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A B S T R A C T   

Fine poly(ϵ-caprolactone) (PCL) filaments (diameter: 59–92 μm) were successfully melt-spun with modified 
drawing setups to prevent draw instabilities. Depending on the production parameters, different mechanical 
properties were obtained (tensile strength: 302–456 MPa, elongation at break: 69–88%). These variations are 
related to subtle structural differences, which we have analyzed with wide-angle x-ray diffraction (WAXD) and 
small-angle x-ray scattering (SAXS). SAXS was used to determine crystal widths and the spacing between crystals 
along the filament axis. Additionally, 2D WAXD patterns were simulated and WAXD profiles were fitted. The 
detailed 2D WAXD analysis revealed that a highly-oriented non-crystalline mesophase is present in drawn PCL 
filaments, which is most-likely situated in-between PCL crystals. A large amount of this mesophase (>16%), 
combined with high crystalline orientation and perfect crystals, led to higher tensile strength values. We also 
confirmed that PCL chains pack with non-planar chain conformations in the unit cell.   

1. Introduction 

Poly-ϵ-caprolactone (PCL) is a synthetic biodegradable aliphatic 
polyester [1–3] which is biocompatible [4] and has good mechanical 
properties [5]. The low melting point of PCL (~60 ◦C) and the slow 
biodegradation rate in the human body (several years) make PCL suit
able for biomedical applications like long-term drug delivery or 
long-lasting implants, sutures and 3D scaffolds for tissue engineering [1, 
4,6–10]. Additionally, PCL is compatible with a wide range of other 
polymers and thus has been investigated as a polymer blend component 
or copolymer for various applications [11–15]. PCL in the form of fila
ments is of particular interest for technical textiles. Despite the growing 
interest, only a few studies discuss the melt-spinning of PCL 
homo-component filaments [16–19]. In these studies, thick mono
filaments (280–900 μm) were produced, using a spin-drawing process, 
where filaments were directly melt-spun into a water or ice-water bath 
and afterwards drawn in different drawing zones. 

We have melt-spun PCL monofilaments without the use of a water 
bath in order to achieve fine filaments in an economic and upscalable 
way. Stress-induced necking (abrupt decrease in filament cross-sectional 
area) usually occurs in the drawing process of PCL. If the position of the 

necking point is unstable and eventually moves onto a godet, necking 
can be disturbed, leading to oscillations in the filament tension. Such 
draw instabilities can finally result in local fluctuations of the mono
filament cross-section and in frequent fiber breakage. In order to avoid 
such instabilities, we have successfully modified the online melt- 
spinning line as well as an offline drawing setup (experimental section). 

So far, most of the previously published studies on melt-spun PCL 
filaments have focused on investigating the effect of processing pa
rameters on mechanical properties. However, x-ray studies that present 
structural properties of melt-spun PCL filaments [17] or PCL films [20] 
are scarce. Two different crystal structures have been proposed for PCL 
in the past: Chatani et al. have suggested an orthorhombic crystal 
structure with lattice parameters of a = 7.47 Å, b = 4.98 Å and c(mo
lecular chain axis) = 17.05 Å with two non-planar molecular chains per 
unit cell [21]. In contrast, Bittiger et al. have proposed that the chains 
adopt planar chain conformations [22]. Hu et al. [23] have performed 
electron diffraction measurements and have found that the chains pack 
with non-planar chain conformations because of the twist near the ester 
linkage. This finding was in agreement with the previously suggested 
structure by Chatani et al. [21]. 

Here, we present a detailed structural analysis of melt-spun PCL 
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monofilaments (59–92 μm) with wide-angle x-ray diffraction (WAXD) 
and small-angle x-ray scattering (SAXS). Azimuthal and equatorial 
profiles of measured 2D WAXD patterns were fitted with extracted 
profiles from 2D simulated WAXD patterns, based on the theory previ
ously developed by Burger et al. [24]. These 2D fittings were performed 
to confirm the crystal structure of PCL and to get more precise estimates 
for crystal widths and preferred orientation than with conventional 1D 
profile analysis methods. The results of the 2D fitting procedure reveal 
that there exists a highly-oriented mesophase in PCL, which is 
most-likely situated in-between PCL crystals. This mesophase leads to a 
broad asymmetric equatorial reflection that lies underneath the equa
torial (110) and (200) reflections. Mechanical and thermal properties of 
all drawn filaments are correlated with the findings from the structural 
analysis. 

2. Experimental 

2.1. Materials 

Four PCL monofilaments were melt-spun from the PCL Capa™ 6500 
provided by Perstorp (UK) (Prochem AG, Zürich/Switzerland) in the 
form of pellets. The PCL (density of 1.1 g/cm3, nominal mean molecular 
weight of Mw = 50 kDa) had a melt flow index of 5.9–7.9 g/10 min (at 
160 ◦C and a load of 2.16 kg) and a melting point of Tm = 58–60 ◦C. 
Results from rheology, differential scanning calorimetry (DSC) and 
thermogravimetric (TGA) measurements of the polymer material are 
summarized in the data in brief article [25]. Rheology measurements 
have shown that the viscosity of the PCL melt remained stable at 
elevated temperatures up to 10 min. Also both, the loss and storage 
modulus, were stable for 30 min and no degradation was observed. 

2.2. Melt-spinning, online drawing and offline drawing of PCL filaments 

Melt-spinning of PCL monofilaments was carried out on a custom- 
made pilot-scale melt-spinning plant described elsewhere [26]. In total 
four filaments were melt-spun, an as-spun (undrawn) filament, IUD, as 
well as three online drawn filaments (II-IV). Processing parameters for 
all PCL monofilaments produced are summarized in Table 1. Prior to 
melt-spinning, the PCL polymer was dried in a vacuum oven at 45 ◦C for 
12 h. PCL pellets were melted using a 14 mm single screw extruder with 
a length to diameter (L/D) ratio of 25. Extruder pressure needed for an 
effective operation of the melt pump was set to 80 bar, and nominal 
throughput of the gear pump was 3 cm3/min. Extrusion temperatures 
were graduated between 60 and 100 ◦C, which is a few tens of degrees 
higher than the polymer melting temperature (Tm = 57.8 ◦C [25]) to 
achieve a high enough melt-viscosity for processing. While the spin pack 
temperature was set to 100 ◦C for filaments IUD and II, it was decreased 
to 90 ◦C for filaments III and IV, in order to accelerate the cooling of the 
monofilaments. The circular monofilament die had a diameter of 0.5 
mm and a capillary L/D ratio of 4. The polymer melt leaving the spin
neret was subsequently cooled down in an air cooling chamber with a 
height of 1.2 m at 11 ◦C. All four godet temperatures were set to 30 ◦C, 
and the draw ratio (DR), defined as the ratio between speeds of winder 
and take-up godet, was 6 for all online drawn filaments. DR = 6 was the 
highest draw ratio that could be achieved for online drawn filaments 

without frequent fiber breakage. 
The as-spun PCL filament (IUD) was subsequently drawn offline with 

the custom-made drawing and winding machine SSM RM3-T DIG
ICONE® preciflex™ (Schärer Schweiter Mettler AG, Switzerland). For 
the resulting filament, IDR, a DR of 7 could be achieved. A heating 
chamber (set to 50 ± 5 ◦C) was placed between the first and second 
godet in order to uniformly heat the filament, enhancing the molecular 
mobility. In total, three godets were used for offline drawing (Fig. 1). 
Offline drawn godet speeds (Table 1) were chosen significantly lower 
compared to online drawing, in order to address the time-dependent 
viscoplastic behavior and thus enhance mobility and extension of 
polymer chains. 

In both, the online and offline drawing setup, the filaments were 
directed over an intermediate godet (godet 2) in reverse direction with 
respect to the rotation of the godet, in order to induce localized friction 
to the filament. This additional friction promoted the stress-induced 
necking and thus stabilized the position of the necking point [25]. 
Note that the filament was drawn over this particular godet without 
loops. The possibility to fine-tune the speed of godet 2 makes it possible 
to achieve a stable necking point position and with that a stable drawing 
process. Note that the processing window for the speed of the godet is 
quite small, lower or higher speeds lead to draw instabilities. An alter
native method for stabilization would be to use a pin, but this method 
would inflict too much friction onto the fiber when drawing online with 
high speeds, leading to fiber breakage. 

Table 1 
Processing parameters of PCL monofilaments. Number of loops around godets are indicated in brackets.  

fiber spin pack 
(◦C) 

spin pressure 
(bar) 

mass throughput 
(g/min) 

godet 1 speed 
(m/min) 

godet 2 speed 
(m/min) 

godet 3 speed 
(m/min) 

godet 4 speed 
(m/min) 

winder speed 
(m/min) 

IUD 100 170 2.06 50 – – – 50 
IDR – – – 6 (7w) 12 (0w) 42 (3w) – 42 
II 100 120 2.30 50 (8w) 200 (0w) 295 (10w) 300 (6w) 300 
III 90 134 2.30 50 (8w) 200 (0w) 295 (10w) 300 (6w) 300 
IV 90 134 2.27 100 (8w) 200 (0w) 595 (10w) 600 (6w) 600  

Fig. 1. Schematic assembly of the offline drawing setup. The red color shows 
the guiding of the filament over and around the godets and separator rolls. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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2.3. Characterization 

2.3.1. Analysis of mechanical properties 
An optical microscope (Olympus BX43) was used to analyze the 

diameter of filaments by averaging over 20 measurements. Mechanical 
testing of the filaments was performed with the tensile testing machine 
Statimat ME+ (Textechno, Germany). The load-strain behavior was 
evaluated with a 100 N load cell in reference to the standard ASTM D 
2256 [27]. Filament tests were performed with a gauge length of 50 mm 
using a constant rate of extension of 100 mm/min. Tensile strength and 
elongation at break values were obtained by averaging over 10 
measurements. 

2.3.2. Analysis of thermal properties 
Thermal properties of PCL pellets and filaments were characterized 

using differential scanning calorimetry (DSC) and thermogravimetric 
analysis (TGA). Measurements with a DSC instrument (DSC 214 Polyma, 
Netzsch, Selb, Germany) were performed in nitrogen atmosphere (40 
mL/min). The following heating and cooling cycles were applied: first 
heating from 0 ◦C to 120 ◦C, followed by a cooling step down to − 50 ◦C 
and second heating back to 120 ◦C. The heating and cooling rates were 
set to 10 ◦C/min. TGA (TG 209 F1, Netzsch, Selb, Germany) was per
formed under nitrogen, increasing the temperature from 25 to 600 ◦C 
with a heating rate of 10 ◦C/min. 

2.3.3. Analysis of structural properties 
WAXD and SAXS patterns were recorded on a Bruker Nanostar U 

diffractometer (Bruker AXS, Karlsruhe, Germany) with a Cu-Kα radia
tion λ = 1.5419 Å and a VÅNTEC-2000 MikroGap area detector. WAXD 
and SAXS measurements were performed several days after melt- 
spinning for the online drawn fibers and offline-drawn fiber. The as- 
spun fiber was measured 30 months after melt-spinning. Single fila
ments were used for all WAXD and SAXS measurements, which were 
performed in two separate experiments with distances of 19.1 cm and 
110.1 cm, respectively, between the sample and the active detector area. 
The recorded WAXD/SAXS patterns were analyzed with the evaluation 
software DIFFRAC.EVA (version 4.2., Bruker AXS, Karlsruhe, Germany) 
and specifically developed python codes. 

2.4. WAXD analysis: crystallinity 

WAXD patterns were measured in order to determine the crystal
linity of the individual PCL filaments. The crystallinity was determined 
according to the previously described procedure in another publication 
[28]: The radially integrated profiles were Lorentz corrected and po
larization corrected. The amorphous phase was subtracted from the 
radial profiles and the integrated annuli (110) and (200) were fitted with 
Pearson VII functions leading to calculated percentages of WAXD in
tensities (meas. crystallinity) of diffraction spots that are arising from 
crystal planes. 

2.5. WAXD analysis: 2D pattern simulation and fitting procedures 

We have simulated 2D WAXD patterns of PCL based on the theory 
introduced by Burger et al. [24]. The scattered x-ray intensity of an 
individual (hkl) plane in reciprocal space is directly proportional to the 
modulus square of the unit cell structure factor. In order to calculate the 
latter, it is necessary to know the atomic positions of all atoms in the unit 
cell. For this purpose, we have made a unit cell structure file (.cif) from 
the structural parameters given by Chatani et al. [21] and have loaded 
the file into the open-source software ‘Mercury’ [29] to extract the 
atomic coordinates xj, yj, zj of all atoms (including hydrogens) in the 
orthogonal PCL unit cell. We used the orthogonal unit cell vectors a, b, c, 
to calculate the reciprocal space vectors a*, b*, c*. 

The scattering vectors, shkl of (hkl) planes represent the nodes in 
reciprocal space, with |shkl| = 2sin(Θhkl)/λ. 

Rj = xja + yjb + zjc (1)  

shkl = ha* + kb* + lc* (2) 

The coefficients from the international tables for crystallography 
[30] were used for the analytical approximation of the atomic form 
factors fj [25] in order to calculate the structure factors squared. The 
isotropic thermal displacement parameters, B, were taken from Chatani 
et al. [21] for the Debye-Waller factor calculations of the individual 
atoms in the crystal. The unit cell structure factor squared is thus given 
by the following equation: 

|Fhkl(shkl)|
2
=

⃒
⃒
⃒
⃒
⃒

∑N

j=1
f jexp

(
− 2πi

(
shkl⋅Rj

) )
exp

(

− B
|shkl|

2

4

)⃒
⃒
⃒
⃒
⃒

2

(3) 

The measured WAXD intensity is proportional to the averaged in
tensity from the (hkl) planes over the spherical surface with radius |shkl|. 
The finite crystallite size (crystal width perpendicular to fiber axis), D, 
leads to a fixed width, w=1/D, of the reflections in reciprocal space. We 
make use of a Lorentzian distribution function to account for the 
broadening of the peaks due to the finite crystal size. The scattered in
tensity distribution of a (hkl) plane with polar angle ϕhkl is given by 

I(s,ϕhkl)=
1

(
4πw|shkl|

2
)Ihkl(shkl)

1
1 + [π(s − shkl)/w]2

(4) 

Since the crystal size depends on the crystalline direction, we have 
introduced for reflection (110) another fixed width parameter w(110). 
The scattered intensity Ihkl(shkl), is proportional to the above given unit 
cell structure factors squared [25]. The Onsager distribution function, 
F(ϕ,ϕhkl),takes into account the orientation of the crystallites, where p0 
is the isotropic randomly oriented fraction of crystals in the filament and 
p’ is the azimuthal width of the peaks arising from the oriented crystal 
fraction. 

F(ϕ,ϕhkl)= p0 + (1 − p0)

(
p’cosh(p’cosϕ cosϕhkl)

sinh(p’)

)

I0(p’sinϕ sinϕhkl) (5) 

The overall averaged intensity arising from the crystals in the filament 
is given by 

J(s,ϕ)= I(s,ϕhkl) F(ϕ,ϕhkl) (6) 

A Gaussian ring, Iring, was used to simulate the intensity contribution 
from the amorphous phase and a damped asymmetric Gaussian profile, 
IPnc, was used to simulate the intensity contribution from a highly- 
oriented non-crystalline mesophase, Pnc [25]. A similar mesophase has 
been previously introduced for poly(3-hydroxybutyrate) [28,31]. 

Reflections with large |shkl| are typically attenuated in measured 2D 
WAXD patterns. This phenomenon can be explained by crystal imper
fections, where atomic groups are displaced statistically around their 
ideal position. Since we assume radial symmetry, we introduce two 
different average displacements of atomic groups, one in the ab-plane, 
ΔX12 and one along the c-axis, ΔX3. Thus, the intensity is corrected for 
this disorder with an additional Debye-Waller factor, DWF [25]. 

Finally, the overall intensity distribution of the simulated 2D WAXD 
patterns is described with the following function: 

Isim(s,ϕhkl)= Iring + IPnc + I(s,ϕhkl) F(ϕ,ϕhkl)DWF (7) 

Normalized integrated azimuthal profiles across the (110) and (200) 
reflections and integrated equatorial profiles were fit with the normal
ized profiles extracted from simulated 2D WAXD patterns. Profiles were 
extracted from 2D patterns using the pyFAI python package. The 
measured profiles were fitted to the simulated profiles by minimizing 
the fitting error, χ2, using a least square method. To calculate the fitting 
errors, the measured profiles were interpolated to the simulated angular 
data points. The total mean square fitting error is given by the sum of 
fitting errors, χ2

k , of the equatorial and the two azimuthal profiles: 
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χ2 =
∑3

k=1
χ2

k

χ2
k =

1
Nk − n

∑Nk − 1

i=0

(
Imeas

k,i − Isim
k,i

)2

(8)  

with Nk being the number of simulated data points in the kth profile and 
n the number of fitting parameters. For the best fits (model 1), we have 
used 6 fitting parameters for the crystalline part (p’, p0, w, w(110), 
ΔXcrystal

12 , ΔXcrystal
3 ) and 3 for the Gaussian ring (A, μ, σ) and 3 for the non- 

crystalline highly-oriented mesophase, Pnc, (C, a, ΔXPnc
3 ). In total, this 

amounts to 12 fitting parameters. The peak position of the mesophase 
has been taken to be the same as the position of the amorphous ring in 
order to reduce the number of fitting parameters. Furthermore, it is 
expected that the positions are similar since the position of the amor
phous ring reflects the average spacing between chains in the amor
phous phase and the peak position of the mesophase the average spacing 
between highly oriented chains [32]. The mesophase was simulated 
with a strongly damped asymmetric Gaussian profile [25], in order to 
take into account a distribution of lateral spacings, where large spacings 
are more unlikely to occur due to the tight packing of stretched oriented 
chains. The fitting was performed with the lmfit python package and the 
differential evolution method. All fitting parameters were allowed to 
vary within certain bounds. This model 1, led to the best fitting pa
rameters with the lowest χ2 errors. We have also performed a fit, which 
takes into account two crystal size contributions and no Pnc mesophase 
(model 2), leading to 13 fitting parameters. In order to prove that the 
non-crystalline highly-oriented phase is strongly improving the fit, we 
have also performed fits without the Pnc mesophase (model 3), leading 
to 9 fitting parameters. 

2.6. WAXD analysis: degree of crystal orientation 

We have determined the degree of orientation of equatorially aligned 
crystals by using the best fit parameter results for the azimuthal width, 
p’, of the peaks [33]. The crystalline orientation is defined as [24,34]: 

f(hk0) = 1 − 3p’− 1[coth(p’) − p’− 1] (9) 

If f(hk0) = 1 then the (hk0) planes of the crystals are completely 
aligned parallel to the filament axis. If f(hk0) = 0, then the crystals are 
randomly oriented. Additionally, it is possible to calculate the overall 
degree of crystalline orientation by taking into account the isotropic 
unoriented fraction in the filament, p0 [35]. 

f tot
(hk0) = (1 − p0)

{
1 − 3p’− 1[coth(p’) − p’− 1]} (10)  

2.7. SAXS analysis: long-spacing, coherence length and crystal sizes 

Small-angle x-ray scattering (SAXS) was used to determine the long- 
spacing, L3, coherence lengths, H, as well as crystal sizes, D. These pa
rameters were calculated by analyzing integrated meridional and 
transversal areas of the SAXS patterns [25]. 

3. Results and discussion 

3.1. Mechanical properties 

Five different PCL filaments were prepared: as-spun (undrawn), IUD, 
offline drawn (DR 7), IDR, and online drawn (DR 6), II-IV. Take-up and 
winding speeds were doubled for sample IV, in order to produce a finer 
filament (doubled draw-down ratio, i.e. ratio between take-up velocity 
and die exit velocity). Scanning electron microscope (SEM) images 
indicate that all PCL monofilaments are uniform in diameter and have 
smooth surfaces [25]. The drawing parameters, fineness of all filaments 
and mechanical properties are given in Table 2. Tensile strength and 
elongation at break of the drawn filaments range from 302 to 456 MPa 
and 69–88%, respectively. 

Corresponding stress-strain curves of drawn PCL monofilaments, in 
comparison with a polyethylene terephthalate (PET) monofilament 
having a fineness of 6.9 tex, a diameter of 80 μm and a DR of 4.7 
(provided by Monosuisse AG, Switzerland), are shown in Fig. 2. Note 
that PCL can crystallize quite fast during storage at room temperature 
due to its low glass transition temperature (Tg ≈ − 60 ◦C) [36]. However, 
melt-spun filaments consist of lamellar structures which seem to prevent 
secondary crystallization. Tensile tests of aged filaments confirmed that 
drawn filaments have similar mechanical properties after 27 months of 
aging. 

Interestingly, the progression of the PCL tensile curves is very similar 
to the curve from PET, although the PET filament achieves a consider
ably higher tensile strength of 556 MPa. Chemical composition, bonds, 
chain slippage, flexibility and extensibility, as well as the amount of 
crystalline anchoring points and entanglements, determine the me
chanical properties of polymer fibers. For example, all PCL mono
filaments have higher elongation at break values than the PET 

Table 2 
Drawing parameters, diameter, fineness and mechanical properties of PCL monofilaments. Measurements of filament properties were made one day after production.  

fiber type of drawing draw ratio DR diameter 
(μm) 

fineness 
(tex = mg/m) 

specific tensile stress 
(cN/tex) 

ultimate tensile strength 
(MPa) 

elongation at break 
(%) 

IUD undrawn 1 192.3 ± 1.9 41.2 6.1 ± 0.7 66 ± 8 1224 ± 85 
IDR offline 7 82.1 ± 1.1 6.43 41.5 ± 4.7 456 ± 52 69 ± 13 
II online 6 91.6 ± 0.6 7.65 27.4 ± 1.7 302 ± 19 88 ± 4 
III online 6 92.4 ± 1.3 7.65 29.3 ± 2.1 322 ± 24 88 ± 7 
IV online 6 59.0 ± 0.7 3.79 31.5 ± 1.8 347 ± 20 73 ± 7  

Fig. 2. Tensile stress-strain curves of online (II-IV) and offline drawn PCL fil
aments (IDR), as well as of a PET monofilament. Measurements of 27 months 
aged fibers are shown as dashed curves. 
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monofilament due to the high extensibility of PCL chains. 
The highest draw ratio was achieved for the offline drawn PCL, IDR, 

leading to a high molecular orientation and thus the highest tensile 
strength (456 MPa) among the PCL filaments produced. The crystalline 
orientation also increases with increasing draw ratio, which has been 
confirmed with x-rays (Fig. 4). Interestingly, the offline drawn filament, 
IDR, has a similar elongation at break as the online drawn filament IV, 
but has a considerably higher tensile strength, and in consequence a 
higher toughness [37]. This may be an indication that the smaller speeds 
and the heating chamber used during offline drawing enable the poly
meric chains to better orient, disentangle and form more perfect crystals 
than during online drawing at high speeds. Such structural differences 
are elucidated with WAXD and SAXS measurements in section 3.3. 
Filament, IV, which is the finest filament with a diameter of ~60 μm, has 
the highest tensile strength and lowest elongation at break value among 
the online drawn filaments. We suspect that due to the high take-up 
speed, a pre-orientation of the chains occurs before take-up, alongside 
with an elongation of the chains, leading to a stiffening of the filament. 
Filaments II and III have the smallest tensile strengths and were pro
duced with similar online processing parameters. Structural properties 
that are responsible for the mechanical properties of all filaments are 
elucidated in section 3.3. The extracted orientaition parameters are 
summarized in Table 5. 

3.2. Thermal properties 

PCL is easily crystallizing upon cooling due to a high degree of chain 
flexibility. Sharp crystallization and melting peaks were observed in the 
DSC curves for most of the PCL monofilaments (Fig. 3). The broader 
melting peak of filament II indicates that this filament has a larger 
crystal size distribution, with crystals that are less perfect than the ones 
of other filaments. This filament experienced a higher spin pack tem
perature than filaments III and IV. Thus, crystals may have had more 
time to grow before strain-induced crystallization started, leading to a 
larger crystal size distribution with crystals that are less perfect. The 
melting peaks of filaments IDR and III are sharp, indicating a narrow 
crystal size distribution with crystals that have a higher degree of 
perfection. 

Thermal properties of PCL monofilaments obtained from DSC curves 
(1st heating and cooling), including melting temperature Tm, melting 
enthalpy ΔHm, crystallization temperature Tc, crystallization enthalpy 
ΔHc, and crystallinity Xc, are summarized in Table 3. The crystallinity 
was estimated from the determined melt enthalpy, ΔHm, using the 
following equation [38]: 

Xc(%)=
ΔHm

ΔHref
⋅ 100 (11)  

where ΔHref is the heat enthalpy of an ideal crystal (PCL,139.5 J/g [38]). 

Note that no cold crystallization peak was observed in the second DSC 
heating cycle, meaning that PCL crystallizes fast upon cooling. 
First-heating curves (reflect fiber structure) showed that higher crys
tallinity values were obtained compared to the second heating curves 
(reflect polymer structure), as explained by the strain-induced crystal
lization of the filaments during melt-spinning [25]. 

From Table 3, it can be seen that even the as-spun filament IUD has a 
high-crystallinity, which is also confirmed by WAXD measurements in 
section 3.3.1. Most-likely the crystals of this filament have formed 
during the cool-down in the cooling shaft of the spinneret die and may 
have grown during the winding or even after the spinning procedure. 
However, further offline drawing of the filament, IDR, clearly increases 
the crystallinity even more due to strain-induced crystallization [39]. 

During online drawing, a first crystallization is most-likely already 
happening during the first cool-down of the melt in the cooling shaft 
before the first godet. However, it is difficult to predict how much of the 
melt already crystallizes before drawing. Further, crystallization occurs 
during the drawing of the filament due to strain-induced crystallization, 
which can also be seen by the larger crystallinity, as well as melting and 
crystallization enthalpy values of online drawn filaments (II-IV) 
compared to the undrawn filament. Note that PCL can crystallize fast at 
low temperatures under drawing [40]. After drawing, the filaments are 
not significantly crystallizing any more, since the lamellar structure 
prevents a secondary crystallization. We have verified that the filaments 
have the same structure 27 months after drawing by measuring WAXD of 
aged fibers [25]. No significant changes in the structure were observed. 
Even the as-spun fiber retained its structure and after almost 5 years of 
aging it was still possible to draw the fiber up to 1200% of elongation 
during a tensile test. This shows that melt-spun PCL fibers do not un
dergo a significant secondary crystallization at room temperature. 
Tensile tests of aged filaments also confirmed that drawn filaments have 
similar properties after 27 months of aging (Fig. 2). 

The crystallinity values obtained from DSC are compared to crys
tallinity values obtained from WAXD measurements in section 3.3.1. 

3.3. Structural properties 

3.3.1. Wide-angle x-ray diffraction (WAXD) analysis 
Fig. 4 shows the measured WAXD patterns of filaments IUD (a) and 

IDR (b). The sharp intense rings in Fig. 4a indicate that the as-spun 
filament, IUD, is semi-crystalline and that the PCL crystallites are 
randomly oriented. Upon drawing, the crystallites orient and sharp 
diffraction peaks are observed (Fig. 4b). The peaks are indexed to spe
cific lattice planes according to the crystal structure proposed by Chatani 
et al. [21]. The corresponding unit cell projected along the b-axis is 
shown in Fig. 4c. The filament axis points along the vertical direction 
(meridian), whereas the equator is horizontal. The most intense peaks 
on the equator come from the (110) and the (200) planes with a 

Fig. 3. DSC curves of PCL monofilaments: (a) melting curves, (b) cooling curves of first heating/cooling cycles.  

F. Selli et al.                                                                                                                                                                                                                                     



Polymer 206 (2020) 122870

6

corresponding d-spacing of 4.1 Å and 3.7 Å, respectively. 
A summary of all measured WAXD patterns of drawn PCL filaments 

are given in Fig. 5. At first glance, all WAXD patterns look very alike. 
However, a detailed 2D analysis reveals that there are subtle differences 
in e.g. the degree of crystalline orientation and crystallinity. 

We have developed python codes in order to simulate 2D WAXD 
patterns from PCL filaments using the theory from Burger et al. [24,34, 
41–43]. Measured azimuthal and equatorial profiles were extracted 
from the two rings across the (110) and (200) reflections and the 

equatorial sector as is indicated in the WAXD pattern of the IDR filament 
in Fig. 5, top left. These measured profiles were subsequently fit with 
profiles extracted from simulated 2D WAXD patterns. Best fitting errors 
for all drawn PCL filaments were achieved with model 1, which makes 
use of the unit cell proposed by Chatani et al. [21] and takes into account 
an amorphous phase, crystalline phase and a mesophase. An example of 
a simulated 2D WAXD pattern from best fit parameters for the offline 
drawn filament, IDR, is shown in Fig. 6. The simulated pattern is well 
reproducing the main peaks of the measured WAXD pattern. 

All fitting errors and the best fit parameters are summarized in the 
data in brief article, Tables 1 and 2 [25]. Additionally, we have also 
fitted the WAXD data from filament IDR, using structure factors calcu
lated from the unit cell proposed by Bittiger et al. [22] (model 1a), but 
the resulting fitting error was almost the double of the best fit error (data 
in brief article, Table 1 [25]). Thus we conclude that the unit cell 
structure proposed by Chatani et al. [21] is correct and is well repre
senting the crystal structure of the melt-spun PCL filaments. As 
mentioned in the theory section, it was necessary to include a meso
phase, Pnc (highly oriented non-crystalline phase), in the simulated 2D 
pattern in order to achieve good fits. The Pnc gives rise to a rather broad 
peak on the equator, which lies underneath the (200) and (110) 
reflection. Such a broad reflection could also arise from small PCL 
crystals. We have therefore performed a fit which takes into account two 
crystal size contributions and no Pnc mesophase (model 2). However, 
this fit led to much larger fitting errors, especially for the azimuthal 
profiles [25], and we therefore exclude that the broad equatorial 
reflection comes from small crystals. Additionally, we have performed 
fits where the simulation only included an amorphous phase and a 
crystalline phase but no Pnc mesophase (model 3). Also, these fits led to 
much larger fitting errors (data in brief article, Table 1 [25]) and thus it 
can be concluded that a mesophase exists in these PCL filaments. It is 
suspected that chains from the amorphous phase around and in-between 
PCL crystals orient and align along the filament axis, leading to this Pnc 
mesophase. We have previously observed a similar mesophase in poly 
(3-hydroxybutyrate) fibers [28,31], and other authors have also re
ported mesophases in other polymer materials [44–49]. We suspect that 
the weak streaks observed on the second layer line are a result of chain 
slippage along the fiber direction in the mesophase, which we have also 
seen in previous simulations for poly(3-hydroxybutyrate) [28]. It is 
suspected that the mesophase, Pnc, takes up most of the tensile forces 
and is uniformly distributing these forces between rigid crystals. Thus 
not only the crystallinity but also the amount of mesophase can strongly 
affect the tensile strength of PCL filaments. We have calculated the 
percentage of the mesophase and amorphous phase, as well as the 
crystallinity directly from the best fit WAXD patterns, by summing the 
simulated intensities of the individual phases and dividing them by the 

Fig. 4. (a) WAXD pattern of as-spun filament IUD and (b) WAXD pattern of filament IDR, drawn with DR 7. (c) PCL unit cell projected along the b-axis [21].  

Table 3 
Thermal properties of PCL monofilaments.  

fiber Tm (◦C) ΔHm (J/g) Tc (◦C) ΔHc (J/g) Xc (%) 

IUD 61.9 69.9 31.9 59.3 50.1 
IDR 62.1 76.6 32.8 66.7 54.9 
II 61.5 78.3 31.9 63.2 56.1 
III 61.4 77.2 32.1 68.0 55.3 
IV 58.9 72.2 32.8 61.5 51.8  

Fig. 5. WAXD patterns of all drawn filaments using a logarithmic scale for the 
intensities. Azimuthal rings and the equatorial sector are indicated in the top 
left pattern. 
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total intensities of the simulated 2D WAXD patterns. A quantification of 
phases leads to a better understanding of differences in the structures 
between fibers and thus also the properties. The presented simulation 
and fitting procedure can be applied to many other polymers as well. 

The fitted simulated crystallinity (sim.) is compared to the measured 
crystallinity (meas.), which was extracted by fitting crystalline peaks in 
measured radial profiles [25]. Additionally, we compare the values to 
crystallinities extracted from DSC measurements. All crystallinity values 
and calculated percentages of the mesophase and amorphous phase are 
given in Table 4. The obtained crystallinity values from WAXD using the 
two methods (sim./meas.) described above are quite similar, which 
confirms that the obtained values are reliable. The crystallinity values 
obtained from DSC are slightly larger than the ones obtained from 
WAXD. Note that the measurement technique influences the obtained 
absolute crystallinity values. For example, WAXD crystallinity values 
merely reflect the percentage of measured crystalline intensities on the 
detector screen. However, the obtained values from one method for 
individual fibers can be compared to one another. 

Not only the amount of mesophase and crystallinity are affecting the 
mechanical properties but also orientation factors of the crystals. As 
mentioned in the experimental section, we have extracted two orienta
tion parameters. ftot

(hk0) takes both, the amount of randomly oriented 
and highly oriented crystals into account. f(hk0) is the orientation 
parameter of the highly oriented crystals. In case f(hk0) = 1, all highly 

oriented crystals have (hk0) planes that are perfectly aligned parallel to 
the filament axis. The azimuthal width of the reflections, p, is used to 
calculate the latter preferred orientation of the crystals. The extracted 
orientation parameters are summarized in Table 5. 

The tensile strength of the offline drawn filament, IDR, is the highest, 
which can be explained by the high mesophase content, high crystal
linity and high orientation of crystals. This filament was produced with 
the largest DR 7, which explains these structural properties. The heating 
chamber and the low drawing speed in the offline setup made it possible 
to achieve such a high DR. It is impossible to apply such low speeds in 
the online drawing setup due to the flow rate of the melted polymer in 
the cooling shaft. The take-up speed has to be higher than the speed of 
the gravitational accelerated melt. Also, filament IV has a high tensile 
strength but has clearly the lowest crystallinity of all filaments. It is 

Fig. 6. (a) Measured WAXD pattern of filament IDR. 
(b) Simulated WAXD pattern using the best fit pa
rameters. (c) Normalized measured equatorial profile 
(black), best fit (red) and contributions from the ori
ented crystalline phase (dashed red) and amorphous 
plus mesophase (green) as well as from randomly 
oriented crystals (blue) (d) Normalized azimuthal 
profiles with the same color coding. The azimuthal 
profile across the (200) reflection is offset for better 
visibility. The same color coding can be found in the 
graphical abstract. (For interpretation of the refer
ences to color in this figure legend, the reader is 
referred to the Web version of this article.)   

Table 4 
Percentages of amorphous phase, mesophase Pnc, mesophase plus crystallinity. Crystallinity values extracted from best 2D WAXD fits (sim.) and radial profiles (meas.) 
of measured WAXD patterns and from DSC measurements.  

fiber amorphous (%) Pnc (%) Pnc + sim. crystallinity (%) WAXD sim. crystallinity (%) WAXD meas. crystallinity (%) DSC crystallinity, Xc (%) 

IDR 36.6 16.1 63.4 47.3 46.4 54.9 
II 39.8 12.0 60.2 48.2 47.6 56.1 
III 39.2 15.5 60.8 45.3 47.3 55.3 
IV 43.4 16.7 56.6 39.9 42.7 51.8  

Table 5 
Crystal orientation, tensile strength and elongation at break values.  

fiber ftot
(hk0) f(hk0) ultimate tensile strength 

(MPa) 
elongation at break 
(%) 

IDR 0.889 0.992 456 ± 52 69 ± 13 
II 0.683 0.992 302 ± 19 88 ± 4 
III 0.886 0.992 322 ± 24 88 ± 7 
IV 0.988 0.991 347 ± 20 73 ± 7  
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suspected that the faster take-up speed of this filament increases the 
molecular orientation before drawing, thus reducing the degree of 
freedom for crystals to develop. Furthermore, the drawn thin filament 
solidifies faster due to the smaller cross-section and the higher specific 
surface. Interestingly, both filaments, the offline drawn filament IDR, and 
the online drawn filament IV have the largest amount of mesophase, Pnc, 
in the filaments. The increased take-up speed of filament IV may have 
caused a better pre-orientation and stretching of molecular chains, 
leading to a larger amount of mesophase in the sample. Additionally, 
filament IV has also the best orientation of all crystals. A slightly higher 
tensile strength was achieved for filament III than for filament II. The 
only difference in the filament production was the lower spin pack 
temperature in the case of filament III (Table 1). Although the deter
mined crystallinities of filament II and III are similar, DSC melting 
curves show that the crystal size distribution in filament II is broader and 
crystals are less perfect. The imperfection of the crystals is also reflected 
in the large out-of-plane displacement fitting coefficient, ΔX3 = 2 Å, 
which hit the upper boundary limit during the fitting procedure (data in 
brief article, Table 2 [25]). Additionally, filament II has the lowest 
mesophase content. The small tensile strength of filament II can there
fore be explained by the small amount of mesophase and by imperfect 
crystallization, which seem to be a result of the higher spin pack tem
perature. Larger crystals may form before strain-induced crystallization 
starts, giving the mesophase less room to develop. 

As mentioned above, the mesophase is most likely made of tie mol
ecules that are located in-between PCL crystals, and these stretched tie 
molecules act as load-bearing points. The above observed influence of 
the mesophase content on the mechanical properties confirms this hy
pothesis. From the 2D WAXD fit parameters (data in brief article, Table 2 
[25]) we can estimate the average spacing between adjacent chains 
Δd = λ/[2 sin(μ /2)], in the mesophase. The fitted width of the meso
phase, σ, reflects the spread of this spacing. Thus, the spacing 
in-between chains in the mesophase varies between 4 and 4.5 Å, which 
is slightly larger than the distances between chains, d(200) = 3.735 Å, in 

the unit cell along the a-axis. The asymmetry of the mesophase peak may 
be a result of the probability of stretched chains to adopt specific 
spacings. 

3.3.2. Small-angle x-ray scattering (SAXS) analysis 
Fig. 7 shows the measured SAXS patterns of drawn PCL mono

filaments. In all SAXS patterns, there is an elongated streak (lamellar 
reflection) above and below the direct beam, which comes from 
coherently diffracting aligned PCL crystals, as is shown in the schematic 
at the bottom right of Fig. 7. 

The vertical dashed black lines indicate the meridional areas which 
were integrated and fit to Pearson VII functions [25]. The meridional 
peak positions, z, of the streak-like lamellar reflections are used to 
calculate the long-spacing, L3, which reflects the average distance be
tween PCL crystals along the filament axis (see schematic in Fig. 7). The 
widths of the meridional peaks, σmer, are related to the coherence length, 
H, which reflects the average height of coherently diffracting stacks of 
PCL crystals along the filament axis. The horizontal dashed white lines 
indicate the transversal areas, which were also integrated and fit to 
Pearson VII functions [25]. The average lamellar sizes, D, were calcu
lated from the width of the peaks, σtr, from the transversal profiles, 
applying the Scherrer equation. The calculated structural parameters 
(long-spacing, coherence length and crystal sizes) from the SAXS profiles 
and crystal sizes along specific directions extracted from 2D fits of 
WAXD patterns are summarized in Table 6.The latter two crystal sizes 
along specific directions are calculated from the equatorial peak width 
parameters w(200) and w(110) that are obtained from the best fit pa
rameters of WAXD patterns. 

The long-spacing, L3, is the largest for the offline drawn filament due 
to the large DR, thus the crystals are further pulled apart during the 
drawing than in the online drawing setup. The coherence lengths, H, and 
long-spacings, L3, of the crystals along the filament axis are significantly 
larger than the crystal sizes perpendicular to the filament axis. This is an 
indication that the crystals are larger along the filament axis than 

Fig. 7. SAXS patterns of drawn filaments (IDR, II, III, IV). Transversal areas (between dashed white horizontal lines) and meridional areas (between dashed black 
vertical lines). Bottom right: Schematic of a stack of PCL crystals. 
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perpendicular to it. The crystal sizes perpendicular to the filament axis, 
which are extracted from SAXS patterns are larger than the ones 
extracted from WAXD patterns since the value of D reflects an overall 
average of all equatorially aligned crystals in the filaments. The crystal 
sizes extracted from the (200) reflection in the WAXD pattern, however, 
reflect the crystal sizes along the a-axis (a = 7.47 Å). Thus the crystals 
are rather small and are made of about 4–5 unit cells only along the a- 
axis. From the sizes along the (110) direction, it follows that the crystals 
are about 6–7 unit cells long along the b-axis (b = 4.98 Å). 

4. Conclusion 

Fine PCL monofilaments (<100 μm) were melt-spun and subse
quently drawn online and offline with processes that are applicable to 
large-scale industrial filament production. We have shown that the 
extension-thinning behavior (stress-induced necking) of PCL can be 
controlled by running the filament over a godet in reverse direction in 
order to impose localized friction. SAXS measurements have revealed 
that the long-spacing between crystals along the filament axis depends 
on the draw ratio. PCL crystals are small and only a few unit cells wide 
perpendicular to the fiber axis. 2D WAXD simulations have revealed that 
the unit cell structure of PCL, proposed by Chatani et al. [21], is 
correctly representing the unit cell that is found in our drawn melt-spun 
PCL filaments. Furthermore, fitting of azimuthal and equatorial WAXD 
profiles has revealed that the following phases exist in the drawn PCL 
filaments: amorphous phase, highly-oriented and partially oriented PCL 
crystals and a non-crystalline highly-oriented mesophase, Pnc. A similar 
mesophase was introduced earlier for melt-spun poly(3-hydrox
ybutyrate) fibers [28,31]. The Pnc mesophase is most-likely situated 
between PCL crystals and is made of load-bearing highly-oriented 
stretched tie-molecules. PCL filaments with high tensile strength (456 
MPa, offline drawn filament), have a large mesophase content (>16%) 
and crystals that are well oriented. Low-speed offline drawing gives the 
molecular chains more time to disentangle, orient and form more perfect 
crystals, and thus also higher draw ratios can be achieved. Crystallinity, 
a narrow crystal size distribution, crystal perfection and orientation of 
crystals, as well as mesophase content, are all important factors that 
influence the mechanical properties of polymer fibers. The presented 
simulation and fitting procedures of 2D WAXD patterns are ideal tools to 
extract detailed information (e.g. quantification of phases) about the 
structure of polymer fibers, which would otherwise be missed. A 
quantification of phases leads to a better understanding of the structures 
and thus also the properties. The presented simulation and fitting pro
cedure can be applied to other polymers as well. Mesophases may exist 
in many melt-spun polymer fibers influencing their properties and 
should be further investigated. 
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DR 

SAXS 
L3 

(nm) 

SAXS 
H (nm) 

SAXS 
D (nm) 

WAXD 
D(110) 

(nm) 

WAXD 
D(200) 
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