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A B S T R A C T   

Surface properties of monofilaments can be tailored with radial structural gradients, which is of specific interest 
for technical textile applications. Radial gradients in fine (≤ 40 μm thick) poly(ethylene terephthalate) mono
filaments have been studied with high-resolution Raman mapping and one-dimensional microbeam small-angle 
x-ray scattering tomography. Filaments have been melt-spun by using online and offline drawing techniques. 
Radial structural gradients are strongly affected by the drawing method. Raman mapping revealed that offline 
drawn filaments have a higher crystallinity in the core than in the surface region, whereas the opposite is the case 
for online drawn filaments. The molecular alignment was the highest in the core for all filaments. Microbeam 
SAXS tomography revealed that the long-spacing between crystals, in the direction of the fiber axis, increases 
towards the fiber surface. Fibers that have been drawn to a larger extent, resulting in improved tensile strength, 
have been found to have a larger long-spacing.   

1. Introduction 

Poly(ethylene terephthalate) is the most used polymer for melt-spun 
fibers in the textile industry due to its excellent physical properties and 
low price. Thus, the global demand for PET fibers is still rising every 
year. PET fibers are used in sectors like home furnishing, filtration, 
automotive or technical textiles [1]. For technical textiles, the radial 
structure is of particular interest, since it affects tensile properties and 
surface characteristics like abrasion resistance of the fiber. However, it is 
very challenging to extract radial structural gradients in fine (26–40 μm 
thick) polymer fibers. One dimensional gradients can be detected by e.g. 
1D small-angle x-ray scattering (SAXS) tomography or wide-angle x-ray 
diffraction tomography [2–6]. The major disadvantages of 1D tomog
raphy methods are (a) that they rely on the assumption that the fibers 
are radially symmetric and (b) that the signal-to-noise ratio is often very 
low in reconstructed tomography images due to the fineness of the fi
bers. Other methods to obtain one-dimensional gradients are for 

example polarized light microscopy [7] and conventional Raman spec
troscopy [8]. The disadvantage of the latter techniques is that the signal 
is averaged over the depth of the measured filament region, resulting in 
a smeared 1D profile. Two-dimensional information about fiber 
cross-sections, on the other hand, is challenging to obtain. A possible 
technique is e.g. 2D SAXS tomography, where the sample is rotated 
while taking images. Here, the major disadvantages are (a) the 
complexity of the measurements, (b) the amount of data obtained for 
analysis and (c) that the measurement has to be performed at a syn
chrotron. In contrast, the confocal 2D Raman mapping has been shown 
to be an ideal laboratory tool to study the radial structure (crystallinity, 
molecular alignment) in PET fiber cross-sections [9]. With already 
developed Python codes in place, the analysis of Raman data becomes 
rather rapid and feasible. 

In this article, we have investigated the effect of the drawing method 
on the radial structural gradient of fine PET filament cross-sections with 
2D Raman mapping and 1D SAXS tomography. A detailed 2D Raman 
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mapping analysis of the crystallinity and molecular alignment in fine (≤
40 μm) PET filament cross-sections is presented. 1D SAXS tomography 
was used to extract complementary information about e.g. long-spacings 
between crystals and crystal tilts. 

2. Experimental 

2.1. Materials 

PET monofilaments were provided by Monosuisse AG (Emmen
brücke, Switzerland). Drawn monofilaments have been achieved by a 2- 
step drawing technique, where an as-spun monofilament was drawn 
offline over a heating plate. Also, a 1-step drawing technique was 
applied, where monofilaments were drawn online during the melt- 
spinning procedure. Two different types of PET pellets have been 
used, Grisuten (Märkische Faser GmbH, Premnitz, Germany) and RT20 
(Invista, Wichita, Kansas, United States). Pellets have been post
condensated (heated under vacuum) to achieve an intrinsic viscosity of 
about 0.99 dl/g for Grisuten and 0.95 dl/g for RT20. The spin pack had a 
temperature of 312 ◦C and consisted of a spinneret which had 8 capil
laries for the 2-step drawn fibers and 16 capillaries for the 1-step drawn 
fibers. Each capillary die had a diameter of 0.45 mm and a length of 
1.35 mm (for Ø = 35 μm, 40 μm fibers), or a diameter of 0.25 mm and a 
length of 0.75 mm (for Ø = 26 μm fibers), respectively. The drawing 
technique, raw materials, fineness, diameters and draw ratios are sum
marized in Table 1. The draw ratio (DR) is the ratio between the winder 
speed and the take-up godet speed. 

2.2. Characterization 

2.2.1. High-resolution Raman mapping 
PET fibers have been embedded in a resin hardener (Epoxi cure 2, 

Buehler, USA) following the procedure described elsewhere [10]. 
High-resolution (spatial resolution <1 μm) Raman maps have been 

measured with a WITec Alpha 300 R confocal Raman microscope 
(WITec GmbH, Ulm, Germany) in backscattering geometry at Empa 
(Dübendorf, Switzerland). A blue laser with a 488 nm wavelength was, 
after passing a lambda-halfplate for linear polarization, focused onto the 
embedded sample using a 100× objective with a numerical aperture of 
0.9. The diffraction-limited in-plane laser spot size is below 1 μm and the 
confocality of the Raman microscope limits the focal depth to approxi
mately <1 μm. The laser power was set to 5 mW and the integration time 
for each spectrum was 0.4 s for all filaments. These settings ensured that 
no heating damage occurred in the samples due to the laser. A 300 mm 
lens-based spectrometer with a grating of 1800 g/mm and a thermo
electrically cooled CCD was used to analyze the backscattered light. 
Note that in the backscattered light no polarization selection was per
formed and that the Rayleigh scattered light was blocked by a notch 
filter. 

The embedded samples were mounted onto a piezo stage and were 
scanned through the laser. Typically, an area of 40 × 40 μm was mapped 
with 80 × 80 lines, and for thicker samples an area of 45 × 45 μm was 
mapped with 90 × 90 lines. The measured spectra have been treated 
with a cosmic ray removal procedure and background was subtracted 
using the WITec Project Five (version 5.1, WITec GmbH, Ulm, Germany) 
software. All cosmic ray and background corrected Raman spectra were 
subsequently binned by averaging over 4 spectra (2 × 2), spanning an 
area of 1 μm2. The binned spectra were then normalized by the in
tensities of the 1291 cm− 1 Raman band. The same data treatment has 
already successfully been applied to other PET fibers in the past [9]. 

Python codes have specifically been developed to fit Raman bands. 
Best fits have been achieved by fitting the bands to split-Pearson VII 
functions and a linear background. The split-Pearson VII sums up two 
Pearson VII functions. The intensity curve is split into two parts, one on 
the left side and one on the right side of the peak’s maximum. Each side 
is fitted with a Pearson VII function, which is a Lorentzian function 
raised to the power m (shape factor) and is given by the following 
equation. 

Table 1 
Fiber labels, article numbers (Monosuisse AG), drawing method, material, fiber fineness (tex = mg/m), diameters and draw ratios.  

Fiber labels Article numbers Drawing Material Fineness (dtex) Diameter (μm) DR 

2s-26 11ZS0262026001 2-step Grisuten 7 26 4.6 
2s-35 11ZS0180026001 2-step Grisuten 14 35 4.6 
2s-40 11ZS0262035001 2-step Grisuten 17 40 4.6 
1s-26 11U31810035001 1-step RT20 7 26 5.1 
1s-35 11ZS0262040001 1-step RT20 14 35 5.2 
1s-40 11U31810040001 1-step RT20 17 40 5.2  

Fig. 1. Microbeam SAXS tomography setup. Inset: View of face of the fiber. Translation of the fiber through x-ray beam (red arrows). Through reconstruction, one 
obtains the structural information in the voxels (blue) at a distance r from the center. (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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IRaman
sim = I

FWHM2m
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FWHM2 +

(
21/m − 1

)
(x − x0)

2]m (Eq. 1) 

The crystallinity χRaman of the PET fiber cross-sections determined 
with Raman spectroscopy was calculated using the following equation 
[9]: 

χRaman(%) =
I1097 − I1097a

I1120 + I1097
× 100 (Eq. 2)  

where I1097 and I1120 are the measured intensities (peak heights) of the 
1097 cm− 1 and 1120 cm − 1 peaks of the sample of interest. I1097a is the 
intensity of the 1097 cm− 1 vibration band of a 100% amorphous sample. 
In PET, the trans ethylene glycol conformation and thus the I1097 peak is 
also present in a 100% amorphous sample, and therefore its intensity 
contribution, I1097a, has to be subtracted from the intensity contribution 
of the semi-crystalline sample, I1097. The I1097a was estimated to be 
about 0.17 by comparing the calculated crystallinities with values ob
tained from differential scanning calorimetry. 

2.2.2. Microbeam SAXS tomography 
One-dimensional microbeam SAXS tomography measurements have 

been performed at the cSAXS beamline at the Swiss Light Source syn
chrotron of the Paul Scherrer Institute in Switzerland. All monofilaments 
have been mounted horizontally onto a support, which has been 
attached to a piezo stage. An evacuated, 2.1 m long flight tube was 
positioned in-between the sample mount and the Pilatus 2 M detector 
[11] in order to reduce air-scattering. The monofilaments were trans
lated step-wise (1.25 μm steps) through a micrometer-sized (horizontal: 
30 μm, vertical: 5 μm) x-ray beam. A Fresnel zone-plate was used to 
achieve such a small beam size and a monochromator was used to tune 
the energy of the x-ray beam to 11.2 keV. One scan of a monofilament 
through the x-ray beam resulted in 100 SAXS images with 1s exposures. 
For each filament, the scans have been repeated 10 times, except for 
fiber 1s-35, where the scans have been repeated 20 times. The mono
filaments have been displaced side-wise by 40 μm in-between each scan 
(Fig. 1). A transmission diode, which was mounted in the beamstop, 
allowed to reliably find the center of the fiber for each scan. 

SAXS patterns have been assigned to distinct volumes (voxels) within 
the fiber cross-section by applying a one-dimensional tomographic 
reconstruction by means of the inverse Abel transformation [12] (inset 
Fig. 1). The reconstruction algorithm is based on the assumption that the 
filaments have radial symmetry and can be accomplished by a 
matrix-vector multiplication with either the two-point Abel deconvo
lution or the Basex Abel transform method [5,6]. We have used the same 
Matlab codes that have already been successfully applied for the 
one-dimensional tomographic reconstruction of polyamide 6 mono
filaments [2]. All images shown in the result section have been centered 

and cropped to a square around the direct beam position (|s12, s3|< 0.3 
nm− 1), followed by transposing the images so that the meridian (s3, 
parallel to fiber axis) is vertical (unlike the image shown in Fig. 1). 
Additional data treatment had to be done before applying the recon
struction algorithms to the images. These details are given in the sup
porting information (SI section 3.1). 

The momentum transfers, s12 and s3, are calculated using the 
following equations, where x12 denotes the horizontal distance of the 
pixel centers to the direct beam position, x3 denotes the vertical distance 
(parallel to fiber axis) of the pixel centers to the direct beam position, λ 
= 1.1 Å is the wavelength of the x-rays, and F = 2.152 m is the sample to 
detector distance. 

s12 =
x12

λF
, (Eq. 3)  

s3 =
x3

λF
(Eq. 4) 

In order to improve the signal-to-noise ratio, radially neighbouring 
four-point reconstructed and symmetrized (around the equator) SAXS 
patterns have been averaged. These binned images have then been 
projected onto the longitudinal s3 axis (along the fiber axis, meridian), 
and onto the transversal s12 axis (perpendicular to fiber axis), respec
tively [3]. The corresponding equations for the projections are given 
below. 

I(s3)= 2π
∫∞

0

s12 I(s12, s3)ds12 (Eq. 5)  

I(s12)= 2
∫∞

0

I(s12, s3)ds3 (Eq. 6) 

In case of the transversal projection, only the data in a horizontal slab 
around the upper two reflections was projected onto s12, to avoid the 
high intensity of the direct beam. Fitting examples are shown in the 
supporting information (SI Figs. 4 and 5). 

Structural information is extracted from the projections as follows. 
Two models can explain the observed four-point SAXS pattern (Fig. 2a) 
of PET filaments. The first model (checkerboard model) consists of a 
macro-lattice, where lamellae (crystals) are stacked along the fiber axis, 
having a longspacing of L3 [13,14]. These stacks of lamellae form mi
crofibrils, which have a transverse distance of L12 (Fig. 2b). The second 
model (tilted lamellae model) consists of a macro-lattice with lamellae 
that are tilted away from the filament axis by an angle, φ (Fig. 2c) [15, 
16]. 

The average long-spacing, L3 = |1/s3LM|, between lamellae along the 
fiber axis was determined by fitting the symmetrized longitudinal 

Fig. 2. (a) Four-point SAXS pattern and corresponding structural models: (b) checkerboard model (c) tilted lamellae.  
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projections to Pearson VII functions, where the location of the four-point 
reflections along the fiber axis is denoted as |s3LM|. The lateral long- 
spacing, L12 = |1/s12LM|, between crystals was then calculated from 
the transversal peak positions, |s12LM|. For the tilted lamellae model, the 
tilt-angle of lamellae with respect to the filament axis can be calculated 
as follows. 

φ= ± arctan
(

s12LM

s3LM

)

= ±arctan
(

L3

L12

)

(Eq. 7)  

3. Results and discussion 

3.1. Raman mapping 

Raman maps have been measured across the face of all fibers. The 
assignments of relevant Raman bands to vibrations in PET are summa
rized in Table 2. 

As mentioned in the experimental section, all Raman spectra from 
PET have been normalized to the peak at 1291 cm− 1, which is arising 
from a ring and O–C stretching. It is necessary to perform this normal
ization procedure to eliminate changes in the intensity due to e.g. a bent 
fiber surface. The same normalization procedure has already been suc
cessfully applied previously [9]. Three spectral regions have been 
analyzed, that comprise the following four Raman bands: 1097, 1120, 

Table 2 
Assignments of Raman bands to vibrations in PET [17–20].  

Peak 
position 

Assignment 

1097 cm− 1 Ring C–C, ester C(O)–O, ethylene glycol C–C stretching (trans) 
1120 cm− 1 Ring C–H in-plane bending, ester C(O)–O and ethylene glycol C–C 

stretching (gauche) 
1291 cm− 1 Ring and O–C stretching (used for normalization) 
1616 cm− 1 C–C/C––C benzene ring mode 8a (Wilson notation [21]) 
1729 cm− 1 C=O stretching  

Fig. 3. Binned Raman spectra in the center of fiber cross-sections (2s-35 and 1s-35). Three spectral regions were fitted comprising the Raman bands at (a) 1097, 
1120 cm− 1, (b) 1616 cm− 1 and (c) 1729 cm− 1. 

Fig. 4. Calculated Raman crystallinity, χRaman(%), maps of fiber cross-sections. Top row: 2-step drawn fibers. Bottom row: 1-step drawn fibers. The integrated annuli 
of 2 μm in width are shown as black circles. 
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1616 and 1729 cm− 1. The normalized Raman intensities are shown in 
Fig. 3 for the fiber samples 2s-35 and 1s-35. Each Raman band has been 
fitted to a split Pearson VII function. As can be seen from Fig. 3, the fits 
(dashed curves) perform well. 

The ethylene glycol segment is known to adopt a trans conformation 
in the crystalline phase of PET and gives rise to a Raman band at 1097 
cm− 1, as is shown in Fig. 3a. In the amorphous phase, however, both 

gauche and trans conformations are present [17–19,22–26]. The gauche 
conformation gives rise to a Raman band at 1120 cm− 1 (Fig. 3a). The 
peak heights of these two bands can be used to determine PET crystal
linities using equation (2). The Raman band at 1616 cm− 1 (Fig. 3b) 
arises from the symmetric stretching of the 1,4-carbons of the benzene 
ring [27] and is reflecting the molecular orientation of polymer chains 
[27–30]. The 1729 cm− 1 (Fig. 3c) Raman band arises from the C––O 
stretching. Mainly its width is of interest since it is inversely correlated 
with the crystallinity of PET [9]. 

The obtained crystallinity maps from analyzing the 1097 and 1120 
cm− 1 Raman bands for all fiber cross-sections are shown in Fig. 4. 
Interconnected networks of crystalline strands within low crystalline 
matrices are observed, similar to previous observations for other PET 
fibers [9]. It is also observed that 2-step drawn fibers show less radial 
symmetry than 1-step drawn fibers. For 2-step drawn fibers this 
non-uniformity may be a result of the drawing over a heating plate. 

Radial gradients in the crystallinities have been calculated by aver
aging the crystallinity values in annuli of 2 μm width and are shown in 
Fig. 5. For the 2-step drawn fibers (Fig. 5a), the crystallinity is 
decreasing towards the fiber surface (2s-40, 38.1%–35.4%), whereas for 
the thicker 1-step drawn fibers (Fig. 5b), the crystallinity is weakly 
increasing (1s-40, 39.1%–39.6%) towards the fiber surface. The given 
crystallinity values refer to the values extracted from the fitted poly
nomial function. For 2-step drawn fibers, the fiber is wound up directly 
after melt-spinning, later followed by a drawing of the conditioned fiber 
over a heating plate. In this case, the core of the fiber is drawn at a colder 
temperature than the surface region of the fiber, which enhances the 
stress-induced crystallization in the core. For 1-step drawn fibers, on the 
other hand, the fiber is drawn directly online during melt-spinning, and 
the surface cools down first, which enhances the stress-induced crys
tallization in the surface region of the fiber. For the thinnest sample, 1s- 
26 μm, the melt strand cools down and solidifies the fastest, and is most 
likely heated back up in the online drawing, which may be the reason 
why an opposite trend is observed in the radial gradient of the crystal
linity for this particular sample. Note that this sample has also been 
melt-spun with a different capillary die and take-up speed, in order to 
achieve a fine filament using the same draw ratio. 

Additionally, we have analyzed the intensity of the 1616 cm− 1 

Raman band of the normalized spectra. The corresponding Raman maps 

Fig. 5. Symmetrized radial crystallinity gradients. Polynomial fits are shown as 
dotted lines. (a) 2-step drawn fibers and (b) 1-step drawn fibers. Errorbars of 
Raman crystallinities are shown as shaded areas, they have been extracted 
through error propagation of peak fit errors. 

Fig. 6. Intensity maps of the 1616 cm− 1 Raman band. Top row: 2-step drawn fibers. Bottom row: 1-step drawn fibers.  
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are shown in Fig. 6. As mentioned before, this Raman band corresponds 
to the benzene ring mode and reflects the molecular chain orientation. 
The incident laser light onto the sample is linearly polarized in the plane 
of the sample and thus only benzene rings that lie in the plane of the 
sample contribute to the 1616 cm− 1 Raman band signal. Thus, if the 
chains lie out-of-plane along the fiber axis, the benzene rings lie also 
along the fiber axis, leading to a smaller 1616 cm− 1 Raman band signal 
[31–33]. Therefore, the higher the 1616 cm− 1 intensity, the lower is the 
orientation of the molecular chains. From Fig. 6, one can therefore 
deduce that 2-step drawn fibers have less oriented chains than 1-step 
drawn fibers, which most likely correlates with the smaller draw ratio 
of 2-step drawn fibers. Interestingly, the regions of less orientation (high 
intensity) correlate with the low crystallinity regions in Fig. 4. This 
signifies that the molecular chains are less oriented in regions that un
dergo less stress-induced crystallization. 

The symmetrized radial gradients of the Raman band intensity 1616 
cm− 1 are shown in Fig. 7. The analysis shows that the core is more 
oriented than the surface region, especially for the 2-step drawn fibers. 
Less pronounced radial gradients are observed for the 1-step drawn fi
bers. The explanation why the molecular alignment is higher in the core 
than at the surface of PET fibers is not straightforward, because many 

factors influence the molecular alignment during the spinning and 
drawing procedures, like for example solidification stress and necking 
(squeezing deformation), internal shear due to temperature gradients, 
shear imposed onto the surface by godets or heating plates, as well as 
stress-induced crystallizations and tilts of crystals thereof [34]. 

The extracted average values of the crystallinities, full width at half 
maximum (FWHM) of the 1729 cm− 1 Raman band, and the intensity of 
the 1616 cm− 1 Raman band, are summarized in Table 3. Note that the 
average Raman crystallinity values match well with values extracted 
from differential scanning calorimetry measurements (supporting in
formation, SI section 2, Table 1). The Raman maps and radial gradients 
of the FWHM of the 1729 cm− 1 band are shown in the supporting in
formation (SI, Fig. 1). A lower crystallinity often correlates with a higher 
FWHM of the 1729 cm− 1 band and vice versa [9,22]. The FWHM is 
increasing towards the fiber surface for the 2-step drawn fibers, and is 
decreasing towards the fiber surface for the 1-step drawn fiber, 1s-40 
(supporting information, SI Fig. 2). Thus, these observed trends for the 
FWHM of the 1729 cm− 1 band confirm the observed radial trends for the 
crystallinity (supporting information, section 1.1.). The average in
tensity of the 1616 cm− 1 Raman band in Table 3 shows that the 2-step 
drawn fibers have less oriented molecules (higher intensity values), 
which is most likely a result of the lower draw ratio. 

Fig. 7. Symmetrized radial gradients of the 1616 cm− 1 Raman band intensity. 
(a) 2-step drawn fibers and (b) 1-step drawn fibers. Errorbars of the measured 
average radial intensities are shown as shaded areas. 

Table 3 
Average values extracted from Raman maps: crystallinity, FWHM of 1729 cm− 1 

and intensity of 1616 cm − 1 Raman band. Standard deviations were calculated 
from all the spectra in the fiber cross-sections.   

χ Raman (%)  FWHM 1729 cm− 1 (cm− 1) Intensity 1616 cm− 1 (a.u.) 

2s-26 37 ± 5 21.2 ± 0.7 3.1 ± 0.2 
2s-35 39 ± 5 20.6 ± 0.7 2.8 ± 0.2 
2s-40 36 ± 6 21.4 ± 1.0 3.0 ± 0.3 
1s-26 38 ± 7 21.4 ± 0.9 2.7 ± 0.3 
1s-35 39 ± 5 21.1 ± 0.7 2.6 ± 0.2 
1s-40 39 ± 5 21.1 ± 0.9 2.5 ± 0.2  

Fig. 8. Averaged SAXS patterns from the central region (r < 2 μm) of the fibers. 
Note that the measured patterns have been treated through cropping, trans
posing and symmetrizing operations (supporting information, section 3). 

Fig. 9. Reconstructed averaged SAXS images from the central region (r < 6 μm) 
of the fibers using the Basex algorithm. 
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3.2. Microbeam SAXS tomography 

One-dimensional microbeam SAXS tomography was performed to 
obtain complementary information about long-spacings (spacing between 
crystals) and crystal tilts. Long-spacings are expected to be correlated with 
the draw ratio and thus tensile properties of the fiber. Measured SAXS 
patterns from the center of the fiber (averaged over 2 images, r < 2 μm) are 
shown in Fig. 8. For details about the data treatments, the reader is referred 
to the experimental section and the supporting information (SI, section 3). 
The SAXS patterns in Fig. 8 show that there is a clear difference between the 
2-step and 1-step drawn PET filaments. The 2-step drawn filaments have 
quite a strong 4-point pattern, whereas filaments, which have been drawn 
online (1-step), show a weaker pattern and the reflections are vertically 
located closer to the direct beam. 

Corresponding reconstructed images (averaged over 5 images, r < 6 
μm), using the BASEX algorithm, are shown in Fig. 9. The weak scat
tering of PET crystals, as well as the small scattering volume due to the 
fineness of the fibers (≤ 40 μm), lead to a low signal-to-noise ratio in the 
reconstructed SAXS patterns. To enhance the signal-to-noise ratio, and 
thus to better visualize the scattering in the reconstructed images, the 
images have been averaged over a larger central region (r < 6 μm). Note 

that one sample, 1s-35, was measured with more scans and longer 
exposure times (10 scans with 1s, and 10 with 2s) and thus the signal-to- 
noise ratio for this particular filament is improved. 

The averaged SAXS patterns from the edge region (supporting in
formation, SI Fig. 8) are weaker and reflections appear to be closer to the 
meridian. Fig. 10 shows the meridional profiles extracted from the 
reconstructed images (Basex, Abel) and the measured images from the 
center of the fiber (r = 0) up to its surface for (a) the 2s-35 sample and 
(b) the 1s-35 sample. The red stars indicate the fitted lamellar peak 
positions, s3LM, through fits with Pearson VII functions. For both fibers, 
the lamellar reflections move towards the direct beam, which indicates 
an increase in the long-spacing, L3. Fits of transversal profiles to extract 
the transversal long-spacing, L12, are shown in the supporting infor
mation (SI Fig. 6). 

The gradients in the long-spacings L3 and L12, and crystal tilt angles for 
fiber samples 2s-35 and 1s-35, are shown in Fig. 11 for measured, Abel and 
Basex reconstructed images. Overall, the measured images, as well as Abel 
and Basex reconstructed images, give very similar results. For the 2s-35 
fiber, the long-spacings and crystal tilts are rather constant. In the case of 
the 1-step fiber, however, the long-spacings increase towards the fiber 
surface. 

Fig. 10. Meridional profiles extracted from binned reconstructed (Basex or two-point Abel algorithms) and measured SAXS patterns for different radial positions 
(step size 1.25 μm) for fiber (a) 2s-35 and (b) 1s-35. Stars indicate the found meridional lamellar positions, s3LM. 

E. Perret et al.                                                                                                                                                                                                                                   



Polymer 238 (2022) 124422

8

Overplots of the radial changes in long-spacings, and tilts with 
respect to the core, are shown for all fiber samples in Fig. 12. Overall, 
most fibers show a slight increase in the long-spacing L3 towards the 
surfaces of the fibers, which may be a result of necking, or of larger 
internal shear forces towards the surface. Note that the vertical dashed 
lines in Fig. 12 indicate the position of the fiber surfaces, thus data points 
slightly to the left or right of the vertical dashed lines indicate the po
sitions where the x-ray beam only partially hit the fiber. 

L12 shows a slightly decreasing trend for the 2-step fibers towards the 
surface, whereas for the 1-step drawn fibers it is slightly increasing. This 
results in tilts of the lamellae for the 2-step drawn fibers that are slightly 
increasing towards the fiber surface, but are rather decreasing for the 1-step 
drawn fibers. With Raman, it was observed that the molecular alignment is 
generally decreasing towards the fiber surface, which suggests that a 
smaller crystal tilt correlates with a lower molecular alignment. 2-step 
drawn fibers generally show a smaller crystal tilt (Fig. 11) than 1-step 
drawn fibers, while Raman data has shown a smaller molecular 

alignment of the 2-step drawn fibers (Fig. 7). 
One has to be careful with the interpretation of the results from one- 

dimensional SAXS tomography, because the reconstruction is based on 
the assumption of radial symmetry. Raman mapping results have shown, 
that the 2-step drawn fibers are not completely radially symmetric. The 
non-uniformity of the fiber may result in a slightly falsified picture of the 
radial gradient of structural data obtained by 1D SAXS, e.g. a less pro
nounced gradient than the effective gradient in the filament. One has 
also to be aware that the x-ray beam hits several micrometers of the 
fiber, and thus local radial asymmetries can be below the detection limit. 
Nevertheless, the consistent trend that long-spacings, L3, are slightly 
increasing towards the surface, suggests that this is indeed the case. 

The average long-spacings and tilts are shown in Fig. 13. Due to the 
higher draw ratios of the 1-step drawn fibers (DR = 5.2), the long- 
spacing, L3, is larger than for the 2-step drawn fibers (DR = 4.6), and 
the L12 is smaller for the 1-step fibers, since the crystals are pushed 
together in the lateral direction. This effect is most likely also causing 

Fig. 11. Determined long-spacings along the fiber axis, L3, and perpendicular to it, L12, as well as calculated tilt angles for fiber samples (a) 2s-35 and (b) 1s-35. 
Vertical dashed lines indicate the position of the fiber surface. If the center of the x-ray beam is located above the radial position of the fiber surface, then only 
the tails of the beam hit the fiber surface. 

Fig. 12. Changes in long-spacings and tilt angles with respect to the core of the fiber, for (a) 2-step drawn fibers and (b) 1-step drawn fibers.  
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the lamellae of the 1-step drawn fibers to be more tilted. The larger long- 
spacing in 1-step drawn filaments correlates with a higher tensile 
strength (~58 cN/tex) and a lower elongation at break (19%) compared 
to 2-step drawn filaments (~54 cN/tex, 25%). 

4. Conclusion 

High-resolution Raman mapping was used to investigate radial struc
tures in differently drawn and melt-spun PET filaments. The crystallinity 
has been successfully extracted from the Raman bands that are associated 
with the trans and gauche conformation of the ethylene glycol segments in 
PET. Raman maps have revealed that 2-step drawn filaments have a higher 
crystallinity in the core, whereas the thicker 1-step drawn filaments (⌀ =
35, 40 μm) have shown the opposite trend. Stress-induced crystallization 
occurs mainly in the core for the 2-step drawn fibers, whereas for 1-step 
drawn fibers, it mainly happens at the surface. The radial gradients in 
the FWHM of the 1729 cm− 1 Raman band (C––O stretching mode) have 
shown an inverse correlation with gradients in crystallinity. The molecular 
alignment was extracted from the 1616 cm− 1 Raman band (benzene ring 
mode) and has been found to be the highest (low peak intensity) in the core 
for all samples. Various factors can influence the radial profile of the mo
lecular alignment, such as necking, internal shear due to temperature 
gradients, shear imposed onto the surface by godets or heating plates, and 
stress-induced crystallization. On average, the 1-step drawn fibers have 
shown a higher molecular alignment than 2-step drawn fibers, which is 
most likely a result of the higher draw ratio of the 1-step drawn fibers. Note 
that in previous publications, high molecular alignments have also been 
correlated with the presence of mesophases (highly oriented non- 
crystalline molecular chains along the fiber axis) [9,35–38]. For the 
future, it would be interesting to analyze cross-sections taken along the 
fiber axis in order to study the longitudinal microstructure. 

1D microbeam SAXS has revealed that the long-spacing between 
crystals along the fiber axis is increasing towards the fiber surface for all 
fibers, and that the transversal long-spacing is slightly decreasing for 2- 
step drawn fibers, but increasing for the 1-step drawn fibers. The in
crease of the long-spacing along the fiber axis may also be explained 
through necking or larger shear forces that occur at the fiber surface. 
This gradient in long-spacing might affect the toughness of the surface. 
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