temperature Godet 2 speed (m/  Godet 3 temperature Godet 3 speed (m/  Winder speed (m/
label Q) min) Q) min) [{®)] min) min)
bico 125 250 (4w) 60 990 (8w) 40 1000 (5w) 990
mono 100 250 (6w) 80 990 (10w) 40 1000 (5w) 990
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Fig. 1. Raman spectra from PET in the center of all fiber cross-sections (DR1, DR2, DR4, mono, bico) as well as of the surrounding epoxy material and the PA6 sheath
of the bicomponent sample. The investigated Raman bands are highlighted in red and gray respectively. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

rise to a peak at 1120 cm™! (inset in Fig. 1). Significant differences in
peak heights in the Raman spectra of the PET fiber cores are mainly
visible at 860 cm™!, 1097 ecm ! and 1616 cm™ !, and the width of the
1729 ecm™! band is also changing with increasing draw ratio.

Table 4 summarizes some characteristic vibrational bands of PET
(shaded in red in Fig. 1), which have been studied in this work.

For the PET material, four spectral regions around (860, 1110, 1616,
1729 ecm™!) were fitted with Pearson VII functions (shaded areas in
Fig. 1), as explained in the experimental section. Fitting examples of
binned spectra at the center of all measured fiber cross-sections are
given in Fig. 2.

In total, 32041 (179x179) binned spectra were fit for DR1, 19321
(139x139) for DR2, 9801 (99x99) for DR4 and 4761 (69x69) for the
(mono) and (bico) fibers. Average peak positions, peak widths and peak
height ratios, which were obtained by averaging the fitting parameters
over the entire fiber cross-sections, are summarized in Table 5. Note that
the calculated standard errors of average peak widths and positions are
below 0.1 em™'. These standard errors, Ax, are calculated from fitting
errors, Ax; of N binned spectra in the fiber cross-sections, by taking into

_ [N
account the error propagation, Ax =% /" Ax?. Peak height ratios were

i-1
calculated by dividing the individual peaks by the measured peak in-
tensity of the 1120 cm™! peak that arises from gauche conformations in
the amorphous phase. Complete maps of specific Raman peak positions,
widths, heights, areas, height ratios and area ratios for all fibers are

Table 4

Assignments of Raman peaks to vibrations in PET [28,29,34,44].
Peak Assignment
position
860 cm ™! Ring C-C breathing (Ag mode), ester C(0)-O stretching

1097 cm™! Ring C-C, ester C(0)-O, ethylene glycol C-C stretching (trans)

1120 cm™? Ring C-H in-plane bending, ester C(0)-O and ethylene glycol C-C
stretching (gauche)

1291 cm™! Ring and O-C stretching (used for normalization)

1616 cm™? C-C/C = C benzene ring mode 8a (Wilson notation [45])

1729 cm™? C=0 stretching

shown in the data in brief [23].

3.1.1. Peak positions

Upon drawing of fiber DR1, the peak at 858.3 cm ™! shifts to a slightly
larger value, 860.1 cm_l, by (Apos.~ +1.8 cm_l), while the 1100.8
cm ! shifts to a smaller value, 1097.2 cm ! (Apos.~ —3.6 cm ).
Wavenumber shifts are typically correlated with changes in the bond
length and thus the interatomic force constants [46,47]. A shift towards
higher wavenumber is typically caused by a shortening of bond lengths,
and a shift towards lower wavenumbers by a lengthening of bond
lengths. Thus, the observed peak shifts upon drawing may relate to
conformational changes that occur when chains in the amorphous phase
become more stretched or start to form crystals with neighboring chains.

The peak positions for the PET core in the bicomponent fiber are all
very similar to the ones of the monocomponent fiber, which may signify
that there are no significant differences in the bond lengths between
these samples.

3.1.2. Peak widths

Maps of the full width at half maximum of specific Raman peaks are
shown in the data in brief [23] for all fibers. Overall, the FWHMs of all
the peaks related to the PET material are the smallest for DR4 but are
slightly increased for DR2 with respect to DR1 (Table 5). The width of
the Raman band at around 1729 cm™! (C = O stretching) is changing
from as-spun (DR1) to drawn fibers (DR4) (AFWHM ~ —2.3 cm’l).
Changes in the width of this Raman band have been associated with
changes in crystallinity, density or conformations in the past [28-30]. A
sharp peak (small FWHM;759) has typically been correlated with a
higher density. For the bico fiber, the FWHMs of the 1097 cm™! and
1729 cm ! are rather small compared to the mono fiber (AFWHM -17.7
cm™! and -1.8 em™}, respectively), which we hence interpret as a sign
that the PET core in the bico fiber has a higher density.

The peak widths of the mono fiber are comparable to peak widths
somewhere between DR2 and DR4, except the width of the 1097 cm™?
peak, which is significantly larger (up to AFWHM ~ +17.7 cm™ ') than
for all other fibers. The latter could indicate that there is a larger poly-
dispersity in the ethylene glycol C-C bond lengths in the crystalline
phase of the melt-spun mono fiber. We have also performed WAXD
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Fig. 2. Fits and measured Raman spectra of PET at the center of the fibers. Dashed curves: fits. Solid curves: 2x2 binned measured spectra.

Table 5

Extracted average peak positions, full width at half maximum (FWHM) and
height ratios of individual peaks with respect to the peak at 1120 cm™! for the
cross-sections of all fibers. Standard errors are smaller than 0.1 cm™?.

DR1 DR2 DR4 mono bico
Position (cm™!) 858.3 858.6 860.1 859.7 859.3
FWHM (cm 1) 12.7 13.0 11.4 12.9 11.5
Isc0/T1120 1.4 1.5 2.8 3.1 3.2
A860/A1120 0.7 0.7 1.2 2.1 1.6
Position (cm™!) 1100.8 1100.2 1097.2 1095.1 1096.2
FWHM (cm 1) 16.9 18.5 14.6 32.1 15.3
Ti097/T1120 0.4 0.4 1.0 0.8 1.1
Ai1097/A1120 0.3 0.3 0.6 1.4 0.8
Position (cm 1) 1121.0 1120.9 1120.4 1118.8 1118.2
FWHM (cm’l) 25.2 249 23.7 19.3 22.0
T1120 0.4 0.4 0.5 0.5 0.4
Aj120 12.7 12.7 15.6 11.3 11.8
Position (cm ™) 1616.0 1616.0 1615.9 1615.0 1615.0
FWHM (em ™) 9.5 9.6 8.9 9.7 9.7
Tie16/T1120 11.7 11.1 8.0 6.4 7.3
Ai616/A1120 4.6 4.4 3.2 3.2 3.2
Position (cm™!) 1729.0 1729.0 1729.4 1728.9 1728.6
FWHM (cm’l) 25.0 25.0 22.7 23.9 22.2
Li720/T1120 4.9 4.9 4.6 4.3 4.9
A1729/A1120 4.4 4.4 3.4 4.7 4.5

measurements which indicate that the mono fiber contains a significant
amount of a non-crystalline mesophase [4,5,40,48-51,81], made of
highly oriented and stretched PET macromolecules along the fiber axis.
A larger polydispersity in the ethylene glycol C-C bond lengths could
thus also be explained by the presence of this mesophase, which is
further discussed in the WAXD section 3.2.

3.1.3. Peak height ratios

Maps of peak height ratios (Ipeak/I1120) with respect to the gauche
peak at 1120 cm ™! (amorphous) are shown in Fig. 3.

All maps reveal interconnected networks of microscopic strands of
high crystallinity within a low crystalline matrix. Note that corre-
sponding maps from peak area ratios are given in the data in brief [23].
These maps also show very similar interconnected networks. As
mentioned before, changes in the intensity can be attributed to changes
in density, crystallinity or conformations. Especially, the ratio
T1097/11120 can directly be correlated with density changes. Note that, we
discuss the extraction of radial profiles of crystallinity values and
average crystallinities in subsection 3.1.5.

The average peak height ratios Iggo/I1120 and Ijgg7/l1120 are
increasing by a factor of two (Table 5) upon drawing (from DR1 to DR4).
The latter occurs due to conformational changes from gauche to trans of
ethylene glycol segments. Peak height ratios I1616/I1120 and I1729/I1120
are however decreasing in intensity upon drawing (from DR1 to DR4).
The peak height ratio I;616/11120 is the smallest for the mono filament
and is also rather small for the bico filament. The peak at 1616 cm ™! is
assigned to the symmetric stretching of the 1,4-carbons of the benzene
ring [52] and is reflecting the molecular orientation of polymer chains
[43,52-54]. Since the incident light onto the sample is linearly polarized
in the plane of the sample (fiber cross-section), only benzene rings that
lie fully or partially in the plane of the fiber cross-section will contribute
to the 1616 cm™! Raman band. Thus, a decrease in the 1616 cm ™! peak
intensity in the fiber cross-section upon drawing indicates that there are
more benzene rings aligned towards the drawing direction in highly
drawn fibers, which is also in accordance with a higher molecular
orientation [43,55]. Therefore, we conclude that the highly drawn
samples, DR4, mono and bico, have a rather high molecular orientation.

3.1.4. Correlations within the cross-sections of individual fibers
In order to investigate the correlations within the fiber cross-sections
of individual samples, we have made correlation plots, where peak
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Fig. 3. Peak height ratios of individual peaks (860 cm ™! (first row), 1097 cm™! (second row), 1616 cm ™ (third row), 1729 cm ™! (forth row)) with respect to the
1120 cm™! peak, mapped across all fiber cross-sections.

height ratios and the FWHM of the 1729 cm™! peak are plotted against
the peak height ratios I1997/I1120. Fig. 4 summarizes the correlation plots
for all samples. Corresponding 2D correlation maps are shown in the

data in brief [23].

The peak height ratio Ijg97/I1120 correlates with the density/

crystallinity of the samples and has therefore been chosen as the x-axis in
the plots. The numbers given in the top left corner of each correlation
plot correspond to the calculated Pearson correlation coefficients (PCC)
of the compared variables over the entire fiber cross-section. A value of 1
signifies a total positive linear correlation, O signifies no linear
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Fig. 4. Correlations between peak height ratio I;097/I1120 and the three peak height ratios Igeo/I1120, I1616/11120, l1729/T1120 as well as FWHM of 1729 cm ™! peak for
all measured spectra in all fiber cross-sections. Pearson correlation values, PCC, are given in the top left corner of each figure. Dashed lines serve as a graphical

representation of the PCC, where their slope corresponds to the PCC.
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correlation, and -1 signifies a total negative linear correlation. For DR1,
DR2 and mono fibers, all peak height ratios show a positive linear cor-
relation (PCC >0.74) with the peak height ratio I;997/11120, Whereas the
FWHM of 1729 cm ™! is rather constant in all samples and thus shows no
linear correlation. For DR4 and the bico fiber, mainly the peak ratios,
Isgo/T1120 and Iy799/I1120, are positively correlated with I;997/11120,
whereas no or only a small positive linear correlation is observed be-
tween I1616/11120 and L1097/11120. This result suggests that not only the
intensity ratio Ijg97/I1120 is reflecting changes in the density/crystal-
linity within a sample, but also Iggo/I1120 Or I1729/11120, Whereas the
other ratio, Ij616/I1120, is more strongly influenced by molecular
orientation, and the FWHM of the 1729 cm ™! peak is rather constant
within the samples.

3.1.5. Radial gradients in crystallinity and peak ratios

Significant changes have been observed in the region from 1040 to
1160 cm™!. Two bands are visible in this region. The Raman band near
1097 cm ™! (stretching of ring C-C, ester C(0)-O and ethylene glycol
C-C bonds) increases in intensity upon drawing, due to the transition of
gauche to trans conformation of the ethylene glycol bonds. This change is
seen by the differences in the peak height ratio, I;997/11120, in the Raman
maps shown in Fig. 3. Raman spectroscopy has been used in the past to
calculate percent crystallinities for various polymers, e.g., polystyrene
[56]1, polypropylene [57], polyethylene [58] or PET [41]. However,
changes in the trans and gauche intensity band may not only be attrib-
uted to changes in the chain conformation and thus crystallinity, but
also to changes in chain packing and molecular chain orientations [33].
Nevertheless, we have still attempted to quantify the crystallinity of the
PET fiber cross-sections with Raman spectroscopy, by applying the same
equation as Hafsia et al. [41]:

Toor — Tioora
faman () =197 ~ 1097 40y

= (Eq. 2)
L + Loor q

where I1097 and I;117 are the intensities (peak heights) of the 1097 em™!
and 1117 cm™! peaks, respectively, and Ijg97, is the intensity of the
1097 cm ™! vibration band of a 100% amorphous sample. In PET, the
trans conformation and thus the I;g97 peak is also present in a 100%
amorphous sample, and therefore its intensity contribution, I1yg7,, has to
be subtracted from the intensity contribution of the semi-crystalline
sample, I;097. The 11097, Was estimated to be about 0.1 from the lower
bounds of the 11997 peak in the normalized spectra of the DR1 sample.
Equation 4 can be applied for each binned spectrum in the fiber cross-
section, enabling the determination of average fiber crystallinity and
radial crystallinity gradients. Fig. 5a shows crystallinity maps calculated
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using this equation for all fiber cross-sections. As already previously
observed with peak height ratio maps, these crystallinity maps reveal
interconnected networks of crystalline strands within a low crystalline
matrix. Here, the crystalline areas originate most likely from clusters of
crystalline fibrils. Interestingly, publications that discuss the micro-
scopic interconnected networks in semi-crystalline polymer fibers are
scarce. This might be because it is rather difficult to image microscopic
crystalline and amorphous domains, especially for thin filament cross-
sections. Up to now, polarized optical microscopy [59-62], trans-
mission electron microscopy [63], and atomic force microscopy [64],
have mostly been used to image crystalline domains (e.g. spherulites) in
polymer films.

In order to calculate the radial gradients, we have averaged the
crystallinities in different annuli of 2 pm width for DR1, DR2 and DR4,
and of 1.5 pm width for the mono and bico fiber, respectively. The
symmetrized radial gradients of the obtained absolute Raman crystal-
linities are shown in Fig. 5b.

For DR1, DR2 and mono, the crystallinity is slightly increasing to-
wards the fiber surface, whereas for DR4 and the bico fiber, the crys-
tallinity is decreasing towards the fiber surface or towards the interface
to PAG6, respectively. In case of online drawn monocomponent filaments
(mono), the surface region of the fibers is expected to cool down first
(since the core is hot due to drawing from the polymer melt), enhancing
the molecular orientation and thus stress-induced crystallization in the
surface region. For offline drawn fibers, however, a cold fiber is drawn
over a heating plate, thus the core of the fiber is drawn at a colder
temperature than the surface region, enhancing the stress-induced
crystallization in the core, which could explain the higher crystallinity
in the core of the offline drawn fiber, DR4.

Additionally, we have averaged all peak height ratios as well as the
FWHM of the peak at 1729 cm™! over the different annuli. The corre-
sponding symmetrized radial gradients are shown in Fig. 6 as percentage
changes of the ratios, or FWHM, with respect to the values of the inner
core (r <4 pm for DR1, DR2 and DR4, and r <2.5 pm for mono and bico,
respectively). Radial gradients are mainly observed for DR4 and the bico
fibers in the ratios Iggp/I1120 and I1097/11120 (negative gradients), as well
as in the I1616/I1120 ratio (positive gradient). The latter suggests that the
core has a higher molecular orientation in the DR4 and bico fiber than
the outer areas of the fiber cross-sections. The average of the FWHM of
the 1729 cm™! peak remains almost constant along the radial direction,
which confirms our previous observation in the correlation analysis.
Interestingly, for DR2, an oscillatory behavior in the intensity ratios is
observed along the radial direction. We suspect that this is a result of
threadlike crystalline areas that grow from the sheath to the core, as is

T
y ',‘ —— linear fits
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Fig. 5. (a) Calculated Raman crystallinity maps. Top row: mono and bico fibers. Bottom row: DR1, DR2, DR4. Analyzed annuli for radial profiles are illustrated with
rings. (b) Symmetrized radial gradients of absolute Raman crystallinity for all fibers. Linear fits are shown as red lines. (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)
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highlighted in Fig. 6 for DR2.

3.1.6. Azimuthal variations

We have also determined the azimuthal change in peak height ratios
and FWHM for all fibers, see data in brief [23]. The fiber cross-sections
of DR1, DR2 and mono all appear to have a radial symmetry due to the
lack of azimuthal changes. DR4 and the bico fiber, however, are not
perfectly symmetric. Although the changes in the peak height ratios are
rather subtle (<3%), a clear change in certain peak height ratios
(Ise0/T1120, I1097/T1120, Li616/11120) along the azimuth can be observed,
where the relative change in I;616/11120 behaves opposite to the ones of
the ratios Iggo/11120 and I1997/11120. Fiber DR4 was drawn over a heating
plate, which explains why its radial symmetry is not fully given. In the
case of the bico fiber, the thickness of the PA6 sheath is not perfectly
uniform, which also leads to a breakage of radial symmetry.

3.2. WAXD analysis

As a complementary method, WAXD can be used to determine the
phases that are present in the fibers as well as to extract average crys-
tallinity values of the fibers. WAXD patterns of the DR1, DR2, DR4,
mono and sheath-removed bico fibers are shown in Fig. 7. Corre-
sponding small-angle x-ray scattering (SAXS) patterns, which give

amorphous

S crystalline nuclei

information about the arrangement of crystals and crystallite sizes, are
shown in the data in brief [23]. Note that for the bicomponent fiber, the
sheath was removed following the procedure that is explained in the
experimental section. WAXD and SAXS patterns of bico fibers still con-
taining the sheath are shown in the data in brief [23]. The scale for the
intensity in the patterns is arbitrary, since, for each fiber type, different
numbers of fibers have been placed into the x-ray beam.

The WAXD pattern of fiber DR1 shows an amorphous ring. For DR2,
we observe an equatorial broad peak, which can be associated with the
typical highly oriented non-crystalline mesophase (Py) in PET [4,5,40,
48-51]. In the literature, various terminologies have been used to
describe this phase: liquid crystalline transient mesophase [48,50],
taut-tie noncrystalline phase (TTNC) [65], oriented intermediate phase
[66], oriented amorphous phase [67], paracrystalline phase [6], and
highly oriented non-crystalline mesophase [4,5,51,68-72]. Upon
further drawing (DR4), sharp crystalline peaks appear, which arise from
the triclinic unit cell of PET [66,73]. The WAXD pattern of the PET core
from the bico fiber shows even sharper peaks than the DR4 or mono
fiber, confirming a high crystallinity and a high orientation of crystals in
the bicomponent fiber. The WAXD pattern of the mono fiber shows that
this fiber has a mixture of mesophase and crystalline phase. SAXS pat-
terns confirm that fibers DR1 and DR2 are amorphous (non-crystalline)
due to the absence of lamellar reflections. It can, however, not fully be

bico
sheath removed

fiber axis

crystals

Fig. 7. WAXD patterns for all fibers. Note that for the bicomponent fiber, the sheath was removed. Schematics of corresponding structures are shown in the bot-

tom row.
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excluded that there are some small nanocrystals present in these fibers.
The presence of the mesophase peak in the WAXD pattern of the DR2
fiber, and the lack of lamellar peaks or rings in the SAXS pattern, indi-
cate that the mesophase is non-crystalline. A sketch of the suggested
structures for DR1 and DR2 is shown in the bottom of Fig. 7.

3.3. Comparison of average crystallinity and surface crystallinity values
using different methods

Calculated average crystallinity values from Raman mapping of
entire fiber cross-sections are summarized in Table 6 and are compared
to values obtained by other methods (DSC, WAXD [23]). All average
crystallinity values of DSC, WAXD and Raman are remarkably close to
each other. The average crystallinities are increasing from DR1 to DR4
due to strain-induced crystallization [74]. Furthermore, the crystallinity
of the PET core in the bicomponent fiber is significantly larger than the
crystallinity value of the monocomponent PET, which has been
melt-spun under almost the same conditions. Only the temperatures of
godet 1 and godet 2 have been slightly adapted by +25 °C and —20 °C,
respectively, in order to enable post-drawing of the bicomponent mul-
tifilaments with same speeds and DR (Table 3). For the same reason, the
number of windings around godet 1 and 2 have been reduced for the
bicomponent multifilaments. Although these slight differences in the
godet temperatures and number of windings might be responsible for
the higher crystallinity of the PET core of the bicomponent filament, we
believe that the main reason is because the PA6 sheath slows down the
cooling of the PET core. The melting point of PET (T, = 260 °C) and the
glass transition (Tg = 75 °C) are higher than the ones of PA6 (T, =
225 °C, Tg = 50 °C) [2]. Thus, during solidification, the PET core so-
lidifies first, but its solidification is delayed compared to a PET mono-
component filament without PA6 sheath, since the PA6 sheath stays
longer in a molten state due to its lower melting point, which in turn
keeps the PET core at elevated temperature for a longer time. Thus, the
solidification stress of PET is increased, while that of PA6 is decreased,
leading to a higher crystallinity in PET (analogously to PET-PP fibers
[75,76]). Note that the thermal conductivity of PET (0.15 Wm K D is
significantly smaller than that of PA6 (0.25 W m K1) at 25 °C [77].
Molecular orientation and crystallinity of the polymer with higher melt
and glass transition temperatures (PET) are enhanced, while those of the
second polymer (PA6) are suppressed [3]. The higher crystallinity of the
PET core in the bicomponent fiber, compared to the monocomponent
fiber, can thus be explained by the fact that the radial thermal profile of
the PET is influenced by the presence of the surrounding PA6 compo-
nent. Similar behaviors have been reported in previous publications for
PPS-PET (core-sheath) bicomponent fibers [7] and for other bicompo-
nent PET-PAG6 fibers [78].

We have also determined the surface crystallinity values of samples
DR1-DR3 with attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) (data in brief [23]) and compared the values to
the surface crystallinity values extracted from Raman measurements

Table 6
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from the outmost annulus of the fiber cross-sections (Table 6). Extracted
crystallinity values from ATR-FTIR spectra are also remarkably close to
extracted surface crystallinity values from Raman (see also Figures in
data in brief [23]).

However, it turned out that the extraction of crystallinity values from
WAXD profiles or ATR-FTIR data is less reliable since the values depend
strongly on the selection of the amorphous background. For WAXD, a
range of crystallinity values (Table 6, values in brackets) can be ob-
tained, depending on the background selections. In the case of ATR-
FTIR, the reference of the amorphous signal contribution to the trans
infrared bands has to be known, and the pressure applied to the thin
fibers may also induce structural changes during the measurement,
rendering this method less accurate. Additionally, the estimation of the
absorptivity adds another uncertainty to the determination of the sur-
face crystallinity.

4. Conclusion

A high-resolution (spatial resolution <1 pm) Raman mapping
method was presented, which enables the study of 2D microstructures
(crystallinity and molecular alignment) of thin polymer filament cross-
sections. A special peak fitting routine was developed to obtain Raman
maps, e.g. peak positions, widths, heights, areas, height ratios and area
ratios over the face of polymer fibers. Raman maps have been obtained
for differently drawn thin PET filaments (diameter <79 pm) and melt-
spun monocomponent PET filaments, as well as bicomponent core-
sheath PET-PA6 filaments. Crystallinity values of the PET material
were extracted by fitting the Raman spectra peaks arising from the trans
and gauche conformations of the ethylene glycol segment. An inter-
connected network of microscopic strands of high crystallinity, within a
low crystalline matrix, was observed for all fiber cross-sections. Raman,
WAXD and DSC data confirmed that the crystallinity increases upon
drawing and that the bicomponent PET-PAG6 fiber has a more crystalline
PET core than the monocomponent melt-spun PET fiber. Crystallinity
values in the annuli of the fiber cross-sections were averaged to obtain
radial crystallinity profiles. The highly drawn fiber, DR4, and the
bicomponent fiber, bico, showed that the PET material was more crys-
talline in the core than at the PET surface or the PET-PAG6 interface. The
higher core crystallinity of the offline drawn fiber, DR4, can best be
explained by the heating of the fiber from the outside during drawing,
whereby the core remains longer cold, which enhances stress-induced
crystallization in the core. In case of the bicomponent fiber, the PA6
sheath is supposedly keeping the PET core at elevated temperature for a
longer time, leading to a similar effect.

We have shown that high-resolution Raman mapping is an ideal
technique to study radial structural gradients in crystallinity or molec-
ular alignments of thin PET fiber cross-sections. A more detailed analysis
of the molecular alignments in the fiber cross-sections could be done
with polarization-dependent Raman measurements [79,80]. Also, a
depth profiling of amorphous and crystalline areas in fiber cross-sections

Crystallinity values of PET, obtained with different techniques. NM: not measured, NA: not measurable or not computable.

Average crystallinity

Surface crystallinity

Sample ¥DSC(a) ¥WAXD (§) from azimuthal profiles ~ yWAXD (§) from radial profiles =~ yRaman(b) ysurface Raman(c) TR (%) 2R (%)
(%) (%) (%) (%) (%)

DR1 79 +1.2 NA NA 9.7 £6.5 10.2 £7.2 15.1+2.3 13.6+1.3
DR2 11.4+1.6 13.0* (10.8-18.1) NA 10.8 + 6.0 10.7 £ 6.6 19.6 £1.9 16.1+£25
DR4 36.8 + 0.6 36.6 (28.2-45.1) 35.8 (24.6-47.8) 38.6 £ 2.7 37.9+3.0 38.3+0.6 341+1.4
mono 37.4+0.5 38.9 (34.6-44.2) 38.5 (30.5-47.2) 352+ 3.4 355+ 3.2 NM NM

bico, PET 40.4 + 1.7 NA NA 41.0 + 2.4 39.3+ 26 NA NA

bico, sheath 41.7 £1.1 42.2 (32.1-53.7) 44.6 (38.7-51.9) NM NM NM NM

removed

(§) values in brackets correspond to lower and upper bounds [23]. *This intensity percentage is attributed to the Pnc mesophase. Standard deviations are calculated
from: (a) three DSC measurements. (b) all measured crystallinity values in the fiber cross-section. (c) all measured crystallinity values in the outmost annulus of the

fiber cross-section.
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would be possible, by moving the focus point of the laser deeper into the
sample. Additionally, Raman maps of fiber samples cut along the fiber
axis could reveal interesting microscopic structural changes along the
fiber axis. To sum up, high-resolution Raman mapping opens an exciting
pathway to study how processing parameters, or other physical and
chemical modifications (e.g. plasticizers, crosslinkers), affect the radial
structure of polymer fibers.
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