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A B S T R A C T   

This article provides an overview of strain-induced solid mesophases in polymer fibers, melt-spun from amor
phous (polycarbonate, cyclo-olefin polymer, copolyamide, polyethylene terephthalate glycol) and semi- 
crystalline materials (polyethylene terephthalate, poly-3-hydroxybutyrate). The discussed mesophases are 
made of stretched, conformationally disordered macromolecules that are highly oriented along the fiber axis, and 
that reveal variations in their lateral spacing. Fitting algorithms for respective wide-angle x-ray diffraction 
(WAXD) patterns are put forward, and are directly tested on fibers melt-drawn from amorphous as well as semi- 
crystalline polymers. Equatorial, meridional, off-axis and azimuthal profiles are extracted from WAXD patterns 
and are simultaneously fitted. Best fit parameters contain detailed structural information, and lead to simulated 
2D WAXD patterns, which in turn can be used to quantify the phases that are present in the fibers. We postulate 
that mesophases, which lead to broad equatorial reflections in WAXD patterns, can be found in all types of drawn 
melt-spun polymer fibers.   

1. Introduction 

Mesophases have been identified in many polymeric materials. The 
term ‘mesomorphic’ was first introduced by Friedel in 1922 [1], in order 
to describe an intermediate state of matter between liquid (or amor
phous) and crystalline. In the literature, mesophases have been given 
many names: i) highly oriented non-crystalline mesophase (Pnc) [2–6], 
ii) intermediate phase [7–12], iii) oriented amorphous [13], iv) rigid 
and mobile amorphous [14–16], v) taut-tie non-crystalline phase [17], 
vi) paracrystalline phase [18], vii) solid mesophase [19] and viii) 
transient liquid crystalline mesophase [7,20–23], amongst others 
[24–34]. The reason why so many terms have been introduced, is that 
mesophases can have many different degrees of structural order. 
Therefore, classification is not always straight-forward. For example, 
terms i)-v) describe essentially the same state of matter, but the 
respective terminology emphasizes a specific property of the mesophase. 
In i), for example, the non-crystallinity (nonexistent unit cell) of the 
mesophase is emphasized, as well as the orientation of molecular chains. 
We have found this particular phase, Pnc, in many of the melt-spun 
polymer fibers that we are presenting in this article. This phase is 
made of highly oriented, aligned macromolecular chains, which reveal 
conformational disorder and variations in lateral spacing between the 

chains. This mesophase leads to broad equatorial peaks or arcs in 
wide-angle x-ray diffraction (WAXD) patterns (Fig. 1). The term iii) 
describes that part of the amorphous phase becomes oriented. Since an 
amorphous phase is typically defined as having no long-range order and 
no orientation, we avoid to use this terminology in the remainder of this 
article and prefer to talk about a strain-induced highly oriented 
non-crystalline mesophase (Pnc) instead. The term vi), paracrystalline 
phase, does not describe the same phase as terms i)-v), in the sense that it 
states the existence of a unit cell. Paracrystalline phases are expected to 
show a broad equatorial peak and additional meridional, as well as 
off-axis reflections or streaks in the WAXD patterns [35]. Term vii), solid 
mesophase [19], has mainly been used as a collective term to describe 
the afore mentioned phases i)-vi). Term viii), liquid crystalline meso
phase, describes a phase which combines the properties of a liquid (e.g. 
flow, ability to form droplets) and a crystalline solid (anisotropy in 
physical properties), and thus is not included in the collective term ‘solid 
mesophase’ [36]. In general, the molecules of liquid crystalline (LC) 
polymers are composed of rigid anisotropic mesogenic groups, which 
align along one direction. These mesogenic groups consist of at least two 
aromatic (or cycloaliphatic) rings, that are connected in the para posi
tions by a rigid link, like for example in Kevlar. LC mesophases exhibit 
long-range orientational order, as crystals do, but without 
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three-dimensional positional order like it is the case in liquids [19,36, 
37]. WAXD patterns of LC mesophases show broad equatorial peaks and, 
in some cases, also meridional reflections (nematic, smectic) or 
azimuthally split meridional reflections [38]. Since LC phases give rise 
to very similar WAXD patterns as solid mesophases, the terms ‘smectic’ 
or ‘nematic’ have also often been used to describe the arrangement of 
high electron density groups in macromolecules, which do not contain 
mesogens [7,21,39] (see also Fig. 1). 

A variety of WAXD patterns can typically be observed for melt-spun 
polymer fibers. Drawn melt-spun fibers show WAXD patterns with 
superimposed scattering features, which arise from different phases. For 
example, WAXD patterns of fibers, melt-drawn from amorphous poly
mers, show a superposition of the scattering from the amorphous phase 
(left panel, Fig. 1) with the scattering from a highly oriented mesophase 
Pnc (middle panel, Fig. 1). The amorphous phase is non-crystalline, has 
no long-range order and consists of not-oriented (spaghetti-like) mac
romolecules. The mesophase, however, consists of oriented chains, and 
the degree of the chain orientation influences the decay of the equatorial 
peak away from the equator. For unoriented chains, one observes ring- 
shaped isotropic scattering (amorphous), and for intermediate orienta
tions, one observes an arc-shaped anisotropic equatorial scattering 
feature, where the equatorial position, μPnc, reflects the average lateral 
spacing between molecular chains, dPnc. For very high orientations, the 
mesophase gives rise to a pair of broad equatorial peaks in the WAXD 
pattern, which we could only observe in drawn semi-crystalline poly
mers. The 3D order of atomic positions, and the electron-density vari
ations along the molecular chain (existence of heavy groups), determine 
whether additional meridional (or off-axis) reflections are observed 
(nematic, smectic). The nematic mesophase is made of highly oriented, 
yet conformationally disordered chains, where the atomic positions 
have no long-range order in the lateral direction. If the molecular chains 
contain heavy functional groups, arc-shaped meridional reflections can 
be observed, where the meridional positions, μPnc

mer, are linked to the 
vertical spacing between functional groups along the chain axis, dPnc

mer. In 
smectic mesophases, the chains arrange with their heavy groups aligned 
in planes perpendicular to the fiber axis without lateral order (smectic- 
A), or with additional pseudo-hexagonal lateral order (smectic-B). For 
these two phases, typically higher order meridional reflections are 
observed, and the differences between them are subtle. However, the 
meridional and equatorial reflections are sharper in the smectic-B phase, 
due to the higher order (larger correlation length) [40]. Note that other 
smectic phases (e.g. tilted structures) exist, which give rise to additional 
off-axis reflections (not shown in Fig. 1). For drawn fibers, melt-spun 

from semi-crystalline polymers, the WAXD pattern is made of a super
position of three scattering features, arising from the amorphous phase, 
a highly oriented mesophase and the crystalline phase (right panel, 
Fig. 1). Mesophases in semi-crystalline polymers often consist of highly 
oriented and stretched tie molecules between crystals. The mesophases 
can, however, also develop from the amorphous phase through orien
tation and stretching of molecules. 

In this article, we give an overview of different types of solid mes
ophases, which we have found in melt-spun polymer fibers produced at 
Empa (St. Gallen, Switzerland), or in commercially available fibers. It is 
well-known that spin-line stress, occurring in melt-spinning, can induce 
high orientation in polymeric fibers [41]. We have found mesophases in 
fibers melt-drawn from amorphous polymeric materials and from 
semi-crystalline polymers. In the literature, only a limited number of 
articles report solid mesophases in stretched non-crystalline polymer 
materials (cyclo-olefin polymer (COP) [42], copolyamide (coPA) [42], 
polystyrene (PS) [43–45] or poly(ester imide) [46]). In contrast, many 
mesophases have been reported to exist in semi-crystalline polymers, 
such as, polyethylene (PE) [26], polypropylene (PP) [26,34,47], 
isotactic propylene-1-butylene random copolymer [48], poly(1-butene) 
[26], poly(ethylene terephthalate) (PET) [2,3,8,10,12,13,18,32,43, 
49–55], poly(ethylene naphthalate) (PEN) [56], poly(ethylene fur
anoate) (PEF) [57,58], polyamide 6 (PA6) or 6.6 (PA66) [39,59–61], 
polyamide 11 [62], poly(trimethylene terephthalate) [63], polylactic 
acid (PLA) [64–66], poly(l-lactic acid) (PLLA) [67–69] and copoly
sulfonamide (co-PSA) [70], amongst others. 

In this article, we also present a 2D simulation and fitting method of 
WAXD patterns, which can be used to quantify mesophase, amorphous 
and crystalline phase in the fibers, respectively. The quantification of 
mesophases can be particularly useful to tailor mechanical properties, 
since mesophases have been shown to highly impact mechanical prop
erties [8,41,71]. Only a few previous publications have suggested 
similar data treatment procedures to quantify mesophases [8,47,49,63, 
68,72–74]. Typically, authors have focused on quantifying the meso
phase percentage in one particular sample. The ease of use and appli
cability of the fitting procedures, proposed in this article, are 
demonstrated for a variety of polymeric materials. The advantages of the 
proposed fitting procedures are that i) simulated 2D WAXD patterns are 
obtained, ii) the procedures work for amorphous as well as for 
semi-crystalline materials, iii) the underlying algorithm takes the unit 
cell crystal structure factor for semi-crystalline materials into account, 
iv) phases can be quantified, and v) detailed information about the 
mesophase scattering feature (e.g. location, sharpness, percentage and 

Fig. 1. Scattering features in WAXD patterns arising from an amorphous phase (left panel) or from a mesophase with highly oriented chains, where the atoms have 
different long-range order (middle panel) or from a crystalline phase (right panel). 
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orientation) can be simultaneously derived with details about both the 
crystalline phase (e.g. orientation, crystal size, amount of unoriented 
crystals) and the amorphous phase (e.g. preferred chain spacings). 

2. Experimental section 

2.1. Materials 

A custom-made pilot-scale melt-spinning plant, described elsewhere 
[75], was used to produce monofilaments and bicomponent filaments 
from various materials. Details about melt-spinning parameters are 
given in the data in brief [76]. A PET monofilament (35 μm) has been 
obtained from Monosuisse AG (Emmen, Switzerland). The state of 
matter of raw material, raw material providers, fiber type, fineness, 
draw ratio (DR) and references to respective, previously published 
literature, are summarized in Table 1. The corresponding chemical 
structures of the polymer materials are summarized in Table 2. 

2.1.1. Removal of PMP sheath from bicomponent fiber 
The PMP sheath of the PETG/PMP bicomponent monofilament 

(Table 1) was dissolved in order to compare WAXD patterns from the 
PETG core with those of PETG monofilaments. Cut fiber pieces of the 
bicomponent filament were placed in a beaker filled with cyclohexane, 
which was stirred and maintained at a temperature of 45 ◦C. After 90 
min, the fibers were taken out of the beaker, and washed with cyclo
hexane to remove any residues of PMP from the PETG core. The fiber 
samples have been subsequently dried in air. 

2.2. WAXD and SAXS measurements 

A Bruker Nanostar U diffractometer (Bruker AXS, Karlsruhe, Ger
many) was used to measure the WAXD and small-angle x-ray scattering 
(SAXS) patterns of melt-spun filaments or filament bundles. The Cu Kα 

radiation (λ = 1.5419 Å) was sent through a beam defining pinhole of 
300 μm to the filaments, and the diffraction pattern was recorded with a 
VÅNTEC-2000 MikroGap area detector (Bruker AXS, Karlsruhe, Ger
many). The distance of the sample to the active detector area was 
typically close to 9.2 cm, and the exposure times were either 1800 s or 
3600 s for WAXD. The measured intensities of WAXD patterns have been 
divided by the fiber cross-sectional area, in order to account for the 
thinning of the fibers due to drawing. WAXD measurements were per

formed in order to quantify the mesophase content and obtain structural 
information. SAXS measurements were performed to verify if lamellae 
are present in the fibers. For SAXS, the sample to active detector area 
distance was typically close to 110.5 cm, and exposure times were 
4600s. A significant scattering signal was observed for hardly any SAXS 
patterns, thus they are only shown in the data in brief [76]. 

2.3. WAXD fitting algorithms for drawn non-crystalline polymers 

For the fitting of the 2D WAXD pattern of drawn non-crystalline 
polymer fibers, we have extracted azimuthal, equatorial and meridi
onal profiles with the software DIFFRAC.EVA (version 4.2., Bruker AXS, 
Karlsruhe, Germany). Corresponding profiles, extracted from an air 
scattering pattern, are subtracted from these profiles, which are subse
quently normalized to the maximum peak intensity in each profile. 
These normalized measured profiles were then simultaneously fitted 
with simulated profiles, using specifically developed Python codes. The 
Python package pyFAI [88] was used to extract profiles from simulated 
2D WAXD patterns. The total mean square fitting error is given by the 
sum of fitting errors, χ2

l , of fitted profiles (Equation (1)), 

χ2 =
∑3

l=1
χ2

l

χ2
l =

1
Nl − n

∑Nl − 1

i=0
(Imeas

l,i − Isim
l,i )

2

(Eq. 1)  

with Nl being the number of simulated data points in profile l, and n the 
number of fitting parameters. 

To properly fit the amorphous phase in the WAXD diffraction 
pattern, we had to add two or even three Gaussian rings on top of each 
other, one with a broad width, which reflects the random distances 
between unoriented chains, and one or two rings with a narrower width, 
which describe preferred distances between unoriented chains. It was 
also necessary to introduce a factor, k, to slightly distort the amorphous 
ring to an elliptic trace, since for highly drawn samples, the chains 
aligned along the fiber axis tend to be closer together than for the chains 
aligned perpendicular to the fiber axis (k > 1). Equation (2) gives an 
example of the superposition of two Gaussian rings.   

Here, P is the polarization factor, which has already been explained 
elsewhere [85]. The seven or ten fitting parameters, depending on the 
amount of rings used, were: the height of the Gaussian peaks, A, B, C; the 
positions, μ1, μ2, μ3; the widths, σ1, σ2, σ3; the factor k, to render an 
elliptic trace. To simulate the mesophase, we have used a damped 
asymmetric Gaussian function (Equation (3)).   

The fitting results of several polymer fibers prove that this chosen 
fitting function for the mesophase represents the data very well. Here, 
the five fitting parameters were: the height of the mesophase, D; its 
position, μPnc; its width, σPnc; the asymmetry factor a; the damping factor 
ΔXPnc. For a fully isotropic sample, ΔXPnc would be equal to zero. 

In case of coPA, a meridional reflection was observed, which is dis

Iamorphous =A exp

[
−
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2Θx2 + k2Θy2
√

− μ1

)2

2σ2
1

]

P + B exp

[
− (

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2Θx2 + k2Θy2

√
− μ2)

2

2σ2
2

]

P (Eq. 2)   

IPnc
eq =D exp

[−

(

2Θ − μPnc

)2

2σ2
Pnc

] (

1+ erf
{

a
(
2Θ − μPnc

)

σPnc
̅̅̅
2

√

})

exp
[

−
4π2

3
(s2

3ΔX2
Pnc)

]

P (Eq. 3)   
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Table 1 
Summary of studied polymer materials and produced fibers thereof [77,78,80,84]. 
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cussed in more detail in the results section. The meridional reflection 
was simulated with an additional damped Gaussian function (Equation 
(4)) and was added to the mesophase intensity. 

IPnc
mer =E exp

[
−
(
2Θ − μmer

)2

2σ2
mer

]

exp
[

−
4π2

3

(
s2

12ΔX2
mer

)]

P (Eq. 4) 

Further details about the used fitting parameters for the individual 
melt-spun fibers are given in the data in brief [76]. 

2.4. WAXD fitting algorithms for drawn semi-crystalline polymers 

The simulations of the crystalline phase in 2D WAXD patterns are 
based on the theory by Burger et al. [89]. This theory has already been 
successfully applied to a variety of semi-crystalline polymers by other 
authors and us [48,90–92]. 

In order to calculate the intensity of Bragg reflections of individual 
(hkl) planes, it is necessary to know the atomic positions of all atoms in 
the unit cell, since the scattered intensity of an (hkl) plane is directly 
proportional to the modulus square of the unit cell structure factor, 
|Fhkl(shkl)|

2 (Equation (5)). 

|Fhkl(shkl)|
2
=

⃒
⃒
⃒
⃒
⃒

∑N

j=1
f jexp( − 2πi

(
shkl⋅Rj

))
exp( − B

⃒
⃒shkl|

2

4
)

⃒
⃒
⃒
⃒
⃒

2

(Eq. 5) 

The scattering vectors, shkl, of (hkl) planes represent the nodes in 
reciprocal space, with |shkl| = 2sin(Θhkl)/λ. The atomic form factors, fj, 
are calculated using the coefficients from the international tables for 
crystallography [93,94]. Isotropic thermal displacement parameters, B, 
for the Debye-Waller factor calculations, as well as unique atomic po
sitions, unit cell lattice parameters and space groups, are taken from 
published articles [95–97]. Applying the correct symmetry operations 

Table 2 
Chemical structures of analyzed polymer materials.  

State of matter of raw 
material 

Raw material Chemical structures 

amorphous Polycarbonate (PC) [86] 

Cyclo-olefin polymer (COP) [42,79] 

Co-polyamide (coPA) 
(Grilamid® TR90 from EMS Chemie AG, Domat-Ems, 
Switzerland) [42,87] 

Polyethylene terephthalate glycol (PETG) [81] 

Semi-crystalline Polymethyl-pentene (PMP or TPX) [82] 

Polyethylene terephthalate (PET) 

Poly-3-hydroxybutyrate (P3HB) 

E. Perret and R. Hufenus                                                                                                                                                                                                                      



Polymer 229 (2021) 124010

6

leads to the thought-after atomic coordinates xj, yj, zj of all atoms in the 
unit cell, from which the atomic position vectors, Rj, can be calculated 
[92]. 

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, W, leads to a fixed width, w = 1/W, of the 
reflections in reciprocal space. Since the crystal size depends on the 
chosen crystalline direction, which is perpendicular to the crystal planes 
of the chosen reflection, different width parameters have been intro
duced for equatorial reflections. We make use of a Lorentzian distribu
tion function to account for the broadening of the peaks due to the finite 
crystal size. The scattered intensity distribution of a (hkl) plane with 
polar angle ϕhkl is given by Equation (6). 

I(s,ϕhkl)=
1

(

4πw|shkl|
2

)Ihkl

(

shkl

)
1

1 + [π(s − shkl)/w]2
(Eq. 6) 

The scattered intensityIhkl(shkl), is proportional to the above given 
unit cell structure factors squared. The Onsager distribution function, 
F(ϕ,ϕhkl), takes the orientation of the crystallites into account, where p0 
is the isotropic randomly oriented fraction of crystals in the filament, p is 
the azimuthal width of the peaks, arising from the oriented crystal 
fraction, and I0 is the modified Bessel function of the first kind of order 
zero (Equation (7)). 

F(ϕ,ϕhkl)= p0 +

(

1 − p0

)(
p cosh(p cosϕ cosϕhkl)

sinh(p)

)

I0(p sinϕ sinϕhkl)

(Eq. 7) 

Reflections with large |shkl| are typically attenuated in measured 2D 
WAXD patterns, which can be explained by crystal imperfections, where 
atomic groups are displaced statistically around their ideal position 
[92]. Thus, a Debye-Waller factor, DWF, is applied to correct the in
tensity for this disorder. 

The overall averaged intensity arising from the crystals in the fila
ment is given by Equation (8). 

J(s,ϕ)= I(s,ϕhkl) F(ϕ,ϕhkl)DWF (Eq. 8) 

Typically, one or two Gaussian rings, Iamorphous, were used to simu
late the intensity contribution from the unoriented, amorphous phase 
(Equation (2)), and a damped asymmetric Gaussian profile, IPnc (Equa
tion (3)), was used to simulate the equatorial intensity contribution from 
a highly oriented non-crystalline mesophase, Pnc. Finally, the overall 
intensity distribution of the simulated 2D WAXD pattern is described by 
Equation (9). 

Isim(s,ϕhkl)= Iamorphous + IPnc + I(s,ϕhkl) F(ϕ,ϕhkl)DWF (Eq. 9) 

Background corrected, normalized integrated azimuthal, equatorial 
as well as off-axis profiles were simultaneously fitted with simulated 
profiles by minimizing the total fitting error, χ2, using a differential 
evolution method (Eq. (1)). To calculate the fitting errors, the measured 
profiles were interpolated to the simulated angular data points. Details 
about the used fitting parameters for PET and P3HB filaments are given 
in the data in brief [76]. 

2.5. Calculation of phase percentages 

The phase percentages have been calculated by dividing the sum of 
the entire 2D map intensity contribution of the phase of interest by the 
total simulated scattered intensity. Equation (10) shows how the in
tensity contribution from the mesophase is calculated. 

χPnc(%)=
IPnc

Iamorphous + IPnc + Icrys
× 100 (Eq. 10)  

3. Results and discussion 

3.1. Drawn fibers melt-spun from amorphous polymers 

3.1.1. Uniqueness of fitting solution and algorithm 
As described in the experimental section, 2D WAXD patterns are 

simulated using several 2D functions (one asymmetric Gaussian for the 
mesophase and several Gaussian rings for the amorphous phase), fol
lowed by an extraction of equatorial, meridional and azimuthal profiles, 
which are subsequently fitted to the extracted, measured profiles. The 
fact that these different profiles (azimuthal, equatorial and meridional) 
are fitted simultaneously, limits the number of possible solutions that 
can be found, since each profile gives characteristic information about 
specific phases. Even though the scattering signal of the amorphous 
phase and mesophase overlap, the simultaneous fitting of the three 
profiles ensures that the phases become deconvolved. For example, the 
azimuthal profile can either be flat, which signifies that no mesophase is 
present, or it shows a mesophase peak on the equator. Thus, the fit of the 
azimuthal profile mainly optimizes the decay (orientation) parameter of 
the mesophase, and both intensities of mesophase and amorphous 
phase. However, the meridional profile is mainly sensitive to the 
amorphous phase contribution (unoriented fraction), and the equatorial 
profile is sensitive to both amorphous and mesophase position/width/ 
asymmetry/intensity parameters. We have ensured that only the mini
mum amount of Gaussian rings has been used to fit the amorphous phase 
contribution, in order to properly fit the profiles. Using less than 3 or 2 
Gaussian rings, depending on the sample, significantly increased the 
fitting error, and espacially the meridional profile could not be well 
reproduced. Other solutions with local minimum errors may exist, 
depending on the chosen initial parameters, but it is expected that the 
solutions would contain similar peak positions and widths. 

Other authors have used ‘the halo method’ [47,63] to extract the 
isotropic fraction (amorphous phase) from WAXD patterns. In this 
method, the minimum intensity values in azimuthal scans yield the 
profile from the amorphous phase contribution, as a function of scat
tering angle 2θ. However, this method becomes problematic when, e.g., 
the mesophase decay is very shallow and still gives rise to contributions 
at the meridian, as it is the case in the following fitting examples. Fitting 
WAXD patterns, while enforcing that the mesophase does not contribute 
to the meridional profile, led to significantly larger errors in the 
azimuthal profiles. Note that the mesophase, which is described in the 
following sections, is the orientable fraction of the material. 

3.1.2. WAXD fitting results 
In the next sections, we are discussing the structural details of mes

ophases and amorphous phases that we have found in monofilaments 
melt-spun from amorphous polymers (PC, COP, coPA), and in the PETG 
core of a bicomponent PETG/PMP fiber. Even though these are all 
amorphous polymers, their molecular chains can be oriented and 
stretched through drawing, leading to a highly oriented mesophase. For 
all drawn PC, COP and coPA monofilaments, we have found nematic 
mesophases, and the quantification of mesophase and amorphous phase 
has been successfully performed through a 2D WAXD fitting method. 

3.1.2.1. Polycarbonate monofilaments. We have measured WAXD pat
terns of three melt-spun PC fibers of different draw ratios. The top row in 
Fig. 2 shows the measured WAXD patterns, where the intensities have 
been divided by the fiber cross-sectional area, in order to account for the 
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thinning of the fibers due to drawing. The integrated meridional (mer.) 
and equatorial (eq.) sectors (opening angle 20◦) are highlighted with 
orange lines, and the integrated azimuthal ring is indicated with white 
circles. The middle row in Fig. 2 shows both, equatorial and meridional 
profiles, and the bottom row displays the azimuthal profiles. 

As expected, the as-spun fiber, wound-up directly after spinning 
without drawing (DR = 1), is completely amorphous, as indicated by the 
completely flat azimuthal profile arising from the amorphous Gaussian 
ring in the 2D pattern (Fig. 2a). Upon drawing, two arc-shaped equa
torial reflections appear in the WAXD pattern, which arise from the Pnc 
mesophase (Fig. 1), where PC chains are stretched along the fiber axis 
and have a preferred lateral spacing. 2D WAXD patterns have been 
simulated from best fit parameters and are shown in Fig. 3 (2nd row). 
The simulated WAXD pattern can be split into two contributions, one 
arising from the amorphous phase (3rd row), and one from the highly 
oriented non-crystalline mesophase (4th row). The best fit parameters 
and calculated phase percentages are given in Table 4. 

Interestingly, the amorphous phase (3rd row in Fig. 3) for filament 
DR 1 consists of a superposition of two rings, a sharp and a broad ring. 
We suspect that the very broad halo arises from intramolecular 

interferences (within chains) between heavier atoms, and that the inner 
sharper halo arises from intermolecular interferences (between chains), 
reflecting the distances between macromolecules. The good fit of the 
WAXD data of this PC filament with DR 1, proves that the Gaussian 
functions for the amorphous phase are well representing the scattering 
of the unoriented amorphous phase. For the drawn filaments, DR 2 and 
DR 3, it is necessary to introduce three rings to fully describe the 
amorphous pattern in the background, since part of the intensity is 
redistributed into the mesophase scattering feature. Additionally, the 
rings become elliptically shaped upon drawing, which can also be seen 
by the increase in the k parameter in Table 4. The overall percentage of 
the mesophase, χPnc, is significantly increasing from DR 1 to DR 2, at the 
expense of the amorphous phase. Between DR 2 and DR 3, however, the 
mesophase percentage stays almost constant, since not only the meso
phase scattering becomes more intense upon drawing, but also the 
overall scattering signal. This suggests that the electron density contrast 
in the material increases upon drawing, which could arise from the 
formation of small voids. However, the SAXS pattern shows no signifi
cant scattering feature for DR 3 [76]. 

The position of the sharp amorphous ring, μ1 (Table 5), in the as-spun 

Fig. 2. Measured WAXD patterns of PC fibers (top row) with corresponding fits of equatorial (eq.) and meridional (mer.) (middle row), as well as azimuthal profiles 
(bottom row). The equatorial and meridional profiles are shown normalized to the maximum equatorial intensity, and the azimuthal profiles to the maximum 
azimuthal intensity. The meridional profiles are offset by +1 for better visibility. 
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fiber (DR 1) is almost at the same angle as the mesophase, which de
velops upon drawing. This suggests that a preferred distance, ~5.1 Å, 
exists between unoriented chains in the amorphous phase of the as-spun 
fiber, and that these chains orient upon drawing, while maintaining 
their distance. 

3.1.2.2. Cyclo-olefin polymer monofilaments. The chemical structure of 
COP consists of bulky ring moieties in the chain (Table 2), causing this 
material to be amorphous in nature. Profiles of WAXD patterns of four 
differently drawn COP fibers (DR = 1.5, 2.0, 2.5, 3.5) have been fitted 
[76]. The measured and simulated WAXD patterns are shown in Fig. 4. 
Here, the WAXD pattern of the amorphous phase (3rd row) consists of a 
superposition of only two rings. Analogously to the PC fibers, one ring 
has a rather small width, whereas the second one is broad. The 4th row 
in Fig. 4 shows the mesophase contribution. 

The overall percentage of the mesophase, χPnc, is increasing between 
DR 1.5 and DR 2.0, on the expense of the amorphous phase (Table 4). 
For higher draw ratios, the mesophase percentage stays almost constant, 
even though it shows a significant sharpening on the equator, which is 
reflected by the increase in the peak intensity, Dnorm, and the azimuthal 
decay parameter, ΔXPnc (see also azimuthal profiles in data in brief 
[76]). The increase in the decay parameter correlates with an increase in 
the molecular orientation parameter from fPnc = 0.44 to fPnc = 0.50 for 
draw ratios 1.5 to 3.0. This Hermans’ orientation parameter [98], fPnc, 
can be calculated from the azimuthal profile of the mesophase [76]. The 
fact that the overall percentage of the mesophase is not changing much 
above DR 2.0, suggests that only a fixed amount of chains are flexible 
enough to stretch and orient along the fiber axis, while being laterally 
squeezed. The latter is also reflected by an increase in the angular po
sition of the mesophase peak, μmax

Pnc , on the equator, which correlates with 

Fig. 3. Measured WAXD patterns of PC fibers for different draw ratios (1st row), simulated WAXD patterns resulting from the best fits (2nd row), simulated 
amorphous phase (3rd row) and simulated mesophase (4th row). 
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a decrease in the lateral spacing, dPnc, between chains in the mesophase 
(Table 5). 

Fig. 5 shows the measured SAXS patterns (angular range − 2 to 2◦) of 
all COP fibers. The central diffuse scattering is significantly stronger for 
the highly drawn fiber, DR 3.0. This scattering is most-likely arising 
from low-density structures like microvoids or cracks in the fiber. This 

assumption explains the increase in the electron density contrast and 
thus overall scattering with increasing draw ratio. 

3.1.2.3. Co-polyamide monofilaments. The coPA Grilamid® TR90 is a 
copolymer of dodecanedioic acid and 4,4′-methylenebis(2-methyl
cyclohexanamine) (Table 2). Fig. 6 shows the measured and simulated 

Fig. 5. Measured SAXS patterns of COP fibers.  

Fig. 4. Measured WAXD patterns of COP fibers for different draw ratios (1st row), simulated WAXD patterns resulting from the fits (2nd row), simulated amorphous 
phase (3rd row) and simulated mesophase (4th row). 
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WAXD patterns of two coPA fibers of draw ratios 2.5 and 3. Fitted 
profiles are shown in the data in brief [76]. 

Two broad equatorial peaks and two meridional reflections are 
observed. Similar WAXD patterns have been previously observed and 
discussed for PA6 and PA11 [39,99,100]. Such patterns with two broad 
equatorial reflections and two meridional reflections can in principle be 
explained by one of the following two models, i.e., a smectic mesophase, 

where heavy amide groups in oriented macromolecules are aligned in 
planes perpendicular to the fiber axis, or a nematic mesophase, where 
the heavy amide groups have no, or only very little, lateral positional 
correlations, see also Fig. 1. In the literature, the former model is 
sometimes referred to as the ‘smectic β-phase’. Note that for smectic 
phases, also higher order reflections should be observed on the merid
ian. Additionally, for smectic phases, the meridional reflections are 

Fig. 6. Measured WAXD patterns of coPA fibers for different draw ratios (1st row), simulated WAXD patterns resulting from the fits (2nd row), simulated amorphous 
phase (3rd row) and simulated mesophase (4th row). 
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typically very sharp along the meridian and also perpendicular to it, due 
to the long-range order along the fiber axis, and the medium-range order 
in lateral direction [23,38,101]. We had to add an additional decaying 
Gaussian peak to the fitting procedure in order to account for the 
meridional reflection in coPA. The fitting results of the meridional re
flections are summarized in Table 3. Nematic and smectic phases can be 
distinguished by analyzing the full width at half maximum (FWHM) of 
the meridional reflection along the layer line (parallel to equator). In 
case of coPA, the FWHM decreases from 0.32 Å− 1 to 0.29 Å− 1 upon 
drawing and is calculated from the exponential decay function (Equa
tion (4)), which is based on the decay parameter, ΔXmer. The correlation 
lengths of the coPA chains, in lateral direction, is therefore increasing 
from about 3.1 Å to 3.5 Å upon drawing. The small values of the cor
relation lengths suggest that the scattering is a result of parallel, yet 
uncorrelated polymer chains (nematic). The fact that the meridional 
reflections are arc-shaped, and that no higher order reflections are 
observed, supports this finding. The equatorial mesophase position of 
18.4◦ corresponds to a lateral chain spacing of 4.8 Å, which is the same 
spacing as the previously reported one for the β-form phase in PA6 [99]. 
The angular position of the meridional reflection in coPA correlates with 
a spacing along the fiber axis of about 11 Å, which is significantly larger 
than the reported distance (8.35 Å) between amide groups in PA6 fibers 
[99,102], but it is quite close to the distance (12.9 Å) reported for the 
pseudo-hexagonal phase in PA11 [100]. The C––O groups in the coPA 
are separated by 10 CH2 groups, which is similar to the spacing in PA11 
(10 CH2 groups and an N–H group). Thus, the meridional reflection, 
observed for coPA, arises most-likely from the spacing with 10 CH2 
groups. The second spacer between amide groups, 4′-methylenebis 
(2-methylcyclohexanamine), seems not to be oriented along the fiber 
axis, but may be tilted away from it, since no additional meridional 
reflection is observed. 

3.1.2.4. Summary of fitting parameters from PC, COP and coPA fibers. 
The best fit parameters from PC, COP and coPA fibers are summarized in 
Table 4. 

The angular position of the mesophase is directly correlated to lateral 
spacings between molecular chains through Bragg’s law [103]. The 
positions of the Gaussian rings (isotropic scattering) of the amorphous 
phase are correlated with either the real space distances between chains 
(intermolecular interferences) or may reflect the distances between 
heavier atoms on individual chains (intramolecular interferences). The 
positions and calculated lateral spacings of the mesophase, and real 
space distances of the amorphous scattering contributions PC, COP and 
coPA fibers, are summarized in Table 5. Note that for the PC fibers with 
DR = 2 and DR = 3, a large part of the amorphous scattering (isotropic 
ring) that is located at 17.3◦ for DR = 1, becomes oriented and is con
verted to the mesophase. The remaining amorphous scattering signal is 
composed of contributions at small and high scattering angles. The fitted 
positions (given in brackets in Table 5) reflect, where the main part of 
the remaining amorphous signal is located, suggesting that chains with 
either small or larger lateral spacing may not be orientable. Note that for 
the other samples, COP and coPA, the amorphous ring positions are 
located much closer to the Pnc phase and thus, in these cases, the 
amorphous ring positions reflect the preferred lateral spacing in the 
amorphous phase. 

Table 3 
Best fit parameters for meridional reflection in WAXD patterns of coPA 
monofilaments.  

CoPA fibers DR Pnc mesophase, meridional reflection 

Emer
norm  μPnc

mer(◦)  dPnc
mer(Å)  σmer(◦)  Δxmer 

(Å) 

2.5 1.27 8.1 10.9 0.5 8.95 
3.0 1.48 8.0 11.1 0.5 10.0  
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3.1.2.5. PETG/PMP bicomponent monofilament. PETG is a random 
copolymer that consists of ethylene glycol terephthalate (ET) and 1,4- 
cyclohexanedimethanol terephthalate (CT) units (Table 2). A WAXD 
pattern of a PETG monofilament with DR = 1.1 is shown in Fig. 7a. PETG 
fibers can typically only be post-drawn with small DRs (<2), since the 
solidified fibers would break at high strain, due to lacking draw strength 
[41]. The maximum draw ratio that we have achieved for PETG was 1.3. 
In contrast, the semi-crystalline material PMP (Fig. 7b) can be melt-spun 
and drawn to very high draw ratios (here, DR = 9.6, see Fig. 7b). Various 
polymorphs of the PMP crystal structure are known [104–110]. Note 
that determining the exact crystal structure present in the PMP mono
filament would exceed the scope of this article. Interestingly, it was 
possible to melt-spin PETG/PMP bicomponent fibers with a high draw 
ratio of 7.0 (Fig. 7c), since the sheath material provided the required 
draw strength. In bicomponent spinning, drawing stress is concentrated 

in the polymer that solidifies first [111], i.e., in the semi-crystalline 
PMP. Since the PMP sheath has a lower glass transition temperature 
(Tg = 20 ◦C) [112] than the one of PETG (Tg = 81 ◦C [113]), the PMP 
sheath is expected to thermally isolate the PETG core during 
melt-spinning, and therefore, to delay the freezing of molecular chain 
movement in PETG [111]. 

In order to measure the structure of the PETG core, we have removed 
the sheath from the bicomponent fiber by dissolving PMP in cyclo
hexane. The WAXD pattern of the resulting PETG core fiber, as shown in 
Fig. 7d, displays a strong mesophase that looks very similar to the one of 
PET [12]. 

Extracted equatorial profiles and azimuthal profiles highlight the 
existence of the mesophase in the PETG core material [76], verifying 
that the PETG core material had more time to orient itself due to the 
delayed cooling. 

Table 5 
Scattering feature positions and calculated lateral spacings and real space distances. The explanation of values in brackets is given in the main text.   

DR Pnc mesophase Amorphous phase 

μmax
Pnc (◦)  dPnc (Å) μ1(◦)  d1 (Å) μ2(◦)  d2 (Å) μ3(◦)  d3 (Å) 

PC 1.0 – – 17.3 5.1 – – 18.6 4.8 
2.0 17.1 5.2 (8.0) (11.0) (21.1) (4.2) (24.1) (3.7) 
3.0 17.1 5.2 (8.5) (10.4) (21.0) (4.2) (24.2) (3.7) 

COP 1.5 16.8 5.3 17.0 5.2 16.3 5.4 – – 
2.0 16.7 5.3 17.1 5.2 16.3 5.4 – – 
2.5 17.1 5.2 17.0 5.2 16.3 5.4 – – 
3.0 17.1 5.2 17.1 5.2 16.3 5.4 – – 

coPA 2.5 18.4 4.8 15.4 5.7 – – – – 
3.0 18.4 4.8 15.2 5.8 – – – –  

Fig. 7. Measured WAXD patterns of (a) PETG monofilament, (b) PMP monofilament, (c) PETG/PMP bicomponent fiber, (d) PETG core of bicomponent fiber with 
removed sheath. The integrated equatorial and azimuthal areas for the profile extractions are indicated with red lines and white circles. The profiles are shown in the 
data in brief [76]. (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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We conclude that amorphous materials can reach much higher draw 
ratios, when surrounded by a sheath material that has a lower glass 
transition temperature than the core. In the past, a similar behavior has 
been observed for PET/polystyrene [111,114] and for PET/polyme
thylmethacrylat [115] as well as for PET/PA6 [116] bicomponent 
filaments. 

3.2. Drawn fibers melt-spun from semi-crystalline polymers 

We have already applied the here presented WAXD fitting algo
rithms, for phases occurring in a semi-crystalline material, to melt-spun 
poly(ϵ-caprolactone) (PCL) [92]. In the following sections, we discuss 
the application of the algorithms to PET and P3HB filaments. 

3.2.1. Uniqueness of fitting algorithm 
Other methods exist to extract the mesophase content from WAXD 

patterns [8,47,49,63,72,74]. Most of the publications extract the 
isotropic fraction (amorphous) from the WAXD pattern with the ‘halo’ 
method, or from meridional profiles. Typically, the found isotropic 
fraction is then subtracted from the data, and the remaining anisotropic 
scattering that consists of crystalline phase and mesophase are fitted to 
specific functions. The here proposed algorithm is deconvolving meso
phase and crystalline phase in a new and unique way, and also fits the 
amorphous phase. Applying the ‘halo’ method to semi-crystalline ma
terials can become problematic when i) the unoriented crystalline 
scattering features (sharp rings) overlap with the unoriented amorphous 
scattering feature (halo) or ii) the mesophase scattering signal smears 
out and even contributes to the meridional region. Therefore, we 
decided to obtain the amorphous phase contribution by simultaneously 
fitting various profiles, i.e., equatorial, meridional, or off-axis and 
azimuthal profiles. For the crystalline fraction, the newly proposed al
gorithm takes into account atom types, atom positions and unit cell 
sizes, and calculates the structure factors from it. Furthermore, an ori
ented and unoriented crystalline fraction is taken into account. Thus, the 

uniqueness of the proposed algorithms lies in the simultaneously ob
tained detailed information about amorphous phase, mesophase, as well 
as crystalline structure. 

3.2.2. Poly(ethylene terephthalate) monofilament 
Molecular structure and phases developing in PET have been widely 

studied in the past. We have therefore chosen to use PET as a fitting 
example in order to highlight the possibilities to simultaneously extract 
information about all the phases present in melt-spun fibers. The 
triclinic unit cell lattice parameters of PET from Daubeny et al. [95] (a =
4.56 Å, b = 5.94 Å, c = 10.75 Å) have slightly been adjusted, so that the 
simulated equatorial peak positions match the measured peak positions. 
The lattice parameters applied for the fits were: a = 4.50 Å, b = 5.86 Å 
and c = 10.75 Å. The unit cell angles (α = 98.5◦, β = 118◦, γ = 112◦) 
were adopted from Daubeny et al. [95]. Fractional coordinates (u,v,w) 
were taken from the refined values published by Tse et al. [96]. To 
calculate the orthogonal coordinates in angstrom, (rx, ry, rz), from frac
tional coordinates of the triclinic unit cell, we have used Equations (11) 
and (12). 

⎡

⎣
rx
ry
rz

⎤

⎦=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

a sin β
b(cos γ − cos α cos β)

sin β
0

0
Ω

ca sin β
0

a cos β b cos α c

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎡

⎣
u
v
w

⎤

⎦ (Eq. 11)  

Ω= abc
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − cos2(α) − cos2(β) − cos2(γ) + 2 cos α cos β cos γ

√
(Eq. 12) 

A schematic of the triclinic unit cell in the orthogonal coordinate 
system is shown in Fig. 8a. Daubeny et al. [95] have found that the fiber 
axis has to be tilted with respect to the unit cell and have suggested that 
the fiber axis lies in the (230) plane with a tilt angle of 5◦. However, the 
tilt direction of the fiber axis and the absolute tilt value can vary, 
depending on the melt-spinning conditions [117]. This tilt of the crys
talline unit cell, with respect to the fiber axis, strongly affects the 

Fig. 8. (a) 3D view of triclinic unit cell of PET using the Mercury software [119]. Only bonds and atoms that fit entirely into the unit cell are shown. (b) Top view 
along the c-axis. (c) Corresponding reflections in the top-right quadrant of the WAXD pattern. 
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diffraction patterns by shifting the reflections away from the layer line 
positions, either up- or downwards [95]. Considering the positions of the 
measured PET reflections, the fiber axis direction was found to lie in the 
(230) plane with a fiber direction vector of f = [-xa/2, xb/3,1]. All co
ordinates [rx,ry,rz] have thus been rotated [118] with a rotation matrix R 
(f,t), which rotates the unit vector f/|f| into the unit vector, t = R(f,t) f, 
with the tilt angle being defined through the fit parameter x. Such a fit, 
which enforced the tilt direction to be in the (230) plane, revealed a tilt 
angle of about 1.7◦ (x = 0.009) with the molecular axis being along t =
[0,0,1] (see Fig. 8a and b). Fig. 8c shows the top-right quadrant of the 
measured WAXD pattern of a PET fiber, where (hkl) reflections are 
indicated with respect to the planes in the triclinic unit cell. 

The entire WAXD pattern of the PET fiber is shown in Fig. 9a. 
Equatorial, off-axis and azimuthal profiles have been fitted, with the 
constraint that the tilt direction of the fiber axis has to lie in the (230) 
plane. The simulated WAXD pattern from the best fit parameters of all 

phases is shown in Fig. 9b. The contribution to the 2D pattern, from the 
sum of crystalline and amorphous phase, is shown in Fig. 9c. The mes
ophase is asymmetric (Fig. 9d); the shape is very similar to the meso
phases found in PET films [12], and the simulated data fits the extracted 
profiles remarkably well (Fig. 9e and f). Phase percentages and relevant 
best fit parameters, for the mesophase and crystalline phase, are sum
marized in Table 6. Additional parameters are given in the data in brief 
[76]. 

The mesophase scattering feature of PET is much broader than the 
ones found in stretched amorphous materials and is also more asym
metric. This suggests that there is a larger spread of lateral chain spac
ings between mesomorphic chains in PET, which could mean that the 
mesophase is on the verge of becoming crystalline. The decay of the 
mesophase away from the equator (ΔXPnc = 2.1) is similar to the ones 
observed for the mesophase in amorphous materials (1.2–2.3), and thus, 
the mesophase is most-likely developing from the amorphous phase. In 

Fig. 9. (a) Measured WAXD pattern of PET 
fiber and (b) simulated pattern. (c) Simu
lated crystalline and amorphous contribu
tion. (d) Mesophase contribution. (e) 
Corresponding fits of equatorial (eq.) and 
off-axis profiles. The integrated equatorial 
wedge lies between orange lines, and the off- 
axis wedge between the red and upper or
ange line, as shown in (a). The equatorial 
profiles and off-axis profiles are shown 
normalized to the maximum equatorial in
tensity. (f) Azimuthal profiles are normal
ized to the maximum azimuthal intensities. 
The off-axis and azimuthal profiles are offset 
by +1 for better visibility. (For interpreta
tion of the references to colour in this figure 
legend, the reader is referred to the Web 
version of this article.)   

Table 6 
Phase percentages and relevant best fit parameters for the mesophase and crystalline phase in PET monofilaments.  

Pnc mesophase Crystalline phase 

χPnc(%)  Dnorm μmax
Pnc (◦)  dPnc (Å) σPnc (◦)  ΔXPnc a χcrys(%)  p p0 x W(010) 

(nm) 
W(-110) 

(nm) 
W(100) 

(nm) 
W(0-11) 

(nm) 

16.3 0.29 18.7 4.7 7.7 2.1 9.08 27.0 142 0.0 0.009 2.1 1.9 2.0 5.8  
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the past, the mesophase has been said to be nematic or smectic-A [20, 
32]. Since we observe no meridional reflections, we claim that the 
mesophase in the measured PET fiber has no lateral order, and is thus 
nematic. 

The crystalline phase is highly oriented, which is reflected by the 
rather large p value, which corresponds to a Hermans’ orientation 
parameter of 0.98 [98]. The crystal dimensions, W(hkl), in the direction 
perpendicular to the planes, are directly calculated from the width pa
rameters of the respective reflections, and are also summarized in 
Table 6. 

The crystal width values are a bit smaller than published parameters 
for crystals in PET films [120], which may be due to the neglected 
instrumental broadening. The crystals are found to be rather small in the 
a and b direction, but larger in the c direction. 

3.2.3. Poly-3-hydroxybutyrate monofilaments 
In previous articles, we have already discussed the mesophase in 

melt-spun P3HB filaments [4,5,83]. An as-spun P3HB fiber was 
stretched to different elongations, by applying different tensile stresses, 
which resulted in an increase of the mesophase and a concomitant 
decrease of crystalline α-phase. This transformation was found to be 
highly reversible [5]. Here, we have fitted the WAXD patterns of three 

fiber samples: as-spun (0 N), elongated fiber with an applied force of 
0.80 N (128 MPa) and 1.05 N (168 MPa), respectively. We have calcu
lated the 2D WAXD pattern of the crystalline α-phase from the atomic 
coordinates and unit cell parameters (a = 5.73 Å, b = 13.15 Å and c 
(fiber axis) = 5.93 Å) previously published by Wang et al. [97]. To 
properly fit the data, we had to slightly extend the c-parameter to 6.02 Å 
for the as-spun fiber. Upon stretching, the a,b unit cell parameters 
needed also to be slightly decreased, and the c-parameter had to be 
increased [76]. For the fits, we have chosen to fit a profile of an off-axis 
wedge, the equatorial profile and also three azimuthal profiles. The 
latter profiles were extracted from integrated rings through the (020), 
(110) and mesophase reflections. Fitted profiles are shown in the data in 
brief [76], and the simulated 2D patterns are shown in Fig. 10. Note that 
the measured angular range was smaller for the P3HB fiber samples, 
compared to the angular ranges of other polymer fibers, since a longer 
sample to detector distance (16.8 cm) was used to fit the tensile stage 
into the diffractometer’s vacuum chamber. 

The most important fitting parameters, for the mesophase and 
crystalline phase, are summarized in Table 7. Additional parameters of, 
e.g., the amorphous phase, are given in the data in brief [76]. The phase 
percentage of the mesophase is increasing upon drawing, with a corre
lated decrease in the crystalline phase, which confirms our previous 

Fig. 10. Measured WAXD patterns of P3HB fiber (DR = 6) for different amounts of applied stress (1st row), simulated WAXD patterns resulting from the fits (2nd 
row), the sum of simulated crystalline and amorphous phase (3rd row), and simulated mesophase (4th row). 
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observations [5]. With the fitting procedure presented here, it is possible 
to simultaneously obtain information about the mesophase structure, as 
well as details about the crystalline and amorphous phase. The meso
phase location, μmax

Pnc , corresponds to an average lateral spacing of the 
elongated chains of dPnc = 4.6 Å. The angular width, σPnc ∼ 1◦, of the 
mesophase peak, is reflecting the distribution of the various distances 
between the chains, and is smaller than the widths observed for the 
mesophases of the other materials described in this article (2.4–8◦). This 
suggests, that the P3HB chains have a well-defined lateral spacing. From 
the width parameters of the reflections (020) and (110), one can directly 
calculate the crystal sizes, W(020) and W(110), along these crystalline 
directions (Table 7). A clear trend can be observed, i.e., the crystallinity 
is reducing and the crystal sizes are becoming smaller upon drawing, 
suggesting that the surface region (a few unit cells wide envelope) of 
highly-oriented α-crystals transforms into the mesophase, which con
firms our previous findings [4,5]. Comparing the mesophase signal in 
drawn amorphous polymer materials with the mesophase signal in 
P3HB, it is obvious that the mesophase reflection in P3HB shows a much 
higher orientation. This is reflected by the large decay value of ΔXPnc 
~10, as opposed to the values of about 2, or smaller, in drawn amor
phous fibers. This finding, and the previously observed reversibility 
behavior, support our hypothesis that the elongated chains of the P3HB 
mesophase most-likely consist of tie-molecules, which are located 
in-between oriented α-crystals. For P3HB films, it has been suggested 
that the width of the equatorial mesophase peak is correlated with the 
small crystal width of a hexagonal crystalline β-phase [121]. However, 
we did not observed any additional off-axis streaks or reflections that 
would confirm the existence of such a crystalline β-phase in our P3HB 
fibers. 

The unoriented α-crystal fraction stays practically constant upon 
drawing, but follows an elliptic trace for the stretched samples, as is seen 
by the increase in the kcrys parameter [76]. The elliptic trace of unor
iented crystals can be explained by the elongation of plane distances in 
the crystals along the fiber axis, and a concomitant compression of the 
crystals perpendicular to it. 

4. Conclusions 

In fiber development, one of the major tasks is to study the structure- 
property relationship in order to tailor fiber properties. Physical prop
erties of polymer fibers strongly depend on the interplay between in
dividual phases (amorphous, mesophase, crystalline) present in the 
fibers, as well as on molecular orientation and other structural proper
ties [41]. Therefore, a detailed structural analysis, with e.g. wide angle 
x-ray diffraction, is essential to enhance fiber performance, to optimize 
melt-spinning processes and to ensure quality control. 

In this article, we present a beneficial tool (2D WAXD fitting algo
rithms) to quantify all phases (amorphous, mesophase, crystalline) that 
are present in polymer fibers, melt-spun from either amorphous or semi- 
crystalline polymeric materials. With these fitting algorithms, it is 
possible to simultaneously obtain detailed structural information about 
chain spacings, molecular and crystalline orientations, as well as crystal 
sizes. The fitting procedure also leads to simulated 2D WAXD patterns, 
which is an ideal visualization of the fitting results. For the future, it is 
envisaged to convert the presented fitting algorithms into a Python GUI. 
The same algorithms have also the potential to be applied to extract 

structural information of, e.g., stretched polymeric films. 
We have shown that the applied drawing stress during melt-spinning 

can induce mesophases, not only in polymer fibers melt-drawn from 
semi-crystalline materials, but also in fibers produced from amorphous 
polymeric materials. The occurrence of mesophases in all fibers, 
analyzed in this work, lets us hypothesize that mesophases, where mo
lecular chains align along the drawing axis, exist in all types of drawn 
polymer fibers, independent of the state of matter of the raw material 
(amorphous or semi-crystalline). The drawing is crucial for the devel
opment of mesophases, since the applied strain induces an orientation of 
the molecular chains, which in turn strongly affects the load-strain 
behavior of the fibers. The WAXD analysis has revealed that the meso
phases have typically a limited amount of long-range order and are non- 
crystalline, meaning that no unit cell exists. Future molecular dynamics 
simulations on various polymeric materials under strain could provide 
new insights into mesophase formations. 
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