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Ein spezieller Dank gilt Rainer Kurz und Prof. Dr. Jörg Wenz; ohne sie wäre diese Arbeit nicht
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Kurzfassung

Thermisch induzierte Phasenumwandlungsprozesse in teilkristallinen Kunststoffen wur-
den am Beispiel von Polylactid (PLA) in Abhängigkeit des Molekulargewichts und der
Stereoisomerzusammensetzung des unverzweigten Polymers, sowie in Mischungen
der isotaktischen Polymere Poly(L-lactid) und Poly(D-lactid) untersucht. Die betrachte-
ten Umwandlungsprozesse umfassten die isotherme Kristallisation in der unterkühlten
Schmelze und die in solchermaßen präparierten Proben ablaufenden Schmelz- und Re-
kristallisationsvorgänge während nicht-isothermen Heizens mit konstanter Rate.
Als Untersuchungsmethode wurde die zeitaufgelöste, temperaturabhängige, depola-
risierte Kleinwinkellaserlichtstreuung (SALS) genutzt, die durch Messungen mittels
thermischer Differenzkalorimetrie (DSC) ergänzt wurde. Für erstere wurde unter Rück-
griff auf die Literatur eine Kleinwinkelstreuapparatur des Fourierlinsen-Typs entwi-
ckelt. Die korrekte Arbeitsweise des experimentellen Aufbaus wurde durch Größen-
messung von Kolloiden in Suspension unter Anwendung der Mie-Theorie erfolgreich
verifiziert.
Die isotherme Kristallisation von PLA ist gekennzeichnet durch die temperaturabhän-
gige Bildung von Kristallkeimen und deren radialem Wachstum zu Sphärolithen, das
bei fortgesetzter Kristallisation zur Ausfüllung des gesamten Probenvolumens mit an-
einandergrenzenden Sphärolithen führt. Mittels SALS wurde die temperaturabhän-
gige Sphärolithwachstumsrate über den gesamten Temperaturbereich zwischen Glas-
übergang und Schmelze ermittelt. Dazu wurde die Tammannsche Methode angewen-
det, mit der für niedrige Unterkühlungen die Sphärolithanzahl soweit erhöht wurde,
sodass auch hier ein SALS-Signal erhalten werden konnte. Alle untersuchten PLA-
Typen wiesen eine glockenförmige Sphärolithwachstumskurve auf. Für die Homopo-
lymere konnten zwei Maxima identifiziert werden, die auf das Wachstum von α′- bzw.
α-Kristalliten zurückzuführen sind.
Während des Aufheizens von kristallisierten Proben mit konstanter Rate bleibt die
mittlere Sphärolithgröße unverändert bis zum Erreichen der finalen Schmelztempe-
ratur, bei der die Größe abrupt auf null sinkt. Zugleich sinkt das detektierte Streusi-
gnal auf null, was das vollständige Aufschmelzen und die Isotropisierung der vor-
mals kristallinen Polymerketten anzeigt. Dies gilt gleichermaßen für die Schmelz-
Rekristallisation der α-Kristallite wie auch für die α′/α-Phasentransformation.
Durch kombinierte SALS-DSC-Messungen konnte gezeigt werden, dass die depola-
risierte Streuinvariante direkt mit dem Kristallinitätsgrad der Sphärolithe korreliert
und dessen Änderung während der Schmelz-Rekristallisation von α-Kristalliten auch
quantitativ widerspiegelt. Das Schmelzen von PLA durch nicht-isothermes Heizen ist
gekennzeichnet durch eine Abnahme des Kristallinitätsgrades durch das Schmelzen
von kristallinen Domänen innerhalb der Sphärolithe. Wird der Schmelzvorgang unter-
halb des finalen Schmelzpunktes pausiert, so führt eine isotherme Wärmebehandlung
zu einer erneuten Zunahme des Kristallinitätsgrades. Dabei bleiben die Sphärolithe als
kristalline Überstrukturen bis zum Erreichen der finalen Schmelztemperatur erhalten.
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Abstract

Phase-transformation processes in semi-crystalline polymers as a function of molecu-
lar weight and chain tacticity of the linear polymer were investigated for polylactide
(PLA) and mixtures of its isotactic homopolymers poly(l-lactide) and poly(d-lactide),
respectively. Three phase transformation processes were analyzed: isothermal crys-
tallization, non-isothermal melting and melt-recrystallization. Melting was analyzed
during heating the samples after isothermal crystallization. Analysis also comprised α-
phase melt-recrystallization, and polymorphous melt-recrystallization due to the α′/α-
transition in the enantio-pure polymer. Studies were performed by combined time-
and temperature-resolved depolarized small angle light scattering (SALS) and differ-
ential scanning calorimetry (DSC). To this end, a home-built Fourier-lens type SALS
device was set up and its operational verification was accomplished by particle-sizing
of colloids in suspension by application of Mie-theory.
For the first time a microstructural characterization of morphological changes upon
phase-transformation during crystallization and during melting of isothermally crys-
tallized PLA was carried out via SALS. Isothermal crystallization of PLA proceeds
via temperature-dependent nucleation and growth of spherulites, which results in a
volume-filled morphology on completion of crystallization. Separation of spherulite
nucleation and growth by application of Tammann’s two stage crystal nuclei develop-
ment method allowed determining of the spherulite growth rate curve over a temper-
ature interval ranging from the glass transition to the melting point. At an isothermal
crystallization temperature high enough, pure α-phase crystals are formed. Exposed
to a temperature gradient, the crystals first melt and then recrystallize before they
finally melt. With decreasing crystallization temperature, an increasing fraction of
PLA is crystallizing in the less stable α′-phase. α′-crystals also melt upon increasing
the temperature but recrystallize to the more stable α-phase. A constant spherulite
size is revealed by SALS for both processes, the α/α and α′/α melt-recrystallization,
until completion of the final melting, thereby supporting integrity of the spherulites
throughout the entire processes. Joint DSC and SALS experiments demonstrate that
the depolarized scattering invariant correlates with the heat flow recorded by DSC
and thus offers an alternative measure for the degree of crystallinity. The following
mechanism is identified for both processes: initial melting and recrystallization over-
lay each other. Crystallinity is not fully recovered upon recrystallization because only
part of the original lamellae survives the melt-recrystallization, though with an in-
creased thickness. While lamellae are melting and reforming or simply transforming
their phase, the spherulites survive the process until final melting.
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Glossary

In this work widely used and recognized notation of symbols is utilized to provide consistency with
literature. However, it is not unusual to find different symbols denoting the same quantity or, vice versa,
two completely different quantities denoted by the same symbol even in small well-defined research
fields. This is even more true for this interdisciplinary work. For example, G denotes both the Gibbs
free enthalpy as well as the radial linear growth rate of spherulites. Therefore, the glossary lists the
symbol with both meanings. Hereinafter, it is believed that the correct meaning is apparent for the
reader from the context.

α α crystal modification of PLA
polarizability

α′ α′ crystal modification of PLA
c concentration
〈D2〉z z-averaged squared particle diameter
δ0

am,s intrinsic optical anisotropy of spherulitic amorphous phase
δ0

cr intrinsic optical anisotropy of a pure crystal
δ∗ relative disorder parameter
Dn number-averaged particle diameter
Dv volume-averaged particle diameter
E (modulus of the) electric field vector
η viscosity
fcr,s chain orientation factor
F, f focal distance
G Gibbs free energy

linear radial spherulite growth rate
H enthalphy
J1(x) Bessel function of the first kind
K optical constant, contrast factor
ki (modulus of the) incident wave vector
ks (modulus of the) scattered wave vector
λ wavelength in medium
λ0 vacuum wavelength
m relative complex refractive index
MN number-averaged molecular weight
MW weight-averaged molecular weight
φ, µ azimuthal scattering angle
φam,s spherulitic amorphous volume fraction
φcr,s spherulitic crystalline volume fraction
φS volume fraction of spherulites
P(q) form factor
q (modulus of the) scattering vector
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QHV depolarized scattering invariant
R spherulite size

pinhole radius
RHV Rayleigh ratio
Si amplitude scattering matrix element
T temperature
t1/2 crystallization half time
τexp detector exposure time
τp crystallization peak time
Tc crystallization temperature
Tg glass transition temperature
θ scattering angle
Tm melting temperature
T0

m equilibrium melting temperature
Tnuc nucleation temperature
U reduced scattering vector
x size parameter
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List of abbreviatons
AR antireflection (coating)
CCD charged coupled device
CMOS complementary metal oxide semiconductor
coPLA random co-polymer of l-lactide and meso-lactide
D-LA d-lactic acid
DLS dynamic light scattering
DSC differential scanning calorimetry
FDPA Fraunhofer diffraction pattern analysis
FSC fast scanning chip calorimetry
FTIR Fourier transform infrared (spectroscopy)
GUI graphical user interface
hcPLA homocrystalline polylactide
HSHL Hochschule Hamm-Lippstadt
L-LA l-lactic acid
NMR nuclear magnetic resonance (spectroscopy)
PDI polydispersity index
PDLA poly(d-lactic acid)
PLA polylactide, poly(lactic acid)
PLLA poly(l-lactic acid)
PMMA poly(methyl methacrylate)
POM polarized optical microscopy
PP polypropylene
PTFE poly(tetrafluoroethylene)
PWM pulse width modulation
RDG Rayleigh-Debye-Gans theory of light scattering
SAXS small angle x-ray scattering
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TGA thermogravimetric analysis
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WAXD wide angle x-ray diffraction
XRD X-ray diffraction
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1. INTRODUCTION

1 Introduction

1.1 Motivation and scientific goals

Polylactide (PLA) is a semi-crystalline linear aliphatic polyester [1]. Its bulk properties
dependent on its molecular weight and the chain architecture [2] as well as on the
thermal history of the material [3]. Bulk properties are also influenced by the isomer
composition of the chains, both in terms of stereo-isomer ratio and sequence length(s)
[4–10].
In order to improve the mechanical properties of products made from PLA with respect
to mechanical toughness and thermal stability, crystallization of the material is manda-
tory [11–13]. Controlling the crystalline morphology of the material is also the key to
the fabrication of transparent products from PLA with high melting points [14, 15].
Thus, the crystallization behaviour of PLA has been the subject of intense research [16–
22]. The crystallization window of PLA is determined by the glass transition temper-
ature Tg and the melting temperature Tm. Both quantities are functions of the isomer
composition of the chain and its molecular weight [23]. X-ray diffraction (XRD) mea-
surements revealed that PLA crystallizes into several (metastable) polymorphs [24–26]
and that stereocomplex crystals (scPLA) are formed in racemic as well as in other enan-
tiomeric mixing ratios of PLA [27]. Numerous studies were performed by calorimetry
(DSC) to determine crystallization mechanisms and kinetics and by polarized optical
microscopy (POM) to follow changes in morphology. PLA with high isomeric purity
generates spherulitic morphology upon isothermal [28] and non-isothermal [29] crys-
tallization. Linear radial growth rates G(Tc) of PLA spherulites were determined as
a function of the crystallization temperature Tc. Its dependence on molecular weight
and on stereoregularity, i. e. mole fraction of the minor repeat-unit was thoroughly
characterized in the past [30–34].
Whereas crystallization of PLA spherulites has been intensively investigated, much less
is known on the melting of PLA spherulites. DSC [35, 36] and XRD [37–39] clearly show
melt-recrystallization phenomena. Melt-recrystallization is caused by the dependence
of the melting point of the spherulite-constituting lamellae on crystallization tempera-
ture and is not only known for PLA [36, 38] but also for other polymers [40–45]. From
the semi-ordered, not yet isotropic melt of lamellae which were crystallized at large
undercooling a new population of crystal lamellae can form via rapid recrystallization
upon heating [37]. This melt-recrystallization process is accompanied by an increase of
the lamellar thickness as evidenced by XRD [37]. Similar findings have been published
for syndiotactic polypropylene [46]. A polymorphous α′/α-phase transition due to a
change in chain packing during melt-recrystallization, which depends on the thermal
history and enantiomeric composition of the polymer, adds to the complexity of the
melting behaviour of PLA [37, 39, 47]. DSC experiments on this transition report a
weak exothermic peak [37, 39, 48–50]. An increase of D-lactide monomer content low-
ered the maximum temperature where an α′-phase is still formed during isothermal
crystallization [48]. WAXS experiments showed an isosbestic point for the 116 and 203
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1. INTRODUCTION

reflections during melt-recrystallization [39]. The isosbestic point [39] together with
the short time required for the α′/α-phase transition [49] was used as evidence for the
solid-solid nature of the α′/α-phase transition. Combined SAXS-WAXS experiments
refined and further confirmed this interpretation [50]. However, knowledge about con-
sequences of melt-recrystallization and α′/α-phase transition on the overall spherulite
morphology is still poor. Kishore et al. [51] observed spherulite shrinking in size once
they got close to the melting point, being in strong contrast to observations made with
other polymers [52, 53].

In this work a time-resolved study of the crystallization and the melting behaviour
of PLA in terms of changes in spherulite morphology by means of a joint small an-
gle light scattering (SALS) and DSC analysis is presented. SALS is a powerful tool to
disclose the supramolecular crystal morphology of semi-crystalline thermoplastics, in
particular under conditions where time-resolved structure characterization is a chal-
lenge for POM [54–61]. Accordingly, SALS was also used to determine changes in PLA
morphology during crystallization [62–64] and in one further case it was applied to
characterize the isothermal crystallization of PLA in terms of spherulite growth rates
[65]. However, to the best of the author’s knowledge, there is no comprehensive SALS-
based characterization available for structure formation during crystallization and for
morphological changes during non-isothermal melting of PLA. This lack of informa-
tion motivated the present work.

The following agenda summarizes the scientific goals of this thesis:

• While there is a range of wide angle light scattering instruments commercially
available for the characterization of polymers in dilute solution no instruments
are available for the study of phase transformation processes of polymers during
crystallization or melting, respectively.
Therefore, the first objective of this thesis shall be the development of a dedi-
cated SALS instrument capable of performing time- and temperature-resolved
measurements of structure formation processes in undercooled polymer melts
like spherulite growth, and capable of monitoring morphological changes during
melting and melt-recrystallization of crystallized polymers.

• Benchmarking of the home-built SALS instrument shall be carried out via particle
sizing measurements of colloidal suspensions. To this end Mie scattering theory
shall be applied to determine particle sizes of standard latex beads. In particular,
these measurements serve in confirming the calibration of the scattering angles
of the instrument.

• The isothermal crystallization behaviour of PLA shall be characterized in terms
of the temperature-dependent linear radial spherulite growth rate G(T). For the
first time, by application of a modified temperature-time protocol SALS mea-

2



1. INTRODUCTION

surements shall be extended to the high temperature branch of the growth curve
which, so far, was only characterized by microscopy studies.

• The complex phase transformation behaviour of PLA upon heating after isother-
mal crystallization shall be characterized in terms of changes in spherulite mor-
phology. Investigations shall address the following questions:

(i) Does melting or melt-recrystallization affect spherulite size?

(ii) Does the degree of crystallinity, as established by calorimetry, change during
melting and melt-recrystallization due to a change in the number and size of
spherulites or due to a change of spherulitic crystalline domains?

(iii) Do spherulitic crystalline domains rearrange during melt-recrystallization,
i. e. is the lamellar morphology affected by these processes?

(iv) How do spherulite size, degree of crystallinity and lamellar morphology
change during the polymorphous α′/α-phase transition?

1.2 Outline of the thesis

The text of this thesis is organized as follows:

Chapter 2
provides the context of the present work. Light scattering is introduced as a powerful
tool for non-destructive investigation and characterization of polymers in their various
states of matter. This is complemented by a short historical review of the development
of light scattering theory. Furthermore, state of the art small angle light scattering
techniques and instrument setups are reviewed. In the second part of the chapter the
protagonist of this work, the polymer PLA, is introduced and the present knowledge
of the crystallization and melting behaviour of PLA is presented. In particular, Sub-
section 2.5 for the first time presents a comprehensive collection of SALS studies of
the crystallization behaviour of PLA.

Chapter 3
lays the foundations for the investigation of the phase transformation behaviour of
PLA by means of the utilized SALS instrument. First, the fundamentals of Rayleigh
and Mie scattering theory are introduced. In the following an in-depth description of
the SALS instrument, which was built and used for the present work, is given with a
focus on data acquisition and processing, and a robust and precise calibration proce-
dure of the instrument. In addition, the home-built sample stage for polymer melts
is presented. The chapter concludes with the successful operational verification of the
SALS instrument. This was achieved via benchmarking the instrument by particle size
measurements of standard latex beads with a commercially available instrument.
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1. INTRODUCTION

Chapter 4
presents the results from the investigation of the phase transformation behaviour of
PLA by a joint DSC and SALS study. The theory of light scattering from polymer
spherulites is sketched. It is applied to experiments characterizing the isothermal crys-
tallization behaviour of PLA in terms of the temperature dependent spherulite linear
radial growth rate. In this work, for the first time, SALS was applied to the character-
ization of morphological changes in PLA upon heating from the crystalline state. The
results are presented in Subsection 4.5. Also, results from the SALS-based investiga-
tions of the crystallization and melting of PLLA homopolymers in the presence of a
small amount of scPLA are presented in this chapter.

Chapter 5
concludes this thesis by summarizing the findings of this work. Based on questions
emerging from the presented results it gives a perspective on future research work.

In the Appendix

a comprehensive characterization of the polymers used in this work is given. Further-
more, additional results from DSC and SALS measurements are presented in support
of the findings in Chapter 4.
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2 State of the art

2.1 General introduction to light scattering

2.1.1 Historical review

The theory of light scattering has been under development since the middle of the
19th century. Tyndall was among the first researchers who published studies on the
investigation of light scattering phenomena (cf. [66]). In particular he investigated the
scattering from aerosols and discovered that scattered light is highly polarized [67, 68].
Only a little later Strutt (3rd Lord Rayleigh) applied Maxwell’s theory of electrody-
namics to light scattering of particulate matter with size dimensions smaller than the
wavelength and demonstrated that the scattered intensity is proportional to the wave-
length raised to the fourth power [69]. He thus explained the blue colour of the sky and
red sunsets with the preferential scattering of short wavelengths even in the absence
of colloidal particles by only the atmospheric gas molecules [70]. Contributions of De-
bye and Gans added to the theory which by the beginning of the 20th century became
known as Rayleigh-Debye-Gans (RDG) theory [71–74]. It explains the scattering of
light from particulate matter by emission of secondary radiation from induced dipoles
with the same wavelength as the incident radiation (elastic scattering). Prerequisite for
application of the theory is a refractive index of the material not too much different
from that of the surrounding medium. Only then, the intra-particular electric field can
be equated to that of the incident field and the detected intensity can be calculated
from superimposing wavelets scattered from all subvolumes of the particle.
A direct solution of the scattering problem for large spherical particles with size di-
mensions significantly larger than the wavelength and with a refractive index different
from the surrounding medium was accomplished by Mie [75] and also by Lorenz [76].
This so-called Lorenz-Mie theory is directly derived from Maxwell’s equations and ac-
counts for the spatially dependent electric field inside the particle which now can no
longer be approximated by the incident field.
At the same time a fluctuation theory of light scattering was presented by Smolu-
chowski and Einstein [77, 78]. It attributes light scattering to mean-square fluctuations
in density and concentration.
Consequently, light scattering was developed into a powerful tool for non-destructive
characterization and probing of soft and condensed matter where characteristic struc-
tures have length scales approximately of the order of the wavelength. Zimm, Flory,
Pecora [66, 79, 80], to name but a few, laid the foundations for the application of
Rayleigh scattering in the field of analysis of colloids and polymers and, in particular,
the characterization of polymers in dilute solution. Without claiming completeness,
light scattering-based research encompasses colloid flow through porous media [81],
fractal colloidal aggregates [82], liquid crystals [83] as well as gas-borne nanoparticles
[84] and was applied successfully to the determination of the diffusion constant of dust
particles in complex plasmas [85]. Furthermore, light scattering is routinely applied
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to the study of the miscibility or phase separation kinetics, respectively, of polymer
blends [57, 86–92].

2.1.2 Structure elucidation via light scattering

Knowledge of the characteristics like shape and size of particulate matter is of fun-
damental importance for numerous technological applications and most relevant to
physical phenomena these applications are based on [93, 94].
In parallel with the theory progress was achieved in light scattering instrument tech-
nology. A number of wide angle light scattering (WALS) instruments either equipped
with a goniometer mounted detector or fixed multi angle detectors are commercially
available covering an angular range typically between 20 ◦ to 150 ◦ [95]. Often, these
instruments are capable of dynamic light scattering (DLS) on time-scales from mi-
croseconds to several seconds making use of photomultipliers and digital correlators
[66]. Particle sizing instruments, which employ either Fraunhofer diffraction pattern
analysis (FDPA) or Lorenz-Mie theory, on the other hand have a lower scattering angle
limit down to single-digit degrees [96]. In general, they are restricted to static light scat-
tering (SLS) and determine particle sizes in terms of equivalent spheres independent of
the actual particle shape. Figure 2.1 illustrates the relation between the characteristic

Figure 2.1: Characteristic structure size L normalized by the wavelength λ applied by light
scattering as a function of the scattering angle θ.

structure size L = 2π/q and the magnitude of the scattering vector q = 4π/λ sin(θ/2)
where λ is the wavelength in the ambient medium and θ is the geometrical scattering
angle (see Subsection 3.1 for details).
From Figure 2.1 it can be realized that characterizing large structures requires inves-
tigation of scattering at low angles. To this end dedicated small angle light scattering
(SALS) instruments are utilized. Depolarized SALS is particularly suited for the study
of morphological features of semi-crystalline polymers [59, 61, 97–99]. Foundations of
the research field were laid by Stein and Rhodes in their pioneering work on SALS of
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polymer spherulites [52]. The field was advanced rapidly and extended to crystalline
aggregates and to the study of the internal ordering of polymer crystals [100–105].
Instrumental details are presented in Subsection 2.2.

2.2 Small angle light scattering instruments

The basic geometry of a small angle light scattering experiment is sketched in Fig-
ure 2.2. In the setup shown in Figure 2.2 the sample is illuminated by polarized
light from a laser just as it was done in the present work. This source of high-intensity,
monochromatic, collimated light replaced mercury lamps when it became widely avail-
able in form of the helium neon gas laser [54, 106]. Either laser tubes inherently pro-
viding linearly polarized light are used or polarizing optical components are used to
obtain a linearly polarized primary beam [41]. The scattered light passes an analyzer

Figure 2.2: Basic geometry of a small angle light scattering experiment. Polarized light of a
laser illuminates the sample. The (depolarized) scattered light is either detected directly by
a photographic film positioned in forward direction of the sample or the film is replaced by
semi-transparent screen. In the latter case the scattering pattern can be recorded by a camera
placed behind the screen. Reproduced from [107].

and is recorded subsequently. Historically, the two-dimensional scattering pattern was
recorded on a photo-sensitive film which was positioned in forward direction. Thus,
the angular range covered by the instrument was determined by the geometrical an-
gle given by the sample to film distance and the size of the film. Much effort was
put into the development of photographic detectors for time-resolved measurements
[55, 108, 109]. Advances in detector technology allowed replacing photographic films
with TV-cameras and, more recently, with photo-sensitive semiconductor detectors like
charge coupled devices (CCD) or complementary metal oxide semiconductor (CMOS)
sensors [110–112]. The high temporal resolution of these detectors makes real-time
monitoring of structure evolution processes feasible [113].
In Figure 2.3 the most common designs of SALS detection optics are sketched. Sep-
aration of the scattered light from the primary beam is crucial for high-quality SALS
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data.

Figure 2.3: Common optical designs for SALS instruments. Here, S denotes the sample, L1 is
the Fourier lens with focal length f , object distance p1 and image distance q1, respectively. Σ is
the back focal plane of L1. L2 is an objective lens and dΣ is the sample to detector distance. BS
denotes the beam stop. The scattering pattern is either visualized on a screen or recorded by
photodiodes (PD) or semiconductor sensors (CCD), respectively. Adapted from [112].

To this end the Fourier lens design was introduced (Figure 2.3a). The Fourier property
of a lens implies that any rays entering the lens with angle θ with respect to the optical
axis are crossing the back focal plane of that lens, the so-called Fourier plane, on a ring
with radius

r = f tan θ (2.1)

where f is the back focal length of the lens. As a consequence smearing of the scat-
tering pattern due to contributions from finite sample thickness and finite beam width
are virtually eliminated [114]. Ideally, the primary beam is minimized to a point-like
spot in the focus of the lens and scattered intensity can be retrieved at angles close to
θ ≈ 0 ◦.
The design in (Figure 2.3b) is denoted as Reverse Fourier Optics setup. In this setup
the lens is positioned in front of the sample. The primary beam now passes the sam-
ple in a convergent manner rather than parallel. The maximum scattering angle for a
given r can be controlled by the distance dΣ and is obtained from the above equation
by setting f = dΣ.
Instruments for particle sizing via static light scattering are based on the optical de-
signs presented in Figure 2.3a and 2.3b. Radial symmetry of the scattering pattern
is assumed such that only a circular sector-shaped element of the pattern is recorded
by a specifically designed detector [115–118]. However, time-resolved imaging of the
complete scattering pattern in the Fourier plane is reported only in a limited number
of cases. A two-dimensional optical multichannel analyzer with a 50× 50 grid was
utilized to study the melting and crystallization of LLDPE/LDPE blends [119, 120].
Time-resolved SALS studies on the crystallization of PP were performed with a linear
array of 46 photodiodes [121]. More recently the application of large scale x-ray detec-
tors to SALS was demonstrated [122].
The size of the scattering pattern scales with f (Figure 2.3a) or dΣ (Figure 2.3b) and

8



2. STATE OF THE ART

can easily cover a range from tens of millimetres up to centimetres. When the scatter-
ing pattern cannot be recorded in the Fourier plane itself the pattern is first visualized
on a translucent diffusing screen (see Figure 2.3a and 2.3b). Subsequently, the image
of the pattern on the screen is recorded by a detector, which is placed at a distance be-
hind the screen [56, 58, 110, 111, 123]. Via optical demagnification with a lens system
arbitrary-sized patterns on the screen can be mapped to the detector.
However, a significant drawback of the latter instrument type is the fact that by indirect
imaging sensitivity and angular resolution are limited by the screen, which the scatter-
ing pattern is visualized on. A problem pertinent to all SALS instruments is the high
intensity of the primary beam which is orders of magnitude larger than the scattered
intensity and which may thus give rise to detector saturation and diverse stray light
issues.
Ferri presented a SALS optics design (Figure 2.3c) which allows direct recording of
the scattered intensity with widespread ordinary semiconductor sensors [124]. In this
setup the Fourier plane is imaged onto the detector plane with an appropriate optical
demagnification to suit the detector size. However, the primary beam is prevented
from reaching the detector. To this end either a highly absorbing beam stop or a small
mirror is positioned in the Fourier plane to remove it from the detection optics. Hence,
measurements at very small scattering angles can be achieved. The upper scattering
angle limit is given by the numerical aperture of the Fourier lens and the sample to lens
distance p1. To avoid vignetting, i e. to avoid artificial loss of intensity with increasing
scattering angle, p1 > f must be fulfilled. This limits the upper scattering angle to
θmax ≈ 15 ◦.
The Ferri-design (Fourier lens-type SALS instrument) was successfully applied to stud-
ies of polymer crystallization mechanisms [125] and investigations of the microstruc-
ture of a yield-stress fluid [126]. Application of the instrument design to DLS of col-
loidal suspensions was demonstrated as well [127].
Due to its superior performance and versatility the Fourier lens-type SALS design
presented by Ferri was adopted in this work for the investigation of the phase trans-
formation behaviour of PLA.

2.3 Polylactide

Polylactide (PLA) is a linear aliphatic polyester which can be extracted from non-fossil
carbon sources like renewable crops [1]. PLA-based plastics are both bio-compatible as
well as bio-degradable. They are among the most promising candidates in the field of
eco-sensitive, sustainable bioplastics. As a semi-crystalline thermoplastic compound
PLA allows the use of existing processing equipment, e.g. extrusion, injection mould-
ing or fiber spinning [128].
While, in the past, PLA was primarily used for medical applications because of its ex-
cellent compatibility with the human metabolism [129, 130], nowadays the material is
used in a variety of different applications [9, 131–133]: In the form of films, foams, bot-
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tles and hard shells PLA is used in short-lived products in the field of food packaging,
as well as disposable tableware. There is also a growing field of application in textile
articles. In order to increase added value, various PLA grades have been developed
in recent years for use in consumer durables, which includes, for example, the market
segment of housings for electrical appliances such as mobile phones and laptops. As a
composite material, for example for the air supply in the engine compartment, PLA has
also found its way into the automotive sector. In addition, the material properties make
PLA a popular material for additive manufacturing in 3D printing. Bio-degradation of
PLA can be accomplished by composting at temperatures above the softening temper-
ature of about 60 ◦C.

Figure 2.4: Different routes for the synthesis of PLA from the stereoisomers of lactic acid. With
amendments reproduced from [9].
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Synthesis of PLA was first described by Pelouze in 1845 [134], but commercialization
of PLA-based plastics has only been accomplished to a significant extent beyond niche
applications since about 2000 [135]. PLA is a bio-based polymer produced by con-
densation polymerization of lactic acid (LA) or by polymerization of lactide, the cyclic
dimer of LA. Lactides can be obtained by oligomerization and cyclization of LA which
can be derived from fermentation of corn starch [136]. Due to advantages in process en-
gineering, today PLA is commonly synthesized by ring-opening polymerization (ROP)
of the cyclic dimer of lactic acid rather than by a direct polycondensation reaction of
the monomeric lactic acid. Synthesis by ROP has been known since the 1930’s, but only
through the use of efficient catalysts, e. g. on the basis of the (transition) metals zinc
or tin ROP can be used industrially [135, 137, 138]. The different routes for synthesis
of PLA are shown in Figure 2.4. According to widely used nomenclature, the term
poly(lactic acid) is used to denote the polycondensation products of LA while the term
polylactide is used to stress synthesis by ROP. A detailed description of PLA synthesis
can be found in [6].
The properties of PLA depend largely on its stereochemistry [4, 8]. Stereoisomerism
results from the chiral carbon center present in LA, the monomeric building block
of PLA. LA exists in the two stereoisomeric forms l-LA and d-LA, which yield ei-
ther pure lactides l,l-lactide and d,d-lactide or d,l-(meso)-lactide. As a consequence,
ROP of lactide yields the isomerically pure homopolymers poly(l-lactide) (PLLA) and
poly(d-lactide) (PDLA) or poly(l-co-d-lactide) also referred to as poly(meso-lactide).
Depending on the feed ratio, block-co-polymers or random co-polymers poly(l-lactide-
co-meso-lactide) and poly(d-lactide-co-meso-lactide) can be synthesized. In this work
the abbreviation coPLA is used for the random co-polymer. Homopolymers containing
less than 1 % of the minor repeat-unit are designated PLLA and PDLA, respectively.
Stereochemical pure PLA formulations (PLLA or PDLA homopolymers) show high
crystallinity. In contrast, the copolymerization of only small amounts of the stereo
partner in the single-digit percentage range significantly reduces the crystallization
tendency of the material [33, 34] (see also Subsection 2.4); on further increasing the
amount to 12 % crystallization is suppressed completely [18]. Consequently, the bio-
degradability of the polymer is dependent on its stereochemistry and stereoisomer
ratio, as well, because crystalline domains of PLA are less prone to enzymatic attack
[139].
Blends of PLA and various other polymers can be made as well as co-polymers of LA
with other suitable polymers and, in addition to this, compounds of PLA and certain
composites of PLA in conjunction with natural fibres are known [140]. A comprehen-
sive review is presented by Hamad et al. [141].
Numerous research reports document the efforts to increase the heat resistance of PLA
while maintaining transparency by blending PLA with other transparent polymers
[142, 143]. Such results are available, for example, for blends of PLA and PMMA,
although it has been shown that both the transparency is reduced and the increased
heat resistance is only significant at mixing ratios smaller than 50/50 PLA/PMMA in
favour of PMMA [144–146]. Likewise, blending destroys the biodegradability of the
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material. By contrast, PLA and PC do not form homogeneous binary blends [147].
In PLA, crystallinity, heat-resistance, and transparency are intimately related [1, 148].
In the present work a deeper understanding is aspired of the crystallization and the
melt-recrystallization behaviour of PLA which shall assist tailoring those solid state
properties of the material.

2.4 Crystallization and melting behaviour of PLA

From the point of view of fundamental research on polymer phase transitions, PLA
is an ideal candidate to study the aspects of polymer crystallization and melting.
PLA crystallization proceeds rather slowly and the polymer shows virtually all rel-
evant phenomena with the more sophisticated ones being crystal polymorphism, melt-
recrystallization or stereo-complex formation between sterically paired polymers.
This Subsection 2.4 is based on an extensive review by Saeidlou et al. on the crystal-
lization of PLA [3] and a more recent review by Androsch et al. specifically focusing
on nucleation and growth of crystals of PLA [149]. In addition, most recent works and
developments in the field relevant to this thesis are presented briefly.

Figure 2.5: Left: Glass transition temperature Tg of linear PLA as a function of molecular weight
and isomer composition. Right: Melting temperature Tm of linear PLA with D-LA content less
than 1.25 % as a function of molecular weight. Reproduced from [3].

PLA is a semi-crystalline polymer, where crystalline domains are generated in a sphe-
rulitic morphology upon unloaded quiescent crystallization [28]. The crystallization
and melting behaviour is strongly dependent on the isomer composition of the chains,
with respect to isomer ratio and sequence length(s), on the molecular weight, on the
temperature history of the bulk material [3] and on the chain architecture [2]. The crys-
tallization window of linear PLA is determined by the glass transition temperature Tg
and the melting temperature Tm. Both quantities are functions of the isomeric compo-
sition of the chain and its molecular weight. Figure 2.5 illustrates these relationships.
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At molecular weights Mn ≥ 100 kg/mol the two quantities attain their asymptotic
values. The glass transition shows a certain sensitivity to the isomeric composition.
Poly(meso-lactide) has an asymptotic Tg which is lower than that of the homopoly-
mer by 10 K at the most. However, poly(meso-lactide) is crystallizable on processing-
relevant time scales only at about ≤ 10 % content of the minor repeat unit.
Depending on processing conditions different crystal structures result which strongly
affect thermal [10, 148, 150], mechanical [151–154] and barrier [152] properties of the
material. The polymorphs of PLA are denoted α′, α, β and γ. In addition to the
homocrystalline (hc) phases a stereocomplex crystal [155], so-called scPLA [27], can be
formed between PLLA and PDLA chains by heterocrystallization. The melting tem-
perature of scPLA is at around 230 ◦C which is significantly higher than that of hcPLA
[156]. Epitaxial crystallization of PLLA on a hexamethylbenzene substrate results in
formation of the orthorhombic γ-phase [25]. Recently, observation of the metastable
γPLLA in racemic mixtures of PLLA and PDLA was reported [26]. Upon fiber drawing
from the melt [24] or solution [157] or crystallization from the melt under shear and
pressure fields [158] the metastable, frustrated β-phase with trigonal unit cell is formed
[159]. Evidence was presented that quiescent crystallization of PLLA at 90 ◦C proceeds
in a transient manner via the β-phase, which is converted rapidly into α′PLLA [160].

Figure 2.6: Isothermal crystallization temperature-dependent lattice spacing (◦) and crystal
size (•) based on XRD measurements (a), and crystalline volume fractions (b) of α′-phases
and α-phases. Right: Changes in crystalline morphology of PLLA upon heating simultane-
ously monitored via DSC and WAXD. The sample was isothermally melt-crystallized at 90 ◦C.
Reproduced from [39].

Together with the α-phase [161], the α′-phase [47] is most relevant to crystallization
from solution or melt crystallization commonly applied in industrial injection molding,
blow molding or extrusion processing. The pseudo-orthorhombic α′-phase is formed in
PLLA crystallized at temperatures below 120 ◦C, the orthorhombic α-phase is formed
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at temperatures above 100 ◦C. This leads to exclusive crystallization in the one form
or the other at high supercooling or low supercooling, respectively, and a crystalliza-
tion window between 100 ◦C and 120 ◦C where both polymorphs in PLLA are formed
[39, 49]. This situation is visualized in Figures 2.6a and b. Based on XRD measure-
ments α-phase crystals are first observed at an isothermal crystallization temperature
of 100 ◦C. At the expense of the α′-phase crystals their volume fraction increases with
increasing isothermal crystallization temperature. At around 120 ◦C α′-phase crystals
are no longer detected. Research of the phenomena described above and in the follow-
ing is almost exclusively based on studies of the homo-polymer PLLA. It is assumed,
however, that those findings hold for enantio-pure PDLA as well.

Figure 2.7: Left and middle: Effect of the heating rate on the melting of α′-crystals and reorga-
nization into α-crystals of PLA (MW =120 kg mol−1) with varying d-lactide fraction. Samples
were isothermally crystallized at 90 ◦C for 80 min. Reproduced from [162]. Right: Kinetics
of melt-recrystallization of α′-crystals of PLLA (MW =100 kg mol−1) at 150 ◦C after isothermal
crystallization at 90 ◦C for 80 min. Heating rates were 1000 K/s−1. Reproduced from [163].

Conformational disorder (condis) in the α′-phase leads to an increased lattice spacing
and a lower packing density of the helical chain segments as compared to the α-phase
crystals (see Figure 2.6a) [39, 154]. The enthalpy of melting is significantly lower than
that of the stable α-phase [164]. As a consequence, the mesophase condis-crystals are
metastable with a stability limit at around 150 ◦C for the homopolymer and reduced
stability limit depending on the isomer-ratio in case of random-co-polymers of PLA
[162]. Upon heating an α′/α-transition is observed [165]. The phenomenon is illus-
trated in Figures 2.7 and 2.6 (right side), respectively. Reorganization of the α′-phase
into the α-phase proceeds via melting within≈ 0.1 s and subsequent rapid recrystalliza-
tion from the crystal remnants upon annealing. α-phase crystals can be observed after
only 1 s of annealing and these domains quickly grow upon further annealing. This
so-called melt-recrystallization proceeds faster by about two orders of magnitude than
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quiescent crystallization from the isotropic melt at identical temperature [163, 166].
A critical heating rate exists leading to the suppression of the melt-recrystallization
of α′-phase crystals into α-phase crystals (see Figure 2.7). It decreases with increas-
ing d-lactide content due to the required segregation of chain defects. The critical
heating rate to suppress the α′/α-transition also decreases with increasing molecular
weight [167]. The dependence of the melting temperature of α′-crystals on the molec-
ular weight seems to be negligible for weights larger than several tens of kg mol−1

[167]. There are, however, indications for an increase in melting temperature with
crystallization temperature [167]. At low heating rates like in conventional DSC ana-
lysis α′/α-transition gives rise to a complex melting behaviour of α-crystals formed at
Tc ≥ 100 ◦C and α-crystals formed by melt-recrystallization from α′-remnants [39, 168].

Figure 2.8: Left: Primary crystal nuclei density as assessed from spherulite density as a function
of the isothermal crystallization temperature for PLA (MW ∈(91, 202) kg mol−1, d-lactide <
0.7 %). Right: POM images of isothermally crystallized PLLA (MW = 91 kg mol−1). Scale bars
represent 50 µm distance. Reproduced from [169].

Overall crystallization behaviour of PLA has been the subject of numerous investiga-
tions [16, 17, 19, 20, 22, 28, 36]. Studies were performed predominantly by calorimetry
(DSC) to follow overall crystallization and by POM to follow changes in morphology,
namely spherulite growth. The density of primary crystal nuclei was assessed from
POM images by counting of spherulites in isothermally crystallized PLA samples. As
is shown in Figure 2.8 the nuclei density is a function of crystallization temperature.
The number of spherulites increases with the extend of undercooling of the melt in
parallel with the decreased energy required to form a nucleus of critical size in the
melt. At large supercooling near the glass transition the diffusion controlled primary
nucleation is assumed to decrease again due to increased viscosity of the melt. No
data on nuclei densities in this temperature regime is given in the figure nor is it to
the best of knowledge of the author reported elsewhere in literature. Again, crystal

15



2. STATE OF THE ART

nucleation is strongly dependent on the isomeric composition of the polymer chain.
In the presence of the enantiomeric partner in the polymer chain the resultant nuclei
density due to isothermal crystallization is significantly decreased [170]. The minor
repeat-units act as defects in the chain architecture and, thus, hamper crystallization.
Crystal nucleation, i. e. formation of primary nuclei, in PLA was extensively studied
via fast scanning chip calorimetry (FSC) by Androsch et al. [29, 171–173]. The key
findings are summarized in Figure 2.9. Primary nucleation is a function of the re-
spective crystallization temperature. It can also be observed below the glass transition
temperature, however, with a largely increased induction time. Three different regimes
of crystallization are observed with respect to the cooling rate of the melt to below the
glass transition temperature. At small cooling rates crystal growth and nuclei forma-
tion are observed. When the cooling rate is increased nuclei can be formed but can no
longer grow. At even higher cooling rates nuclei formation ceases as well.

Figure 2.9: Left: Dependence of the onset time of isothermal nuclei formation in PLA (MW =
120 kg mol−1) on crystallization temperature and stereo-regularity. Right: Lower critical cooling
rates from the PLA melt to below Tg depending on stereo-regularity for either suppression of
crystal growth (red diamonds) or suppression of nuclei formation (blue circles). Reproduced
from [170].

Minor repeat-units, introduced into the chain via co-polymerization, act as chain de-
fects. An increased onset time of primary crystal formation and reduced critical cooling
rate to suppress growth or crystal formation, respectively, indicate exclusion of these
chain segments from the crystalline structure at a crystallization stage as early as pri-
mary nucleation.
Spherulite linear radial growth rates G(Tc) of PLA were determined in isothermal
experiments as a function of the crystallization temperature Tc at variable molecular
weight MW and at variable stereoregularity, i. e. mole fraction of the minor repeat-unit.
Typical results are depicted in Figure 2.10 and Figure 2.11.
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Figure 2.10: Left: Linear radial growth rate G(Tc) of spherulites of PLLA (MW = 91 kg mol−1)
as a function of crystallization temperature Tc. Right: Time of maximum endothermic heat flux
during isothermal crystallization (peak crystallization time τp) as a function of the crystalliza-
tion temperature. Reproduced from [32].

The temperature dependent spherulite growth rate of PLA basically follows a bell-
shaped curve. Growth rates are lowest near the glass transition temperature and the
melting temperature, respectively, and increase towards intermediate temperatures.
Close inspection reveals the existence of a discontinuity in the growth rate at around
120 ◦C dividing the curve into two temperature regions each showing a local maxi-
mum in the growth rate curve. The discontinuity in the growth rate curve is close to
the temperature designating the transition to an exclusive α-phase crystallization, and
it is shifted to lower temperatures with increasing content of the minor repeat-unit (see
also the phase-diagram in Figure 2.12). The growth rate maxima are ascribed to the
growth rate maxima of the α′-phase crystals and the α-phase crystals, respectively.
Kinetics of overall isothermal crystallization, i. e. phase transformation of the melt into
the solid state via combined nucleation and growth of spherulites, are routinely stud-
ied by determination of the crystallization half-time t1/2. It denotes the time when
half of the amorphous melt has transformed into the crystalline phase. Due to ex-
perimental convenience the crystallization half-time is often approximated by the time
of maximum endothermic heat flux (peak crystallization time τp) in isothermal heat
flux measurements. The plot of τp versus the crystallization temperature is U-shaped
with large peak crystallization times at large and low undercooling, respectively, and
a minimum at intermediate temperatures. The plot, thus, reflects the combined effects
of crystal nucleation and spherulite growth on the overall crystallization kinetics and
shows a discontinuity as well. While a local minimum can be identified on the side of
large undercooling, no local minimum can be observed at low undercooling. Here, an
increase in the spherulite growth rate is overcompensated by a decreasing spherulite
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density (cf. Figure 2.8).

Figure 2.11: Spherulite linear radial growth rates as a function of the crystallization tempera-
ture. Left: Effect of chain stereoregularity (wt% of d-lactic acid units, point-separated number
in the sample designator) and molecular weight (kg mol−1, three last digits in the sample des-
ignator). Right: Effect of molecular weight on the growth rate of PLA with ≈ 3 wt% d-lactic
acid units. Reproduced from [33, 34].

Di Lorenzo et al. determined the effect of molecular weight and stereoregularity on
temperature-dependent spherulite growth rates of PLA (see Figure 2.11). To this end
classical isothermal procedures (filled symbols) were applied. Spherulite growth rates
were determined from the derivative of the spherulite radius with respect to time.
In addition, a non-isothermal procedure (open symbols) was developed to determine
temperature-dependent spherulite growth rates [30, 31]. In that process the sample was
cooled with a constant cooling rate from the melt and spherulite radii were monitored
as a function of temperature. Then, the derivative of the spherulite radius with respect
to temperature was calculated and multiplied with the cooling rate to obtain the linear
radial spherulite growth rate. Results from both methods show good agreement as can
be seen in Figure 2.11.
At fixed isomer-ratio the growth rates decreased with increasing molecular weight.
While the temperature of the discontinuity in the growth rate curve was constant
the relative height of the local maxima shifted to lower undercooling with decreas-
ing molecular weight.
At constant molecular weight the growth rates decreased with increasing amount of
the minor repeat-unit in the chain reflecting the defect-nature of these units. While the
local maximum at large undercooling is strongest in case of the homopolymer it de-
creases with decreasing optical purity in favour of the maximum at low undercooling.
Both the temperature of the discontinuity and the peak temperatures of the maxima
are shifted towards lower absolute temperatures. This trend is in parallel with a de-
crease in the melting temperature (see Figure 2.12).
Complementing the above investigations Song et al. [48] demonstrated that while the
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transition temperature of exclusive α′-phase crystallization and α-phase crystallization,
respectively, decreases with decreasing optical purity, i. e. stereoregularity, the tem-
perature for the transition from growth regime II to regime III of Lauritzen-Hoffman
theory [174–176] seems to be unaffected (see Figure 2.12).

Figure 2.12: Temperature-dependent crystal polymorphism of PLA (MW ∈(140 - 180) kg mol−1)
as a function of the optical purity (i. e. stereoregularity or isotactic sequence length LL of the
chain, respectively). T0

m denotes the equilibrium melting temperature, T||−|||(L-H) denotes the
temperature of change of gross crystallization behaviour from growth regime II to growth
regime III of Lauritzen-Hoffman theory, Tα′/α(WAXD) and Tα′/α(DSC) denote the temperature
limit of α′-phase crystallization only and α-phase crystallization only, respectively, as deter-
mined by WAXD and DSC. Reproduced from [48].

Overall crystallization kinetics of PLA are rather slow. This becomes apparent imme-
diately when considering the crystallization half-times or peak crystallization times,
respectively, which are of the order of minutes (see Figure 2.10) and, thus, are rather
large compared to other thermoplastic polymers. Consequently, much effort was put
into the study of heterogeneous nucleation of PLA [177]. It was reported that addition
of 1 wt% talc as nucleating agent and 5 wt% polyethylene glycol (PEG) as plasticizer
greatly reduced crystallization half-times and increased overall relative crystallinity up
to 40 % of injection molded PLA (2 % D-LA) [178]. Addition of micro-sized talc parti-
cles to PLA (4.5 % D-LA) was superior to addition of nano-sized nucleating agents like
nanoclay in terms of crystallization half-times while no effect was found on overall rel-
ative crystallinity [179]. Poly(ehylene glycol) grafted graphene oxide was utilized as a
simultaneous heterogeneous nucleation agent and chain mobility promoter in solution-
cast PLLA films [180].
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Another approach to speed up overall crystallization of PLA is the blending of PLLA
and PDLA. In equimolar mixtures (rac-PLA) crystallization from the melt leads to for-
mation and growth of sc-spherulites [18, 181]. Spherulite growth rates of sc-spherulites
are larger than those of hc-spherulites at the same isothermal crystallization tempera-
ture and an increased spherulite density is observed. An increased spherulite nucle-
ation is also observed in PLLA blended with small amounts of up to 10 wt% of PDLA
[182, 183]. As the melting point of sc-PLA is much larger than that of hc-PLA stereo-
complex crystals can act as heterogeneous nucleation sites in the molten PLLA matrix
at temperatures below 200 ◦C.

2.5 SALS studies of PLA crystallization

In this subsection a comprehensive review of works applying depolarized SALS to
the study of the crystalline morphology of PLA is presented. For a description of the
theory of light scattering from spherulites and the interpretation of specific scattering
patterns the reader is referred to Subsection 4.2.

Figure 2.13: Depolarized SALS scattering patterns (left) and corresponding polarized light
microscopy images (right) of isothermally crystallized PLA. The sample names designate the
thermal history and crystallization temperature. Samples were either melt-quenched (C) or re-
heated to the crystallization temperature after melt-quenching to the glassy state (A). Modified
reproduction from [62].

The application of depolarized SALS to the study of isothermal crystallization of PLA
(MW = 166 kg mol−1, 4.1 % D-isomer content) either directly quenched from the melt
(process C) to the respective temperature or re-heated from the glassy state after
quenching from the melt to the amorphous state (process A), respectively, was re-
ported in [62]. Selected results are depicted in Figure 2.13. Re-heated samples showed
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a higher spherulite density compared to melt-quenched samples due to activation of
crystal nuclei which were formed prior to isothermal crystallization during quench-
ing to room-temperature. The difference in spherulite density was accompanied by a
difference in average spherulite size. As evidenced from static depolarized SALS mea-
surements the average spherulite size was larger in case of isothermally crystallized
samples quenched directly from the melt state. Static SALS patterns were recorded
on photographic film for evaluation. Small angle x-ray scattering (SAXS) measure-
ments showed that the long period signal was independent of the thermal history of
the sample but was determined by the crystallization temperature only. As the long
period signal reflects the lamellar thickness of PLA crystals this suggests invariance of
the crystallization process in terms of the lamellar morphology with respect to sample
preparation by either process A or B.
The isothermal crystallization behaviour of PLLA (MW = 117 kg mol−1) at 75 ◦C, 85 ◦C
and 90 ◦C was investigated by simultaneous dielectric relaxation spectroscopy (DRS)
and depolarized SALS [63]. Results are illustrated in Figure 2.14. Scattering patterns
were recorded on photographic film at various times of the crystallization process.
While the average spherulite size was examined at discrete times radial spherulite
growth rates were not determined. Instead temporal evolution of overall relative crys-
tallinity was investigated and correlated with the sample morphology. It was shown

Figure 2.14: Evolution of spherulite size in PLLA crystallized at 90 ◦C after quenching from
the melt as determined by depolarized SALS (left, middle). Right: Temporal evolution of the
overall relative crystallinity determined from the normalized reduction in light transmission
of the primary beam (SALS) and normalized reduction in the dielectric permittivity (DRS).
Reproduced from [63].

that SALS was more sensitive to the onset of crystallization than DRS. Detection of the
characteristic four-lobed depolarized scattering pattern preceded the respective signals
from DRS. According to the authors, on the other hand, DRS was more sensitive for
following overall crystallization kinetics in PLLA. SALS showed that at volume filling
by spherulites transmission of the primary beam reached its minimum. At that stage
overall crystallinity of the sample was 30 % as determined by WAXS and 60 % as mea-
sured by DRS, respectively. A further decrease in relaxed low frequency permittivity
was attributed to continued crystallization of the remaining amorphous fraction.
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Figure 2.15: Spherulite size determined by depolarized SALS versus time for neat and plas-
ticized PLA (MW = 166 kg mol−1, 4.1 % D-isomer content) isothermally crystallized at 130 ◦C
after quenching from the melt. P750 denotes a monomethyl ether of poly(ethylene glycol) ter-
minated with a hydroxyl and a methyl group at opposite chain ends (MW = 0.750 kg mol−1).
Reproduced from [64].

The effect of plasticization of PLA (MW = 166 kg mol−1, 4.1 % D-isomer content) with
poly(ethylene glycol)s (PEG) (MW = 0.400 - 0.750 kg mol−1) which were terminated
with different end groups was studied in [64]. Isothermal radial spherulite growth
rates were determined via depolarized SALS at 130 ◦C after quenching from the melt
(see Figure 2.15). To this end scattering patterns were recorded on photographic film.
Time-dependence of spherulite radii yielded the growth rates. Plasticization lead to
a significant increase in the growth rates. Non-linear time-dependence of spherulite
size at addition of 10 % plasticizer indicates accelerated spherulite growth. No effect
of differently terminated PEGs on the growth rates was detected.
Recently, application of time-resolved depolarized SALS to the study of spherulite
growth rates of PLA was reported [65]. A PLLA homopolymer (MW = 144 kg mol−1),
a PLA random copolymer (MW = 184 kg mol−1, 5 % D-isomer content) and a mixture
of PLLA with 1 wt% of a PDLA homopolymer (MW = 112 kg mol−1) were isothermally
crystallized on a dual hot stage. Near instantaneous quenching to the crystallization
temperature was achieved by pneumatically moving the sample from one hot stage
which was kept at melting temperature to the other one kept at the respective crys-
tallization temperature. For measurements of spherulite radii at high supercooling
(Tc < 120 ◦C) depolarized SALS patterns were projected onto a screen and recorded
by a digital camera at an acquisition rate of 1 Hz. At low supercooling (Tc > 120 ◦C)
spherulite radii were determined by POM. Selected results are depicted in Figure 2.16.
Derivation of the average spherulite radius with respect to time yielded the isother-
mal linear radial spherulite growth rate G dependent on crystallization temperature.
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Figure 2.16: Left: Average spherulite radius (vertical axis [µm]) as a function of isothermal
crystallization time (horizontal axis [s]) of a PLLA/1%PDLA mixture crystallized at 100 ◦C. The
inset shows a typical four-lobed depolarized scattering pattern. Right: Radial spherulite growth
rates as a function of crystallization temperature Tc determined from SALS measurements
(Tc < 120 ◦C) and POM measurements (Tc > 120 ◦C). Reproduced from [65].

SALS measurements yielded the discontinuity in the crystal growth curve of PLA at
Tc = 120 ◦C [32–34] and available crystal growth data allowed assessment of the de-
pendency of crystal nuclei density on crystallization temperature also showing the
discontinuity. It was proposed that α′ and α crystals might grow from different nuclei.
Static depolarized SALS was applied to the study of the crystal morphology of a
1:1 poly(l-lactide)/poly(d-lactide) blend (PLLA: MW = 210 kg mol−1. PDLA: MW =
212 kg mol−1) [184]. Amorphous films were prepared by hot-pressing of blend sedi-
ments and quenching into ice water. Those blend sediments were obtained by solution-
precipitation of a 1:1 PLLA/PDLA chloroform solution into methanol, which is a non-
solvent for PLA. The films were annealed (cold crystallized) at 80 ◦C for 5 h and at
120 ◦C for 1 h to yield fully crystallized samples in the α′-phase and the α-phase, re-
spectively. The annealed films did not contain stereocomplex crystals. Instead, PLLA
and PDLA separately formed homocrystals as evidenced by XRD and FTIR measure-
ments.
Subsequently, the films were heated to 190 ◦C and 200 ◦C, respectively, which is above
the melting temperature of the α′-phase crystals and the α-phase crystals, and the for-
mation of stereocomplex crystals from the melt was studied. The results are depicted
in Figure 2.17.
The SALS scattering patterns are indicative for a qualitative difference in the morphol-
ogy of sc-crystals depending on the thermal history of the sample. From the char-
acteristic four-lobed scattering patterns (c, d) it was concluded that crystallization of
samples annealed at 120 ◦C leads to spherulitic aggregates of sc-crystals. On the other
hand, a so-called +-type scattering pattern (a, b) was observed for samples annealed
at 80 ◦C and melt-recrystallized at either 190 ◦C or 200 ◦C. The authors concluded, that
such scattering patterns, along with results from DSC, suggest formation and one-
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Figure 2.17: Left: Depolarized SALS patterns of racemic PLLA/PDLA blends crystallized at
190 ◦C (a,c) and 200 ◦C (b,d) for 2 h after prior annealing at 80 ◦C (a,b) and 120 ◦C (c,d). Repro-
duced from [184]. Right: Corresponding temperature-time protocols to the scattering patterns
a-d.

dimensional growth of rod-like sc-crystals.
The effect of high-pressure CO2 treatment on the temperature-dependent develop-
ment of crystalline morphology in transparent melt-pressed films of PLLA (MW =
320 kg mol−1) was investigated in [185]. The findings by depolarized SALS are de-
picted in Figure 2.18. The untreated samples show the familiar four-lobed scattering
pattern indicative for spherulitic crystalline morphology. A transition towards the +-
type scattering pattern can be observed under high-pressure CO2 treatment at low
annealing temperatures which is ascribed to the transition to a rod-like crystalline su-
perstructure.

24



2. STATE OF THE ART

Figure 2.18: Depolarized SALS patterns of films annealed at various temperatures under high-
pressure CO2 treatment (a) and annealed under ambient conditions at the indicated tempera-
tures (c). Reproduced from [185].
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3 Small angle light scattering instrument

3.1 Light scattering fundamentals

Extensive monographs on the theory of light scattering are available [96, 186, 187].
Hence, only the most vital aspects of the theory as well as the most important equa-
tions are reviewed in the following section.
Whenever matter like an ensemble of single molecules or larger particles is irradiated
by light the oscillating electric field sets the electric charges of those entities into mo-
tion, thus, inducing dipoles in that matter. These dipoles oscillate synchronously with
the incident wave and subsequently emit secondary radiation. This process is called
elastic scattering. There is no frequency change from the incident to the scattered light,
accordingly wavelengths remain constant.
Figure 3.1 depicts the geometry of the general scattering problem. An arbitrary parti-
cle in the center of which the origin of a Cartesian coordinate system is located is illu-
minated by a linearly polarized, monochromatic, harmonic plane wave with its electric
field vector parallel to the x-axis and propagating in z-direction with wavevector

~k =
2πn
λ0

~ek (3.1)

where λ0 is the vacuum wavelength of the incident light and n is the refractive index
of the medium surrounding the particle. Since only elastic scattering is considered the
moduli of incident and scattered wave vector are equal in magnitude |~ki| = |~ks| = k.
The scattering angle is defined as the angle enclosed by the (forward) direction of the
incident beam êz and the scattering direction êr. Both directions define the scattering
plane which makes the azimuthal angle φ with the êx-direction1. By a rigorous treat-
ment of the scattering problem it can be shown that in the far-field approximation the
incident and the scattered electric fields are related via(

E‖s
E⊥s

)
=

exp{ik(r− z)}
−ikr

(
S2 S3
S4 S1

)(
E‖i
E⊥i

)
(3.2)

where the elements Si(θ, φ) are functions of the particle polarizability and in general
depend on scattering angle θ and azimuthal angle φ. The elements Si form the ampli-
tude scattering matrix S. The distance z is the projection of~r, the vector to the point of
observation, onto the propagation direction of the incident beam. The components of
the incident and scattered electric fields are defined parallel E‖ and perpendicular E⊥
with respect to the plane of scattering.
For any spherical particle with isotropic polarizability the amplitude scattering matrix
reduces to (

S2 S3
S4 S1

)
=

(
S2(θ) 0

0 S1(θ)

)
(3.3)

1In the literature on SALS of polymer spherulites the angle φ is usually denoted µ [52].
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Figure 3.1: Geometry of the scattering problem. The incident radiation indicated by the arrows
in the lower part of the figure is propagating in z-direction. Reproduced from [187].

since the cross-polarization elements S3 = S4 = 0 and the co-polarization elements S1
and S2 depend on the scattering angle θ only [186].
Exact expressions for the elements of the amplitude scattering matrix exist only for a
limited number of cases the most important of which is a single homogeneous dielec-
tric isotropic sphere of arbitrary radius R and arbitrary refractive index dispersed in a
non-absorbing medium.
This system is described in terms of the the relative complex refractive index m =
m′ + im′′ given by the ratio of the refractive indices of the particle np and the ambient
medium n, respectively, and the size parameter x = kR with wave number k in the
ambient medium and radius of the sphere R.
Mie Scattering. Derived from first principles of electrodynamic theory Mie presented
a general solution now referred to as Lorenz-Mie theory recognizing previous work of
Lorenz to the scattering problem of an isotropic sphere [75, 76]. The elements of the
amplitude scattering matrix are given by

S1(θ) =
∞

∑
n=1

2n + 1
n(n + 1)

(anπn(cos θ) + bnτn(cos θ)) (3.4)

S2(θ) =
∞

∑
n=1

2n + 1
n(n + 1)

(anτn(cos θ) + bnπn(cos θ)) (3.5)
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where coefficients an and bn are functions of spherical Bessel functions, which take the
relative refractive index m and size parameter x as arguments. The functions πn(cos θ)
and τn(cos θ) are expressed in terms of Legendre polynomials. To attain convergence
of the infinite series summation in Equations (3.4) and (3.5) a finite number N of terms
given by

N = x + 4x1/3 + 2 (3.6)

is required [187]. In numerical calculations N is used to truncate the series [188, 189].
Subsequently, the transverse components of the scattered electric field are obtained
from Equation (3.2) as

−E⊥s = −Eφ =
exp{ik(r− z)}

−ikr
S1(θ) sin φ (3.7)

E‖s = Eθ =
exp{ik(r− z)}

−ikr
S2(θ) cos φ (3.8)

leading to the intensity of the scattered light in an arbitrary direction

Is(θ, φ) =
i1

k2r2 sin2 φ +
i2

k2r2 cos2 φ = Iφ + Iθ (3.9)

with
i1 = |S1(θ)|2 and i2 = |S2(θ)|2. (3.10)

In Equation (3.9) Iφ and Iθ arise from the incident electric field perpendicular and
parallel to the plane of scattering (see Figure 3.1). The scattered fields are out of phase
by

tan δ =
ReS1 ImS2 − ReS2 ImS1

ReS1ReS2 + ImS1 ImS2
. (3.11)

The scattering amplitude functions for an opaque sphere are given by

S1(θ) = S2(θ) = x2 2J1(x sin θ)

x sin θ
. (3.12)

Employing Babinet’s principle the same holds for the diffraction of light by a circular
aperture (Fraunhofer diffraction limit). Consequently, from Equation (3.9) the Airy
pattern

I(θ) =
I0R4k2

r2

(
2J1(x sin θ)

x sin θ

)2

(3.13)

is obtained, where J1 is a first order Bessel function of the first kind.
Rayleigh Scattering. When scattering entities are small compared to the wavelength2

2kR� 1 (3.14)

2”say λ/20” [186, p. 395]
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2kR|m| � 1 (3.15)

the electric field is homogeneous over the whole particle and the polarization is estab-
lished quasi-instantaneously in the whole volume.
Then, in analogy to Equation (3.3), the amplitude scattering matrix is given by(

S2(θ) 0
0 S1

)
= ik3α

(
cos θ 0

0 1

)
(3.16)

where α is the polarizability of the particle [186]. In general, α is a tensor. However, it
reduces to a scalar for particles with isotropic polarizability.
By inserting Equation (3.16) into Equation (3.9) the famous result of Rayleigh for the
angular distribution of the scattered light of a particle much smaller than the wave-
length is retrieved

Is

I0
=

k4α2

r2 (sin2 φ + cos2 θ cos2 φ) =
k4α2

r2 sin2 Ψ (3.17)

where Ψ is the angle enclosed between the direction of scattering ~er and the dipole
parallel to the x-axis. Here, the identity

sin2 Ψ = 1− sin2 θ cos2 φ (3.18)

was used which can be derived from geometric considerations.
In incident natural light all orientations of the electric field vector are present in equal
shares such that

〈sin2 φ〉 = 〈cos2 φ〉 = 1
2

(3.19)

and from Equation (3.9) follows

I =
i1 + i2

2
I0

k2r2 =
k4α2

r2 I0
1 + cos2 θ

2
. (3.20)

Equation (3.17) accounts for the features of Rayleigh scattering, i. e. the proportional-
ity to λ−4, equi-intensity and full linear polarization when observed under an angle of
Ψ = 90 ◦. Also the proportionality of the scattered intensity to the square of the particle
volume is given since the polarizability α is a volume-based quantity. In Figure 3.2 the
angular intensity distribution is depicted for the three different polarization states of
incident light.
Rayleigh-Deybe-Gans theory. In RDG theory the boundary conditions Equations

(3.14) and (3.15) are relaxed such that

|m− 1| � 1 (3.21)

2kR|m− 1| � 1 (3.22)

29



3. SMALL ANGLE LIGHT SCATTERING INSTRUMENT

Figure 3.2: Polar diagram of the angular intensity distribution in the scattering plane for
Rayleigh scattering. The incident light is vertically polarized (- - -), horizontally polarized
(· · ·) or unpolarized (—).

the refractive index of the particle is close the refractive index of the ambient medium
and the field inside the particle can be approximated by the incident field. In partic-
ular, phase and amplitude of the traversing incident ray (and the scattered ray) are
unaffected by the particle. As a consequence intra-particular subvolumes are in a fixed
phase-relation to each other. Thus, the angular intensity distribution is given by an
interference pattern of scattered wavelets from all subvolumes of the particle.
This scattering behaviour is universal to all electromagnetic radiation. Therefore, in-
troduction of the scattering vector

~q =~ks −~ki =
4πn
λ0

sin
(

θ

2

)
(3.23)

which relates the incident and scattered wave via their wave vectors~ki and~ks, respec-
tively, represents a convenient way for comparing scattering experiments carried out
with different light sources or in different media since q normalizes the scattering an-
gle to the wavelength.
Also, the collective scattering from all subvolumes from all particles in the illuminated
sample volume then yields an angular intensity distribution which is characteristic for
the geometry of the scattering particles, e. g. spherical, rod-like, coil-like etc. It is
expressed as the so-called form factor

P(~q) =
Is(~q)
Is(0)

(3.24)

which is a function of q and is normalized to the forward scattering at θ = 0 and which
is P(θ 6= 0) < 1 for any particle shape.
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3.2 General description of the setup

A general overview of the home-built small angle light scattering apparatus is given
with special emphasis on the interplay of the various components and the work-
ing principle of the device. A more detailed description of the components, data-
acquisition and -processing as well as calibration procedures is given in Subsection

3.3.
Figure 3.3 depicts the setup. The attenuated beam of a linearly polarized laser passes
through a hole in the thermally-controlled stage and transmits the sample. A first lens
collects the scattered light and focuses the primary beam onto a beam stop in its back
focal plane thus effectively eliminating it from the detection optics. Subsequently, a
second lens images the scattering pattern onto the detector of a digital camera. The
camera is connected to a personal computer for data transfer and storage. An analyzer
is utilized for measurements of scattered light at a selected state of polarization. A
dedicated software supplied with the camera is used to control data acquisition and to
set the respective imaging parameters.

Figure 3.3: Overview of the home-built small angle light scattering instrument. The linearly
polarized beam of a He-Ne laser (1) was deflected by two mirrors (2), attenuated (3) and
transmitted the sample through a hole in the temperature-controlled stage (4). A Fourier lens
(5) collected the scattered intensity and focused the primary beam in its back focal plane onto
a beam stop (6). Subsequently, the objective lens (7) imaged the scattering pattern onto the
detector (8). An analyzer (9) was utilized for measurements of depolarized scattering.

Two different sample stages were developed in-house. The first (colloid suspension
stage) could accommodate up to five scattering cells for measurements of colloidal
suspensions. Its temperature could be varied from room temperature up to several
tens of degrees by a water-thermostat. The second sample stage (polymer melt stage)
was used for measurements of polymer melts in the temperature range from 30 ◦C to
250 ◦C. It was equipped with electrical resistive heaters, respectively, and featured a
passive convective cooling. The temperature was controlled by an electronic interface
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which was connected to a personal computer. In this way, user defined temperature-
time profiles, both isothermal and dynamic, could be realized via specifically devel-
oped software routines.

3.3 In-depth description of the SALS instrument

Light source. A continuous wave He-Ne laser (G040804000, Qioptiq Photonics GmbH
& Co. KG, Göttingen, Germany) with a vacuum wavelength λ0 = 632.8 nm was used as
the light source for the small angle scattering instrument. The 2 mW laser was operated
in single-mode (TEM00) and was linearly polarized. TEM00 denotes the fundamental,
i. e. single-lobed, transverse electromagnetic mode (TEM) of the laser resonator [190].
The beam diameter was 0.75 mm and the beam divergence was only 1.2 mrad. Both, the
beam profile (near-Gaussian across the beam cross section) and the linear polarization
of the laser (polarization > 500:1 = 99.8 %) were verified by standard laser characteri-
zation techniques to ensure highest quality of the scattering experiments [Hem16].
A He-Ne (gas) laser was deliberately preferred over a (semiconductor) laser diode.
While both lasers are widespread sources for high-intensity coherent radiation and
reasonably priced the latter requires substantial measures to achieve the same laser
beam quality as a He-Ne laser [95]. He-Ne lasers have a long average lifetime of over
10000 hours while meticulous heat-management is required in case of laser diodes to
prevent early hardware failure. Above all, semiconductor laser diodes come with an
asymmetric, highly divergent beam profile by design necessitating complex secondary
optics for collimation and beam shaping while the opposite is true for He-Ne lasers
[190, 191].

Sample stages. Depending on the system under investigation, i. e. for either character-
izing colloidal suspensions or polymer melts, appropriate sample environments could
be realized by choosing from two different sample stages, which were developed in the
course of this thesis. A specifically designed rail system allowed a quick exchange of
the stages. The stages were mounted on carriages. Mounting was exercised in such a
way that the sample position was unchanged with respect to laser beam and detection
optics. Thus, there was no need for recalibration of the scattering vector. The sample
stages were held in place by an interlock-system.

Colloid suspension stage. Figure 3.4 depicts the sample stage for liquid colloidal
suspensions. The stage consisted of a metal rack with five slots to accommodate rect-
angular flat-cells with up to 2 mm optical path length (110-OS-2-20, Hellma GmbH
& Co. KG, Müllheim, Germany). The rack was made of copper because of its high
heat conductivity (compare Table 3.1) to allow fast thermal equilibration. It could
be moved on a guide rail perpendicular to the primary beam to select the sample
for measurement. At each sample position a bore with 2 mm diameter allowed the
beam to pass through the rack. The rack was thermally isolated by a plastics cladding.
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Poly(tetrafluoroethylene) (PTFE) was used because of its high temperature-stability
and low thermal conductivity [192]. To minimize stray light the cladding in forward
direction was made of a non-transparent black-dyed plastic because it was noticed that
the bright-white PTFE front cladding used previously contributed to low-angle scatter-
ing. The copper block was anodized to obtain a low-reflective black surface finish. The
five circular apertures in the cladding in forward direction had a diameter of 8 mm to
facilitate unaffected passage of the scattered light to the detection optics. For temper-
ature control water could be circulated through channels in the rack. To this end, two
connections were installed on the side of the block. Its temperature could be varied
from room temperature up to several tens of degrees by a water thermostat (HAAKE
Fisons S/F3, Thermo Haake GmbH, Karlsruhe, Germany).

Figure 3.4: Stage for liquid samples to enable SALS measurements of colloidal systems hosting
up to five flat-cells for investigation of colloidal suspensions. The (attenuated) laser beam enters
the stage from the upper left of the image and leaves it together with the forward scattered light
to the lower right towards the detection optics. Temperature-control was realized by a water
thermostat.

Polymer melt stage. An aluminium metal block was heated by two electrical resistive
cartridge heaters (HT15W, Thorlabs GmbH, Dachau, Germany), which were placed
inside of two bores in the block and held in position by set screws. Another bore
accommodated the temperature sensor (PT1000 W-EYK 6, Heraeus Sensor Technology
GmbH, Kleinostheim, Germany), which was also held in position by a set screw. For
optimum thermal contact a heat sink compound was applied to increase the thermal
conductivity at the interface of the electrical components and the metal block. The
aluminium block was black anodized to minimize stray light from reflections from the
metal surface. Figure 3.5 depicts the stage. The aluminium block was L-shaped in
cross-section and had a flat front face of 22 mm × 22 mm to accommodate the samples.
The heaters were inserted from the top into the 6 mm thick part. The temperature
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sensor was inserted from the side into the 10 mm thick lower part. The block was fixed
in an iron frame and thermally isolated by a PTFE liner. The frame was mounted on a
carriage for readily positioning it in the beam path via the guide rail system. Polymer
films were placed between two microscopy cover glasses. The sample thus prepared
was pressed to the front face of the aluminium block by two flat springs for optimal
thermal contact.

Figure 3.5: High temperature sample stage for SALS measurements of polymer melts. The
(attenuated) laser beam enters the stage from the upper left of the image and leaves it together
with the forward scattered light to the lower right towards the detection optics. User defined
temperature-time profiles could be realized by a specifically developed electronic control inter-
face.

Temperature-control of the stage was realized by an electronic controller board (Ar-
duino UNO, an open-source electronics platform, www.arduino.cc), which uses the
ATmega328 8 bit micro-controller (Atmel Corp., San José, USA). A PI-control cycle was
implemented via a software script, which was executed on the device. PI is short for
proportional and integral and denotes a special kind of control loop feedback mechanism
[193]. The full source code is provided by the digital copy of this thesis. It continu-
ously processed the data from the temperature sensor Tsensor and controlled the power
supply for the electrical heaters in order to attain the user-defined target temperature
Tset. The cycle time was ∆t = 0.1 s, which was appropriate due to the thermodynamic
inertia of the system. In Figure 3.6 a chart depicts the interconnection of components
involved in the temperature-control of the polymer melt stage.
More precisely, the temperature-dependent voltage signal of the PT1000 sensor was fed
via a Wheatstone bridge to an operational amplifier (OPAMP), filtered and translated
into an actual temperature. Due to digitization the uncertainty in temperature was
∆T ± 0.3 K. The difference of the process variable Tsensor to the set point Tset at time t
yielded the deviation, the so-called error value, e(t) = Tset − Tsensor(t). This value was
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Figure 3.6: Sketch of the polymer melt stage and the components involved in the temperature-
control of the device. An Arduino UNO serves as an electronic interface running a software
PI-controller for temperature control.

used for the calculation of the control variable

Y(t) = KP · e(t) + KI

N

∑
n=1

(e(n · ∆t) · ∆t), (3.25)

where t = N · ∆t. The control variable is comprised of two terms. In the first (pro-
portional) term the instantaneous error value is multiplied with the proportionality
constant KP, which determines the magnitude of the response. The second term is an
integral term and reflects the accumulated deviation by summing the instantaneous
error values over time. It is multiplied with the integral gain constant KI . The in-
tegral term eliminates oscillations from a system which is proportionally-controlled
(P-controlled) only. Based on Y via a pulse width modulated (PWM) signal the device
controlled the power supply to the resistive heaters from a separate power adapter
which was connected to mains. Note that no measures were taken for active cool-
ing. In case of negative Y simply no heating was prompted. The device provided
an electronic interface for setting the temperature of the stage. More complex time-
temperature protocols could be be realized by a timed MATLAB3 script (cf. Figure

3.6).

The internal temperature scale of the device was verified by melting of standards with
known melting points (VWR International GmbH, Darmstadt, Germany). The stan-
dards were vanillin (Tm = 81− 83 ◦C), benzoic acid (Tm = 121− 123 ◦C), sulphanil-
amide (Tm = 164− 166 ◦C) and caffeine (Tm = 234− 236 ◦C, ≤ 99.7 %). Small quanti-
ties of the powdery materials were molten, pressed between microscopy cover glasses

3MATrix LABoratory
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and cooled down. The samples were mounted on the stage and the temperature was
gradually increased. Upon melting the samples turned from opaque to transparent. In
Figure 3.7 melting points Tsensor which were determined in the previously described
way are plotted versus the mid-temperature Tm of the nominal melting point temper-
ature range. As can be seen the temperature was correctly determined by the device
within experimental uncertainty over its operational range from near room tempera-
ture up to 250 ◦C. In addition the temperature dynamics of the device was assessed by

Figure 3.7: Temperature scale verification of the home-built hotstage. Melting points as deter-
mined by the device versus nominal melting points. The dashed line in the upper graph with
slope 1 is the equi-temperature line Tsensor = Tm.

temperature-jump experiments (see Figure 3.8). The dynamics is determined by the
heat capacity of the metal block and the power dQel/dt supplied by the resistive heaters
to the block and the heat loss dQloss/dt to the surrounding, respectively, according to

dQ
dt

=
dQel

dt
− dQloss

dt
= cp ·m ·

dT
dt

(3.26)

where dQ/dt is the heat flux of the metal block, cp the specific heat capacity, m the
mass of the metal block and dT/dt is the rate of temperature change. In equilibrium,
the heat supply to the stage by the resistive heaters and loss due to convective and
conductive transport to ambient air and stage mount, respectively, balance. Estimation
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of the loss at the maximum operation temperature of 250 ◦ to ambient air yields

dQloss
dt

= α · A · ∆T (3.27)

where α is the heat transfer coefficient (here 35 W/(m2 K) [194]), A is the surface area
and ∆T is the temperature difference to the surrounding medium. The calculation
yields dQloss/dt ≤ 10 W, which was easily compensated for by the resistive heaters
supplying dQel/dt = 15 W each. Excess power allowed rapid heating rates as depicted
in Figure 3.8. The instrument quickly responds to a change of the set point tempera-
ture with heating rates well above 50 K/min. Upon reaching the set point temperature
the typical decaying temperature oscillations due to PI-control can be recognized in
the left-hand graph. Passive cooling resulted in a rather slow decrease in temperature
with an additional decrease of the cooling rate with temperature difference ∆T.

Figure 3.8: Temperature dynamics of the home-built polymer melt hotstage (KP = 10, KI =
0.1). Left: Heating and cooling (—) in response to an instantaneous change of the set point
temperature (· · ·). Right: Temperature dependent heating and cooling rates for the temperature
jump shown in the left figure.

According to Equation (3.26) the heat capacity determines the maximum attainable
changes in temperature of the stage. Table 3.1 lists a number of qualified materials for
the metal block. Since the volume of the block was constant the material selection was
based on volume based material properties rather than on mass based quantities. To
this end, the heat capacity was estimated as a per-volume quantity by multiplication
with density. Neglect of the temperature-dependence of the quantities introduced a
small negligible error in the calculations. While gold and silver show suitable thermo-
dynamic properties, choosing this materials was no option due to prices. Eventually,
aluminium was chosen due to its significantly lower heat capacity compared to copper
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although heat conductivity was lower too. For completeness the properties of PLA
are reproduced as well as the material properties of borosilicate glass from which the
microscopy cover glasses are typically made of. Sapphire represents an alternative
substrate material for polymer melts. However, suitable components were not readily
available and sapphire birefringence can cause problems especially in the experiments
with polarized laser light.

Table 3.1: Thermal properties of materials used for temperature-dependent experiments.

density heat capacity conductivity
$[g/cm3] cp[J/(kg · K)] c[J/(cm3 · K)] λ[W/(m · K)] Ref.

copper 8.92 385 3.43 400 [195]
aluminium 2.70 897 2.42 235 [195]
silver 10.49 235 2.47 430 [195]
gold 19.32 128 2.47 320 [195]
borosilicate glass 2.23 850 1.9 1.2 [196]
sapphire ≈ 4 ≈ 418 ≈ 1.7 42 [195]
polylactide ≈ 1.2 ≈ 2000 ≈ 2.5 ≈ 0.2 [130]

Optical train. The instrument was mounted horizontally on a 60 cm by 120 cm op-
tical breadboard (G437511912, Qioptiq Photonics GmbH & Co. KG, Göttingen, Ger-
many) which was, in turn, positioned on a vibration isolating cushion placed on a
free-standing laboratory bench (Figure 3.3). For details on the alignment procedure of
the optical components see Figure B.1 in Appendix B.
The linearly polarized HeNe laser (G040804000, Qioptiq Photonics GmbH & Co. KG,
Göttingen, Germany) was mounted on a laser adjustment stage (LJ 80-D54-XY, OWIS
GmbH, Staufen i. Br., Germany) in such a way that its polarization direction was per-
pendicular to the plane defined by the surface of the laboratory bench. Subsequently,
the laser beam was deflected by two mirrors (so-called dogleg configuration). Thus,
the beam path between laser head and detector was U-shaped which maximized the
path length in the second leg for more precise beam alignment and left plenty of
space for the detection optics. Silver mirrors (PF05-03-P01, Thorlabs GmbH, Dachau,
Germany) were used as they offer the highest reflectance in the spectrum of visible
light of any metallic mirror (e. g. aluminum, gold) [197]. The mirrors had a durable
SiO2 overcoat with a thickness of approximately 100 nm in order to protect them from
oxidation [198]. For precise alignment of the laser beam the mirrors were fixed to
kinematic mirror mounts on optical posts (KM05/M, KCP05/M, PH75/M, TR100/M,
Thorlabs GmbH, Dachau, Germany). A box with one small entry and one small exit
slit protected the mirrors from dust. Tubing between the laser head and the first mirror
shielded the non-attenuated laser beam. On exiting the box the laser beam passed an
attenuator which included three absorptive antireflection coated neutral density filters
mounted on a filter wheel (G065063000, Qioptiq Photonics GmbH & Co. KG, Göttin-
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gen, Germany). Optical densities were OD1.0 (NE10B-A, Thorlabs), OD1.3 (NE13B-A,
Thorlabs) and OD2.0 (NE20B-A, Thorlabs), respectively, which allowed attenuation of
the beam to T = 1/10OD = 10 %, 5 % and 1 % of its nominal power.
Next the beam passed the sample holder through a small hole for illuminating the
specimen. The two home-built sample holders were mounted on a specifically de-
signed rail system for easy exchange of the sample environments. An interlock system
held the respective sample holder in place. The rail system was mounted on a linear
stage which, in turn, was mounted on another linear stage for both lateral and vertical
alignment with respect to the laser beam.
The detection optics was mounted on a 1 m long profiled optical rail (G061361000,
Quioptiq). The individual optical components were mounted on a carrier-post system
(carrier G061372000, carrier G061374000, mounting column G023041000, rod G024232000,
Quioptiq) which could be moved on the rail along the beam direction and allowed ver-
tical positioning of optical elements. For minimization of stray light all optical surfaces
had an antireflection (AR) coating. In addition, the surfaces of the sample holders were
black anodized. Only the surfaces of the flat-cells for suspensions and the coverglasses
enclosing the polymer melts lacked AR coating. A self-centering mount (SCL03/M,
Thorlabs) kept the double-convex Fourier lens (#48-255-INK, Edmund Optics Ltd.,
Nether Poppleton, UK; F = f1 = 60 mm, ∅ = 40 mm) in position, which collected
the scattered light and focussed the primary beam onto the beam stop. The latter was
made from matt black paper and had a width of 1 mm (compare Figure 3.18). A sec-
ond double-convex objective lens (LB1309-A, Thorlabs; F = f2 = 75 mm, ∅ = 50 mm)
was mounted on an adjustable-height optics clamp (VG100/M, Thorlabs) for large-
diameter lenses and imaged the scattered light onto the detector.
In Figure 3.9 the working principle of the detection optics is illustrated in detail. The
Fourier property of a lens ensures that any rays entering the lens with angle θ with
respect to the optical axis will intersect the back focal plane of the lens on a ring with
radius

G2 = f1 tan θ (3.28)

where f1 is the focal length of the lens. Consequently, the primary beam with θ � 1
was focussed in the back focal point of the lens L1 where it could be prevented from
progressing to the detector by placing a beam stop at this position. Via the objective
lens L2 the Fourier plane was demagnified and imaged onto the detector.
The following boundary conditions guided the design of the optical train. First, the
minimum size of the beam stop was set to 0.5 mm in radius. This was done to ensure
ease of manual alignment of the beam stop and its fabrication by the mechanical work-
shop. The beam stop was set to block scattering in an angular range from θ = 0◦ to a
maximum of θ = 0.5◦. With Equation (3.28) this yielded

f1 ≥
0.5 mm

tan(0.5◦)
= 57 mm ≈ 60 mm (3.29)

for the focal length of the Fourier lens L1. Second, the maximum scattering angle,
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Figure 3.9: Fourier lens-type detection optics of the SALS instrument. The back focal plane of
the Fourier lens L1 was mapped by the objective lens L2 onto the camera sensor. A beam stop
positioned in the back focal point of L1 could be used to remove the primary beam from the
detection optics. Distances are not to scale. The distance g1 corresponds to Q1 in [124].

which could be captured by the corners of the quadratic detector chip in centro-
symmetric imaging (i. e. primary beam centered in the image frame), was set to
θmax = 15◦, yielding G2,max = 60 mm · tan(θmax) = 16 mm. Then, via demagnifica-
tion of M = B2/G2,max = −1/2 the Fourier plane was imaged by the objective lens L2
to the detection plane where B2 =

√
2 · 5.65 mm ≈ 8 mm is the maximum image size

of L2, which was given by half of the diagonal of the detector chip (which was 11.3 mm
× 11.3 mm in size). With these parameters set, from the definition of the magnification

M :=
B2

G2
= − b2

g2

!
= −1

2
(3.30)

and the lens equation
1
f2

=
1
b2

+
1
g2

(3.31)

where f2 is the focal length of lens L2, the distances b2 (L2-detector distance; image
distance of L2) and g2 (L2-Fourier plane distance; object distance of L2) were defined:

b2

g2
=

3/2 f2

3 f2
' 112 mm

225 mm
(3.32)

By convention the magnification is negative for an inverted, real image. Correct record-
ing of the scattering pattern in the Fourier plane by the detector with the correct mag-
nification was ensured by imaging a test target of known size, which was positioned
in the back focal plane of L1. The image is shown in Figure 3.10. The target showed
three concentric circles corresponding to specific scattering angles with respect to the
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Fourier lens. It was placed in the Fourier plane and illuminated with a small lamp. Ob-
jective lens L2 and camera were moved until a sharp, format filling image of the outer
ring was attained indicating correct adjustment of magnification and focus. Note that
the test target was imaged distortion-free by objective lens L2. Inhomogeneous image
brightness was due to imperfect illumination conditions by the small lamp. Subse-
quent calibration (see Subsection 3.6) yielded the exact scattering angles. The sample

Figure 3.10: Image of the test target placed in the Fourier plane of L1 for adjusting magni-
fication and focus of the detector by setting the distances g2 and b2. Inhomogeneous image
brightness was due to imperfect illumination conditions of the target.

stage, i. e. the scattering volume, was positioned just outside of the front focal point f1
of L1 such that g1 > f1, and without measurable vignetting (see Subsection 3.7).
An analyzer (LPVISE100-A, Thorlabs) was positioned in the optical path. It was
mounted on a rotation mount (RSP1D/M, Thorlabs) and had a graduated angle scale
for alignment of the analyzer in vertical or horizontal position, respectively, for mea-
surements of the polarized or depolarized components of the scattered light. Position-
ing the analyzer directly in front of the camera aperture rather than between sample
and Fourier lens helped to reduce stray light and improved data quality.
The scattered light was detected by a digital machine-vision camera (acA2040-90um,
Basler AG, Ahrensburg, Germany). It was mounted adjustable in height (G061200000,
G061325000, Quioptiq). Additionally, a narrowband band pass filter (#65-166, Edmund
Optics) with a transmission window with a width of 10 mm centered at 632 nm match-
ing the laser wavelength was attached to the camera. It further reduced unwanted
parasitic light and shielded the sensor surface from omnipresent dust particles.
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Detector. A digital machine-vision camera (acA2040-90um, Basler) was used as the
light sensitive area detector (cf. the user’s manual [199] for full documentation). The
camera was equipped with a quadratic CMOS-type image sensor (CMV4000, ams Sen-
sors Germany GmbH, Nürnberg, Germany) with dimensions of 11.3 mm × 11.3 mm.
Sensors fabricated in complementary metal-oxide-semiconductor (CMOS) technology
do not show the phenomenon of so-called blooming which is often observed with
charge-coupled device (CCD) cameras when electrical charges of saturated pixels mi-
grate to adjacent pixels thus distorting the signal [197]. The monochromatic sensor
chip had a spatial resolution of 2048 × 2048 pixels with a size of 5.5 µm × 5.5 µm for
each pixel, and a 12 bit intensity resolution, respectively, equivalent to 4095 intensity
levels at constant detector exposure time. In addition, the chip featured an electronic
global shutter which ensured uniform image brightness by synchronous start and end
of exposure of all of the pixels. At full spatial resolution the camera provided 90
frames per second maximum while the exposure time could be varied between 28 ·100

and 10 · 106 µs in 1 µs increments.
The camera was connected to a computer via a USB 3.0 device link4 for data transfer
as well as power supply. Data acquisition was controlled via the Basler pylon camera
software suite which was installed on the same computer.

3.4 Data acquisition: Performing measurements

Prior to experiments the components of the SALS instrument had to be set up for
measurement. For temperature-control either the thermostat had to be set to the target
temperature or the corresponding parameters Tset for the target temperature and Tdot
for the temperature change per minute had to be entered in the software interface
for the polymer melt stage, respectively. The electronic controls of the latter were
initialized with standard parameters Tset = 30 ◦C and Tdot = 10 K/min as soon as the
device was powered up by connecting to the computer via the USB link or by switching
on the power supply.

The detector was operated via the Basler pylon camera software suite. As soon as the
camera was powered up it was initialised with default parameters. In Figure 3.11 the
graphical user interface of the software is shown. The reader is referred to Figure 3.6
for details on the interconnection of the instrument components.
The parameters for Image Format Control were set as follows: Resolution 2048 ×
2048, binning off, offset off, pixel format mono12. In particular, setting the last parame-
ter is important to utilize the maximum dynamic range of the detector.
The parameters for Analog Control were set as follows in order to ensure linear
response behaviour of the detector electronics: Gain off, black level off, Gamma 1.
In the Acquisition Control panel the shutter mode was set to global. The exposure

4Universal Serial Bus (USB), specified in [200].
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Figure 3.11: Graphical user interface (GUI) of the Basler Pylon camera software suite. Parame-
ters like Pixel Format (1) and Exposure Time (2) were set in the control panel on the left. Data
acquisition was controlled with the buttons at the top (3). A real-time image was presented on
the right (4) (here, HV scattering pattern of spherulites, see Subsection 4.2).

time τexp was chosen to match the experimental conditions. In a time series the pa-
rameter could be corrected manually without interrupting data-taking to adjust image
acquisition to the scattering behaviour of the sample.
Actual data acquisition was commenced by either clicking the single-shot button of
the software or by using the record function. In the first case the scattering pattern
was recorded immediately and the image file was saved on the hard-drive. In the lat-
ter case a time series was acquired according to the parameters for timed exposure,
namely number of exposures and interval. The interval time could be set from sec-
onds to hours. The duration of data acquisition resulted from the number of exposures
multiplied by the interval, which included the exposure time.
A correlation of temperature and image data was only possible by comparing the tem-
perature log of the high-temperature stage with the acquisition time of the images or
by manually logging temperature and acquired image frame which was appropriate
for slow temperature ramps.
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3.5 Data processing: Preparing data evaluation

Processing of the raw data comprised (1) data correction and (2) data reduction. Pro-
cessing via these two steps is well separated from (3) data analysis [201]. Data correc-
tion and reduction were carried out with a single integrated MATLAB script whereas
dedicated routines were used for data analysis as explained below.
A rigorous treatment of processing of raw intensity data from small angle scattering
experiments is presented by Pauw et al. [202] who describe a comprehensive schema,
which was adopted in this work for data correction and reduction albeit a full im-
plementation of all of the various routines was neither carried out nor necessary. In
the following the steps for data correction and reduction are described. The reader
is referred to the documentation given in the MATLAB code for details on the actual
implementation of the routines.

(i) data read-in (DS): Acquired frames were saved by the Pylon software suite as
separate files in the TIFF5 file-format with 16 bit resolution per pixel. In this
process the 12 bits of the camera pixel intensity data were shifted to the right
by 4 bits and the lower 4 bits were set to zero thus increasing the stored entry
to values up to 65535. Note that this was an undocumented specific peculiarity
of the software6. The data read-in routine in the MATLAB script cancelled the
bitshift to obtain the correct intensity data with entries ranging from 0 to 4095.

(ii) masking (MK): In order to exclude pixels from further processing their position
could be marked in a mask file. The mask had to be generated manually. How-
ever, this could conveniently be accomplished with standard office image process-
ing software which in general offers appropriate tools for image manipulation.
For all measurements with inserted beam stop a mask was generated and ap-
plied to subsequent data post-processing. Note that in principle complex masks
are conceivable which could relay additional information to the post-processing
algorithm like statistical weights for intensity data. Here, the implemented mask-
ing mechanism was binary in nature, i. e. pixel data was either processed with its
full value or the data was excluded completely implying that the pixel was not
counted for later intensity averaging. In addition, saturated pixels could option-
ally be excluded from further processing by setting the respective parameter in
the script.

(iii) solid angle correction (SP): In Figure 3.12 a simplified scattering geometry with-
out detection optics is depicted with the scattering sample A, and the detector
aligned at right angle with respect to the primary beam. As can be seen the solid
angle subtended by an arbitrary pixel at position (x, y) depends on its radial
distance

Rd =
√
(x− xc)2 + (y− yc)2 (3.33)

5Tagged Image File Format (TIFF), specified in [203].
6Private communication Uli Kleffel (Rauscher GmbH, Olching, Germany), Mai, 19th 2017.
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to the beam center at position (xc, yc) on the detector. The solid angle can be

Figure 3.12: Left: Solid angle ∆Ω subtended by a pixel of a two-dimensional detector with
respect to the sample position. L0 is the distance of detector and sample, Lp is the distance
between sample and pixel and Rd is the pixel position with respect to the beam center. p1
and p2 are the pixel dimensions. Modified reproduction from [204]. Right: Sketch illustrating
calculation of the solid angle.

calculated from the surface integral over a pixel with surface area S

∆Ω ≈
∫

S

r̂ · âdS
L2

p
=

p1p2 cos θ

L2
p

(3.34)

where r̂ is the unit vector of the position vector L̂p, which points from the scat-
tering volume to the incremental pixel surface element dS, and â is the surface
normal vector to dS. Edge lengths of the pixel are denoted with p1 and p2. In
Figure 3.12 the situation is illustrated. Obviously, cos θ = L0/Lp such that

∆Ω =
p1p2

L2
p

L0

Lp
. (3.35)

Normalization of the solid angle of a pixel at Rd and with distance Lp to the solid
angle of the central pixel with Rd = 0 and distance L0 yields

∆Ω(Rd)

∆Ω(0)
=

L3
0

L3
p
= cos3 θ. (3.36)

The above derivation7 also holds for the setup with detection optics when aber-
rations can be neglected since the throughput (geometrical étendue) of an ideal
optical system is invariant [207].

7Not to be confused with the cos4 law of illumination which describes the natural decrease in lumi-
nosity towards the edges of an image created by an objective lens of a laterally extended object with
uniform brightness [205, 206].
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(iv) averaging (AV): Two consecutive processes were applied for data reduction. Ra-
dial symmetry or symmetry of the scattering pattern with respect to certain ra-
dial directions allowed reduction of the two-dimensional scattering data to one-
dimensional data by azimuthal averaging. To this end, all data on a ring or on
ring elements, respectively, with a width of one pixel was averaged. Figure 3.13
illustrates the two different choices for azimuthal averaging. As a result the scat-
tered intensity as a function of the radial distance Rd to the beam center on the
detector was obtained. For further data-reduction data of adjacent rings could
be merged. This process is known as binning. In general rings / bins with a

Figure 3.13: Visualization of the averaging process of scattered intensity in azimuthal direction.
Left: Ring-wise 2π azimuthal average. Right: Averaging along the diagonals with azimuthal
angle restricted to φ = 45 ◦ ± 2.5 ◦ in the four image quadrants. Gray scales indicate rings or
arches, respectively, belonging to the same scattering angle θ. For better clarity images are
displayed with reduced pixel resolution.

constant q-spacing are desirable. However, in the small angle scattering regime

∆q = q2 − q1 ≈
4π

λ

[
θ2

2
− θ1

2

]
=

4π

λ

∆θ

2
(3.37)

and it makes no difference if spacing is chosen with respect to q or to the scatter-
ing angle θ when θ is a linear function of Rd. The latter assumption was justified
by the results of the scattering angle calibration (see Subsection 3.6).

(v) background subtraction (BG): All of the above explained data correction and re-
duction processes were applied to the background data as well. As the final step
in data processing the background data calculated for each ring / bin was sub-
tracted from the respective scattering data to yield the net scattering intensity.
Background data was obtained from measurement of the scattering from pure
solvent or the amorphous polymer melt in the respective experimental settings.
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Note that the above schema was applied to the two-dimensional detector data in order
to obtain one-dimensional scattering curves for further evaluation (see Subsections

3.6 and 3.7, and Section 4). For the presented two-dimensional detector data (e. g.
Figures 4.5 and 4.22) data-processing was limited to background correction by pixel-
wise subtraction of the background signal from the sample signal.
In the above schema no measures were taken to correct for misalignment, i. e. tilting, of
the detector with respect to the primary beam. Prerequisite for high data quality was a
near-orthogonal detector beam-configuration which could be verified by the calibration
measurement as described in Section 3.6.
For pixel detectors an additional three corrections had to be considered to compensate
for detector imperfections.

• dark current correction (DC): Dark current arises from thermally induced random
generation of electrons in the photo-sensitive electronics of the detector and leads
to non-zero intensity data even in unexposed pixels. The effect is an increase in
the average intensity. Figure 3.14 depicts the average intensities taken over im-
age frames which were recorded with the detector aperture closed and at various
exposure times. Over five orders of magnitude in exposure time the dark signal
is quasi-constant. The DC signal showed a slight dependence on camera temper-
ature which increased noticeable after switching it on. Data shown in the figure
was recorded 4 h after starting the device, hence, it could be assumed that ther-
mal equilibrium of the sensor electronics was reached. The background signal
reading, recorded in the dark laboratory room with closed laser, is hardly higher.
In processing DC signals are removed from the scattering data by background
subtraction when the exposure times are the same.

• flat-field correction (FF): This correction accounts for pixel to pixel variation in
light sensitivity of the sensor elements. Here, the correction was not part of
data processing. Instead, it was carried out online by the sensor chip electronics
based on a calibration pre-performed by the camera manufacturer. Details on the
calibration of sensor sensitivity were not available8.

• angular efficiency correction (AE): Conversion of incident photons into an elec-
tronic signal is in general dependent on the angle of incidence onto the photo-
sensitive element. The more obliquely photons impinge onto the detector, i. e.
the larger the angle of incidence, the less is the resulting signal output. Here,
incidence angles were smaller than 10 ◦ by design. Micro-lenses installed on the
detector chip for better signal yield further alleviated this problem. Hence, AE
was not explicitly taken into account during data post-processing [208].

Multi frame averaging is an interesting option to reduce experimental uncertainties
of scattered intensities, especially in static scattering experiments. Here, this was not

8Private communication Uli Kleffel (Rauscher GmbH, Olching, Germany).
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Figure 3.14: Average dark current and background signals taken over the full image frame
of the detector at various exposure times. DC signals (mean: �) were recorded with closed
camera aperture. Background signals (mean: ◦ , median: 4) were recorded with the laser off.
Recordings were carried out 4 h after the camera was started to allow thermal equilibration of
the sensor electronics.

used, but could easily be implemented into the data processing routines in the fu-
ture. Data processing described above did not include normalization to (attenuated)
primary beam intensity, which would have required recording of the primary beam
intensities.
Figure 3.15 depicts a flow chart of the steps involved in data processing. Input to
the data processing algorithms were the image files generated by the camera software.
Subtraction of background data (BG) or masking (MK) were optional. Mandatory in-
puts were the beam center position xc, yc on the detector and the number of rings
to be merged to a bin including the value 0, where no binning would be performed.
In all cases a report file was generated summarizing the input processing parameters.
Depending on the choice full azimuthal averages and/or azimuthal averages with a
restricted angular range were generated. Also, reduced data sets were generated from
those averages by further merging (binning) scattering intensities in radial direction.
In general, four rings were merged. By default, an additional data set was generated
which yielded average scattering intensities and the intensity variances of single pixel-
wide rings. No background subtraction was applied to this data set such that it gave
access to the raw scattered intensities. For obtaining the variances as a measure for
experimental uncertainties a so-called running statistics approach was applied.
The latter proceeding is described briefly in the following. The running statistics ap-
proach was employed to compute for each ring indexed R and comprising n pixels the
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Figure 3.15: Chart depicting data processing. Inputs to the algorithms are image files of scat-
tering data, background and the mask information, scattering angle calibration and processing
parameters like beam center position xc, yc. Processing comprised data read-in (DS), masking
(MK), data averaging and binning (AV) and background subtraction (BG). Solid angle correc-
tion (SP) was skipped (see Subsection 3.6). Depending on processing parameters different
data sets are obtained: averaged intensities and binned intensities with background subtrac-
tion, averaged intensities without background subtraction and associated uncertainties. In all
cases a report file is generated summarizing the input parameters.

statistical mean

xR,n =
1
n

n

∑
i=1

xR,i (3.38)

and the unbiased sample variance

s2
R,n =

1
n− 1

n

∑
i=1

(xR,i − xR,n)
2 (3.39)

in a single pass, inspecting each datum xR,i only once, thus saving computational
time. Here, xR,i is the intensity data of a pixel on ring R. When processing the two-
dimensional detector data the algorithm first determines from the coordinates of a
pixel the corresponding ring. It then takes the intensity data of that pixel xR,i and
updates the intensity mean and variance of that ring. As the image data is processed
pixel-wise starting at the upper left corner and stopping in the bottom right corner of
the two-dimensional data set the mean intensities and variances of the rings build up
only incrementally. For such a scenario Knuth [209] presents an online algorithm based
on Welford’s method [210] (cf. Appendix C) for computing the incremental update of
the mean via

xR,k = xR,k−1 +
xR,k − xR,k−1

k
(3.40)
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and computing the incremental update of the variance via

SR,k = (k− 1)s2
R,k =

k

∑
i=1

(xR,i − xR,k)
2 (3.41)

= SR,k−1 + (xR,k − xR,k−1)(xR,k − xR,k) (3.42)

such that

sR,k =

√
SR,k

k− 1
(3.43)

with high numerical precision and high numerical stability [211–213].

3.6 Calibration of the scattering angle

As described in Subsection 3.3 matching of the scattering angle and detector pixel was
given by the specific design of the detection optics. However, the scattering angle at the
position of a pixel was not readily available as geometric distances were not available
at the required precision, especially in view of the lack of knowledge of the exact posi-
tion of the sensor chip in the camera housing. Above all, the detector position within
the camera housing was not documented at all. Therefore, a convenient way for cali-
brating the pixel-scattering angle assignment was to measure the diffraction pattern of
a circular aperture and to fit the mathematically exact solution [124].
First, the beam center (xc, yc) was determined from a measurement with removed
beam stop. Beam intensity was reduced with the strongest attenuator (here, OD2) and
camera exposure time was reduced to texp = 100 µs. This allowed direct imaging of the
laser beam with the detector as is depicted in Figure 3.16. The false-colour image of
the pattern generated by the primary beam on the detector shows a regular arrange-
ment of spots rather than a single bright spot from the laser beam. It can be explained
as an interference pattern caused by repeated reflections of light from the regularly
structured sensor chip surface and a protective cover glass which was mounted on top
of the chip. The primary beam is identical with the white-ringed black spot in the
image center. Due to the so-called Black-Sun phenomenon zero intensity is assigned
to highly saturated pixels which, thus, appear black in the resulting image data9.
Second, the diffraction pattern of the circular aperture was recorded. Two apertures
with different sizes were available (G000-619-215, 100 µm, G000-619-216, 50 µm, Quiop-
tiq). These were obtained as unmounted molybdenum substrates into which the aper-
tures had been laser-etched. Figure 3.17 depicts the smaller aperture as viewed in light
microscopy. Prior to use, the apertures were checked for their size and circularity. To
position them in the laser beam a specifically designed holder was used, which was
placed into one of the slots of the colloid suspension stage. Thus, the aperture could
be placed exactly at the place corresponding the center of a 2 mm flat-cell cuvette. In
Figure 3.17 the holder is compared to such a cuvette. Since the sample positions with

9CMV2000-AN2-v2.1, Image artifacts application note, CMOSIS NV, 2010.
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Figure 3.16: False-colour image of the pattern generated by the primary beam on the detector
imaged at high attenuation and short exposure time with removed beam stop. The regular
spot pattern is caused by repeated reflections of light from the regularly structured sensor chip
surface and a protective cover glass on the chip giving rise to a diffraction pattern. Due to
the so-called Black-Sun phenomenon the primary beam appears as a black spot in the image
center. With the beam stop in place no interference pattern is detected. This also applies to
depolarized measurements with the beam stop removed. In both cases the primary beam is
effectively removed from the detection optics.

respect to the Fourier lens were identical for the polymer melt stage and the colloid
suspension stage the calibration was valid for both sample environments.
Figure 3.18 shows the recorded diffraction pattern of the 50 µm aperture. The data
were averaged azimuthally totally and within a small sector along the diagonals out-
ward from the center at multiples of µ = 45 ◦, respectively. The results of the two
averaging processes yielded the two curves which are depicted in the right graph of
Figure 3.18. Obviously, these two curves overlay, i. e. the scattering pattern is highly
symmetric about the beam center, which proves that the the detector surface was ori-
ented perpendicularly to the laser beam axis and the components of the detection
optics were precisely aligned.
As shown in Section 3.1 the diffraction pattern of a circular aperture is exactly de-
scribed by the Airy pattern

I(χ) = I0

(
2J1(χ)

χ

)2

(3.44)

where J1(χ) is the Bessel function of the first kind of order one and

χ = kR sin θ (3.45)

with wave number k, scattering angle θ and radius of the aperture R. Direct curve
fitting of Equation (3.44) to the data was not possible due to clipping of data upon
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Figure 3.17: Left: Holder mimicking the geometry of a flat-cell cuvette for positioning the
apertures in the laser beam. The aperture was mounted to a recess in the lower part of the
holder. Thus, the aperture position was identical to the center of the optical path of the flat-cell
cuvettes or the position of the polymer melt. Right: 50 µm aperture viewed by light microscopy.

Figure 3.18: Left: False-colour image of the diffraction pattern of the 50 µm aperture recorded
at an exposure time of texp = 0.1 s with beam stop in place and laser attenuated to 10 % of
the primary power. Right: Processed diffraction pattern. The curves from azimuthal averaging
(- - -) and averaging along diagonal sections at µ = 45 ◦ (—) overlay proving precise alignment
of the detection optics.

pixel saturation at low scattering angles. Further reducing the primary intensity, on the
other hand, would have reduced the data range for fitting as well. Instead, calibration
of the scattering angle was carried out based on the positions of the local minima of
the experimental data. As will be explained below this had the additional benefit of
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taking into account image distortions due to lens aberrations.
The scattering pattern has minima whenever J1(x) = 0. The zeros of the Bessel func-
tion are tabulated or can easily be generated by MATLAB or by other common data
processing software [214]. In Figure 3.19 the assignment of scattering angles to the lo-
cal minima of the experimental intensity data is shown. With known wave vector and
aperture radius R determined by light microscopy, the diffraction angle (= scattering
angle) could be obtained from Equation (3.45). By interpolation the scattering angle
of each pixel ring could be determined.

Figure 3.19: Left: Calibration (—) of scattering angles θ via assignment of radial distances Rd of
intensity minima (◦) to the respective known angles θ. Right: Measured intensity distribution
(◦) of the aperture with R = 50 µm as a function of diffraction angle compared to the theoretical
curve (—).

Obviously, the θ did not exactly follow a linear trend with Rd[px]. This was due to
aberrations of the detection optics [112]. While chromatic aberration was of no rel-
evance to the single-wavelength SALS instrument, geometric lens aberrations had to
be considered. Five types of geometric aberrations are known [197]. Coma, field cur-
vature and distortion are effects of off-axis rays entering the optical system. These
aberrations were of minor relevance to the SALS instrument and could be neglected
since all scattered light emerged from the illuminated sample volume close to the op-
tical axis. The aberrations left were spherical aberration which is an axial effect and
astigmatism which is both an off-axis and axial effect. To account for these aberrations
the data θAiry(Rd) was fitted empirically with a polynomial of 3rd order.
Comparison of the measured intensity plotted versus the calibrated diffraction angle
with the theoretical curve given by Equation (3.44) shows that the positions of minima
and maxima are in very good agreement. A deviation of the experimental and theoret-
ical intensities is observed at larger angles. Here, the experimental intensity is higher
than predicted. This can be ascribed to spherical aberrations introduced by the Fourier
lens. Note that this effect surpassed intensity reduction by solid angle effects. Hence,
the SP-correction in data processing was switched off as it would further increase the
intensity at large angles, thus adding to the mismatch of experimental and theoretical
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intensity. In Figure 3.19 the experimental curve is shown without solid angle (SP) cor-
rection.
Calibration with the 100 µm aperture was carried out as well and the coefficients for the
interpolation were obtained. Calibration of the scattering angle with the two different-
sized apertures did overlay. Relative deviations were no more than 5 %.

3.7 Operational verification of the SALS setup

Operational verification and check of the scattering angle calibration of the home-
built SALS instrument were performed by particle size measurements of standard latex
beads.

3.7.1 Methods and materials

Scanning electron microscopy. Particle sizes of standard latex beads were verified
by means of scanning electron microscopy (NEON 40 EsB CrossBeam, Carl Zeiss AG,
Oberkochem, Germany). From each suspension of the standard latex beads a single
drop was dried at ambient conditions on a freshly prepared flat mica sheet, which
was fixed onto the specimen stub by double sided carbon adhesive discs (Science Ser-
vices GmbH, Munich, Germany). After sputter-coating (3 nm Au/Pd 80/20 wt%/wt%,
BAL-TEC SCD 500 sputter coater) pictures of the samples with high topographic con-
trast were obtained by applying the SE2-detector at an acceleration voltage of 2 kV.
Malvern Mastersizer S. As a benchmark for the home-built SALS instrument particle
sizing was performed on a commercial instrument (Malvern Mastersizer S, Malvern
Instruments GmbH, Herrenberg, Germany). The instrument was equipped with an
unpolarized 5 mW continuous wave HeNe Laser (λ0 = 632.8 nm) which was expanded
up to 18 mm in diameter prior to illuminating the sample. The circular sector detector
comprised 42 elements, which covered a range of scattering angles of 0.01 ◦ − 135 ◦

with a resolution of the scattered intensity of 14 bit.
The instrument could be equipped with two alternative lens-cell configurations for
measurements of the particle size: (a) a 300F Fourier lens and MS7 cell which featured
a magnetic stirrer and which had a path length of 14.3 mm was recommended for a size
range of 0.5 - 880 µm and (b) a 300RF reverse-Fourier lens and MS1 flow-through cell
which had a path length of 2.4 mm was recommended for an extended size range of
0.05 - 880 µm. The configurations are depicted in Figure 3.20. For measurements with
the MS7 cell the sample cell was filled with purified water (Milli-Q, Millipore Sigma
Burlington, MA, USA). To this end the sample compartment of the instrument was
opened and the liquid was injected into the cell with a syringe. The sample compart-
ment was closed and a measurement of the background was performed. Subsequently,
with sample compartment open, the magnetic stirrer was switched on and a drop of
the particle standard suspension was added. If sample turbidity was too high, as in-
dicated by the instrument software, the suspension was diluted by removing some of
the liquid and adding more solvent. For measurements the sample compartment was
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Figure 3.20: Lens-cell combinations of the Mastersizer S. In the open sample compartment the
laser is on the left. The detector is to the right outside the picture. Note the different order
of components for the two configurations. Left: MS7 cell and 300F Fourier lens. Right: 300RF
reverse-Fourier lens and MS1 cell with flexible piping for emptying and filling the cell from the
outside of the instrument.

closed.
For measurements with the MS1 cell the particle suspension was diluted first with pu-
rified water in a freshly-cleaned beaker. Via flexible tubes, which were connected to
the inlet and outlet of the cell, the liquids could be injected from the outside of the
instrument. Again, a background measurement of the solvent was performed followed
by measurement of the sample suspension.
The scattering data were evaluated with the software of the instrument applying a full
Mie theory model. Parameters were selected for a monomodal system of polystyrene
particles (with complex refractive index m = 1.6000 + 0.000i) dispersed in water (m =
1.3300 + 0.0000i).
Particle sizing with the SALS instrument. Particle size measurements were carried
out utilizing the colloidal suspension stage. Experiments were performed at room tem-
perature without further thermo-control of the device. Particle suspensions in purified
water were measured in flat-cells with 2 mm optical path. Prior to data recording
optimum acquisition parameters were determined by test measurements of the sus-
pensions. The background scattering was acquired only after sample measurements
utilizing the same set of acquisition parameters.
UV/vis spectrometry. Transmission of the sample suspensions at the laser wave-
length was determined by spectrometry (Lambda-19, PerkinElmer, Waltham, USA).
The UV/vis/NIR spectrophotometer was a double-beam ratio-recording instrument
featuring a double-monochromator. Relative transmission τ with respect to the sol-
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vent, i. e. a cuvette filled with purified water, was determined in a small spectral range
of 625 - 641 nm.
Standard latex beads. Three different-sized standard latex beads were utilized for
benchmarking the home-built SALS instrument. The standards were obtained from
BS-Partikel GmbH (Wiesbaden, Germany). The particles were provided in the form
of stabilized aqueous suspensions and had a certified nominal size of 5.15± 0.05 µm
(HS0500-20, charge HS312.513), 2.06 ± 0.07 µm (HS0200-20, charge HS012.157) and
519± 14 nm (HS0050-20, charge HS425.161), respectively. The number mean diameter
and volume mean diameter stated on the certificates were identical since the polydis-
persity of the particles was low enough.
Preparation of particle suspensions. Prior to measurement particle suspensions were
prepared by dispersing the standard latex beads in purified water (Milli-Q, Millipore
Sigma Burlington, MA, USA). To this end a single drop of the 5 µm and the 2 µm
particles stock suspensions, respectively, was added to 20 ml water in freshly cleaned
graduated flasks. Two separate samples each were prepared in this way. Dispersion
was aided by manually shaking the flasks. As suggested by the manufacturer the first
drop from the dispensers was discarded. A dilution series of the 500 nm particles was
prepared. 2 drops were added to 25 ml purified water. From this suspension 10 ml
were diluted with a further 15 ml purified water. This process was applied once more
to the diluted suspension yielding the third one. For measurement the suspensions
were injected into flat-cell cuvettes and the relative transmission with respect to puri-
fied water was determined by vis spectroscopy. Except for the non-diluted dispersion
of 500 nm particles all suspension had a relative transmission of well above 90 %.

3.7.2 Results: Particle sizing of standard latex beads

Reference measurements. Prior to benchmarking the home-built small angle light scat-
tering instrument described above with standard latex beads, these particles were char-
acterized both by direct imaging via scanning electron microscopy and light scattering-
based particle sizing with the Malvern Mastersizer S (Malvern Instruments GmbH,
Herrenberg, Germany). The results are summarized in Figures 3.21 - 3.23. SEM mi-
crographs revealed spherical particles with a very narrow size distribution. Solvent
evaporation as part of the sample preparation left the particles regularly-spaced in
a hexagonal close-packed (hcp) lattice, which extended over several layers. For all
samples the particle diameters determined by SEM coincided with the nominal sizes
within experimental uncertainty. Measured values for the diameter were 5.1 µm, 2.0 µm
and 510 nm, respectively. Measurements with the Malvern Mastersizer S yielded the
volume-based particle size distribution. The peaks of the distributions were identical
to the nominal sizes within experimental uncertainty. Additionally, the volume mean
diameter D[4,3] (Dv) and z-averaged squared diameter D[8, 6]2 (〈D2〉z) were calculated,
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Figure 3.21: Left: Scanning electron micrograph of 5 µm standard latex beads. The scale bar
represents 2 µm. Right: Results of particle sizing with the Malvern Mastersizer S. The distribu-
tion of the volume fraction shows a peak at 5.19± 0.10 µm.

Figure 3.22: Left: Scanning electron micrograph of 2 µm standard latex beads. The scale bar
represents 2 µm. Right: Results of particle sizing with the Malvern Mastersizer S. The distribu-
tion of the volume fraction shows a peak at 1.99± 0.04 µm.

where

D[p, q](p−q) =
∑ Dp−3

i vi

∑ Dq−3
i vi

. (3.46)

with the geometric mean diameter Di =
√

Di,lowerDi,upper given by the square root of
the product of the lower and upper diameter limit of the discrete size class i and with
vi the volume fraction of particles within the size class i. Note that calculations of
derived quantities is best performed using the geometric mean diameter rather than
the arithmetic mean because the former one more appropriately represents the loga-
rithmic spacing of the size class limits. Size classes defined in such a way yield the
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optimum resolution in terms of the particle size distribution for the given detector
geometry and optical configuration of the instrument10. Table 3.2 summarizes the re-
sults of the measurements and calculations. Peak values and Dv coincided with the
nominal specifications within experimental uncertainty except for the 500 nm particles
the peak value of which was slightly smaller than the nominal size. The diameters
agree, however, within 2 % relative error. Results for z-averaged squared diameters are
larger by definition. However, no comparative data was provided by the certificates of
the standard latex beads.

Figure 3.23: Left: Scanning electron micrograph of 500 nm standard latex beads. The scale
bar represents 2 µm. Right: Results of particle sizing with the Malvern Mastersizer S. The
distribution of the volume fraction shows a peak at 500 nm.

Table 3.2: Particle size values of the standard latex beads utilized for benchmarking the home-
built SALS instrument as verified by various methods. All entries are in µm.

nominal size SEM Mastersizer S
Dn = Dv peak Dv 〈D2〉z
5.15± 0.05 5.1 5.19± 0.10 5.14± 0.12 5.31± 0.30
2.06± 0.07 2.0 1.99± 0.04 1.99± 0.04 2.25± 0.02
0.519± 0.014 0.510 0.500 0.500 0.533

Small angle light scattering of standard latex beads. Experimental SALS curves for
the 5 µm and 2 µm standard latex beads, respectively, are depicted in Figure 3.24 and
Figure 3.25. Scattered intensities could be measured in an angular range 0.5 ◦ < θ <
11.5 ◦. The scattering angle θ in the medium was derived by Snell’s law from the
calibrated scattering angle θcalib in air (n = 1.000) via sin θ = sin(θcalib)/nm where nm =
1.333 is the refractive index of water. The corresponding q-range was 0.12 µm−1 < q <

10Mastersizer S manual, MAN0101 Issue 1.3 August 1997.
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2.65 µm−1. The lower limit was determined by the finite size of the beam stop (cf.
Figure 3.18), the upper limit of the scattering angle was determined by the sample to
Fourier lens distance. As discussed in Section 3.6 processing of experimental SALS
data was carried out without solid angle correction (SP). In the figures the experimental
results are compared to calculated scattering curves. Theoretical scattering curves of

Figure 3.24: SALS scattering curve (◦) of 5 µm standard latex beads dispersed in water com-
pared to theoretical scattering curves based on Lorenz-Mie theory with R = 2.575 µm (—) and
R = 2.5 µm (- - -). Calculations were performed with algorithms from [188]. Exposure time
was τexp = 2000 µs, acquisition was performed with OD2 attenuation, sample transmission was
τ = 96 %.

monodisperse model systems were calculated according to Lorenz-Mie theory utilizing
the MATLAB algorithm Mie tetascan(m, x, nsteps) given in [188]. The calculations
yielded the Mie scattering intensities |S1(θ)|2 and |S2(θ)|2, respectively, as tabulated
data intensities |Si(θ)|2 versus scattering angle θ. The scattering curves are symmetric
with respect to the forward direction. The data set, subsequently, contained |S1(θ)|2
in the angular range 0 < θ < π and |S2(θ)|2 in the angular range π < θ < 2π in an
angular spacing of π/nsteps, where the number of data points nsteps corresponded
to one of the input parameters of the program. The other two input parameters were
the relative refractive index

m =
np

ns
=

1.5960
1.333

= 1.1973 (3.47)

where np was the refractive index of polystyrene and ns of water, respectively, and the
size parameter x = kR (see Subsection 3.1) where

k =
2πns

λ0
=

2π 1.333
0.6328 µm

= 13.2356 µm−1 (3.48)
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Figure 3.25: SALS scattering curve (◦) of 2 µm standard latex beads dispersed in water com-
pared to theoretical scattering curves based on Lorenz-Mie theory with R = 1.03 µm (—) and
R = 0.95 µm (- - -). Calculations were performed with algorithms from [188]. Exposure time
was τexp = 4000 µs, acquisition was performed with OD2 attenuation, sample transmission was
τ = 92 %.

with the laser vacuum wavelength λ0 = 632.8 nm. Results of the calculations are
depicted in Figure 3.26. All particles show a strong scattering in forward direction.
It is the stronger the larger the particle gets. The overall scattered intensity increases
with particle size. A distribution of local maxima in the perpendicular and parallel
component of the scattered intensity can be observed being more pronounced with
increasing particle radius.
The total scattered intensity was calculated according to Equation (3.9) as

Is(θ) =
1

k2r2
i1 + i2

2
I0 = I′0(|S1(θ)|2 + |S2(θ)|2) (3.49)

where 〈sin2 φ〉 = 〈cos2 φ〉 = 1/2 was applied. Taking the averages over φ is identical to
the azimuthal averaging of the experimental SALS data. The latter yields the total scat-
tered intensity into a ring as a function of θ and represents a sampling of all scattering
planes with angles 0 ≤ φ < 2π for a given scattering angle. Ultimately comparison of
theoretical and experimental scattering curves allowed direct comparison of the parti-
cle size values obtained from SALS and other techniques. The quantity I′0 in Equation

(3.49) was treated as a parameter and was varied until the experimental curve and the
theoretical curve matched best.
Good agreement of experimental and calculated scattering intensities was achieved in
case of the 5 µm particles. Deviations were caused by the small but finite polydispersity
of the system. The measurements just missed the second minimum due to scattering
angle limitations. The depicted angular range is increased beyond the experimental
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Figure 3.26: Polar diagram of the intensities scattered by the standard particles based on
Lorenz-Mie theory. Numerical calculations were carried out with MATLAB algorithms from
[188]. In the upper half circle (0 ◦ < θ < 180 ◦) the perpendicular intensity |S1(θ)|2 is plotted.
In the lower half (180 ◦ < θ < 360 ◦) the parallel component |S2(θ)|2 is plotted. The curves
are symmetric with respect to the half circles. Particle radii are 2.575 µm (black, outermost
curve), 1.03 µm (red) and 0.26 µm (blue, innermost curve). Parameters of the calculations were
m = 1.1973, k = 13.2356 µm−1 and nsteps = 720.

range to visualize the location of the second minimum. In case of the 2 µm parti-
cles experimental and calculated scattering curves also show very good agreement.
However, going to smaller particles with a diameter of 500 nm revealed strong devi-
ations between experimental and calculated scattering intensities. Figure 3.27 shows
three different experimental curves corresponding to decreasing particle concentration
leading to increased transmitted intensity as determined prior to the SALS measure-
ments by spectrometry. The measurements show a comparable trend of an initial
decrease in scattering intensity changing into an upward slope at large scattering an-
gles in contradiction to the theoretical Mie-scattering calculations which are plotted as
well in the figure. In Figure 3.28a the signals of the dilution series uncorrected for
the background signal are compared to the corresponding background measurements.
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Figure 3.27: SALS scattering curve of 500 nm standard latex beads dispersed in water compared
to theoretical scattering curves based on Lorenz-Mie theory with R = 260 nm (—). Sample
transmissions τ were 96 % (◦), 92 % (�) and 76 % (5). Calculations were performed with
algorithms from [188]. Exposure time was τexp = 5000 µs, recordings were performed with
OD2 attenuation.

Figure 3.28: Uncorrected (non-processed) SALS intensities of particle suspensions compared
to the respective background signal (lower, gray curves). a) Signals of the dilution series of
500 nm suspensions. Recordings were carried out with the same acquisition parameters. b)
Typical SALS signals of all three standard suspensions normalized to exposure times. The red
curve in a) and b) corresponds to the same measurement of the 500 nm-sized standard beads.

Background measurements were recorded for each experiment separately and show
very good agreement. For scattering angles larger than 2 ◦ the background signal con-
tributes less than 3 % to the overall scattering signal. The background signal quickly
drops in magnitude to the magnitude of the detector dark signal.
As can be seen, sample intensities approach the background signal with increasing di-
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lution. However, the upturn remains at large angles. The effect was already discussed
in Section 3.6 and ascribed to spherical aberration of the Fourier lens L1. The effect is
not visible in case of the larger particles (see Figure 3.28b), because it is compensated
for by the strong angular dependence of the scattered intensity of the larger particles.
We conclude by stating that the lower size limit of the home built SALS instrument
for reliable particle size measurements must lie between 2 µm and 0.5 µm. For par-
ticles smaller than this limit the angular scattered intensity distribution could not be
determined accurately due to imaging limitations of the detection optics.
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4 Phase transformation behaviour of polylactide

4.1 Materials and methods

Materials. Poly(l-lactide) (designated PLLA1 in this work) and poly(d-lactide) (PDLA)
homopolymers were provided by Corbion (Total Corbion PLA bv, Gorinchem, The
Netherlands) as well as a random co-polymer grade poly(l-co-d-lactide) (coPLA) with
4 % d-isomer content. Additionally, a high-molecular weight poly(l-lactide) (PLLA2)
(Evonik Industries AG, Essen, Germany) was used in this work. Polymers were deliv-
ered as pellets or flakes, respectively, and used as-received without further purification.
The properties of the polymers are summarized in Table 4.1. The polydispersity (PDI
= MW/MN, where MW is the weight average and MN is the number average molecu-
lar weight) of the samples was between 1.5 and 1.8 . The reader is referred to Appendix

A for a comprehensive characterization of the PLA samples used in this work.

Table 4.1: Properties of the polylactide samples used in the studies of the phase transformation
behaviour of PLA.

designation d-units [%] MW [kg mol−1] T0
m [◦C]c

PLLA1 0 143 186± 2
PLLA2 0 406 199± 6
PDLA 100 153 181± 5
coPLA 4 163 171± 4
nPLLA1 2a 143 / 153b 189± 4d

nPLLA2 2a 406 / 153b 201± 7d

a) weight fraction of PDLA chains in the blend in %
b) MW of the PLLA and PDLA components
c) equilibrium melting point determined by Hoffman-Weeks extrapolation
d) see Figures B.3 and B.4 in Appendix B

In addition, stereocomplex nucleated PLLA samples (nPLLA1 and nPLLA2) were pre-
pared by solution casting of PLLA1 or PLLA2, respectively, mixed with 2 wt% of PDLA
from dichloromethane (DCM, 99.8 %, AnalaR Normapur, VWR International GmbH,
Langenfeld, Germany). The presence of scPLA crystals is known to accelerate overall
crystallization of polylactide as the stereocomplexes act as heterogeneous nucleation
sites [156]. Stock solutions were prepared and mixed in the respective ratios. In order
to obtain films 5 ml solution were placed on petri dishes (diameter 50 mm). The solvent
was allowed to evaporate for at least 24 h. The petri dishes were covered with lids to
avoid rapid evaporation. Films with a thickness of 30 - 40 µm were obtained and dried
in a vacuum oven at 100 mbar and 30 ◦C overnight to remove residual solvent. Due
to enhanced interaction PLLA and PDLA form scPLA with a much higher melting
point of around 230 ◦C than the homocrystals of PLLA or PDLA (hcPLA) [215]. The
presence of stereocomplex crystals in the films was verified by DSC, which showed the
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characteristic endothermic melting of scPLA at 225 ◦C (see Figure B.2 in Appendix B).

Small Angle Light Scattering (SALS). Depolarized SALS was carried out with the
home-built device described in detail in Section 3. For all experiments the high tem-
perature sample stage for studying polymer melts was used.
Specimens were prepared by melting polymer samples on a laboratory hotplate (MR
Hei-Standard, Heidolph Instruments, Schwabach, Germany) at 200 ◦C pressed between
two microscopy cover glasses (18 mm× 18 mm cover glass, thickness no. 1 = 130 µm,
borosilicate glass, VWR Chemicals). Spacers made from laboratory aluminum sheets
were used to keep the sample thickness constant at 50 µm.

Figure 4.1: Temperature-time protocols for SALS measurements of the isothermal spherulite
growth rate (left) and SALS characterization of the melting behaviour of PLA after isothermal
crystallization (right).

Three different temperature-time protocols were applied in the SALS experiments.
They are sketched in Figure 4.1. In isothermal crystallization experiments the thermal
history of a specimen was erased by melting at 200 ◦C on the laboratory hotplate for
3 min. Subsequently, the sample was either (i) quenched to the respective isothermal
crystallization temperature when experiments were carried out below approximately
120 ◦C, i. e. at large undercooling, or (ii) an intermediate nucleation step was intro-
duced when experiments were carried out at low undercooling, i. e. at temperatures
larger than approximately 120 ◦C. In the first case (i), the sample was quickly trans-
ferred with a vacuum pick-up tool to the SALS hotstage, which was kept at the isother-
mal crystallization temperature, and recording of scattering intensity was started im-
mediately. Manual transfer of the sample from the hotplate to the hotstage took place
in less than 10 s. In the second case (ii) when the undercooling was low the number
density of spherulites was too low to give an adequate scattering signal for SALS mea-
surements due to the decrease of several orders of magnitude in primary nucleation
rate. This problem first and foremost affected experiments with the neat polymers, but
also experiments with the nucleated polymers were affected, though at higher crystal-
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lization temperatures, i. e. lower undercooling. The problem was bypassed by appli-
cation of Tammann’s two-stage crystal nuclei development method [173, 216]. After
melting, the sample was first transferred to a second hotplate (MR Hei-Tec, Heidolph
Instruments, Schwabach, Germany) at the respective nucleation temperature and kept
there for 1 min allowing formation and initial growth of spherulites. A nucleation tem-
perature of Tnuc = 120 ◦C seemed to fit best to the procedure. Only then, the sample
was transferred with a vacuum pick-up tool to the SALS hotstage, which was kept at
the isothermal crystallization temperature, and recording of the scattering pattern was
started. This made possible determination of spherulite growth rates solely by means
of SALS over the whole temperature interval from near the glass transition tempera-
ture to near the melting temperature.
Note, that using (different) laboratory hotplates for preparing the polymer melt and
performing isothermal crystallization of the sample material, and manual transfer
thereof is an established technique for polymers with slow to moderate crystalliza-
tion kinetics like PLA [217, 218].
In experiments on the phase transformation behaviour during melting of polylactide
(iii), first the thermal history of the sample was erased by melting at 200 ◦C on a lab-
oratory hotplate for 3 min. The sample was quickly transferred to the SALS hotstage
and isothermally crystallized for 30 min directly followed by heating to the melting
temperature at 10 K/min and synchronous recording of the scattering pattern.
Scattering patterns were recorded at a maximum rate of 1 Hz and saved as sequences
of separate image files on a personal computer via the Basler pylon camera software
suite, which was provided with the digital camera. The image files were 2048× 2048
pixels in size, corresponding to the maximum resolution of the camera detector chip.
Data-reduction and data-evaluation were carried out with dedicated MATLAB scripts.
The two-dimensional data sets were reduced to one-dimensional data sets by taking
the azimuthal average over pixels belonging to the same ring centered on the position
of the primary beam on the detector. The thickness of the rings was one pixel to yield
maximum angular resolution with the given detector chip. This procedure is valid in
the small-angle approximation. For processing of radially non-symmetric scattering
patterns which did show azimuthal periodicity the averaging process was altered by
considering only pixels fulfilling the appropriate constraints on the azimuthal angle µ.
The details of the data processing and calibration of the respective scattering angle θ to
each pixel ring are presented in Subsections 3.5 and 3.6. For background subtraction
the signal of the amorphous sample was used, which either corresponded to the first
image of the sequence in isothermal crystallization experiments or the last image of
the sequence in melting experiments. All data sets were normalized to the applied
detector exposure times.
In the experiments the sample volume V, which was illuminated by the laser, was
kept constant and the sample-detector distance r was identical for all measurements.
The intensity of the primary beam I0 was not recorded. However, the stability of the
laser was verified periodically with a power meter (PM160, Thorlabs). Therefore, any
recorded scattering signal was proportional to the angle-dependent Rayleigh ratio for
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depolarized scattering

RHV (θ, µ) =
iHV (θ, µ)r2

I0V
(4.1)

where iHV (θ, µ) is the scattering intensity.

4.2 Light scattering from spherulites

Phase transformation of a number of high polymers from the non-ordered amor-
phous state11 into the ordered crystalline state proceeds via nucleation and growth
of spherulites [220–224]. These structures have been known for a long time from inor-
ganic matter but extensive studies on polymer spherulites started only with the works
of Bunn and Alcock [225] and Bryant [226] in the 1940s. Spherulites (Greek σϕαι̃ρα) are
spherically symmetric supramolecular structures which form in the viscous polymer
bulk when temperatures are between the glass transition and the melting temperature.
Their size increases linearly with time until they impinge on each other and the whole
volume is filled by spherulites with sizes ranging from several 100 nm up to several
10 mm.

Figure 4.2: Sketch of the internal structure of polymeric spherulites. These consist of crystalline
domains made up of radially directed lamellar stacks and inter-lamellar amorphous domains.
After Boyd et al. in [227]. Lamellae are interconnected by so-called tie-molecules. The reader
is referred to [218] for a discussion of the lamellar chain-folding structure in terms of the
successive adjacent re-entry number of PLA chains.

Polymeric spherulites are two-phase structures with crystalline and amorphous do-
mains. In Figure 4.2 the internal structure of a polymer spherulite is sketched. Radi-
ally directed fibrils, so-called lamellae, originating from the spherulite nucleus present

11The interested reader is referred to the account by G. D. Wignall [219] on the discovery of the
random coil chain conformation of liner polymers in the melt state by small angle neutron scattering in
the 1970s.
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the crystalline phase. The lamellae are made up of layers of chain-folded polymers
giving rise to tangential orientation of the chains with respect to the spherulite radius
vector [228]. Their thickness is of the order of 10 nm. Non-crystallizable material like
entangled chains and chain ends are segregated during crystallization from the lamel-
lae thus forming the inter-lamellar amorphous domains.
Spherulitic crystallization is comprised of formation / activation of the spherulite
cores, denoted as primary nucleation, and subsequent deposition of further chains
on the crystal growth faces of the lamellae, which is denoted as secondary or surface
nucleation. The latter determines the growth of those lamellae and, in turn, determines
the radial growth rate of spherulites. As the cross-section of the lamellae is constant
during isothermal crystallization multiplication of lamellae (by mechanisms which are
still under debate) is a necessary requirement to keep the growing spherulite volume
uniformly filled with lamellae.
Due to their internal structure spherulites are optically anisotropic objects. In POM
they can easily be distinguished from the optically isotropic melt (see Figure 4.3).
Light extinction along the directions of the polarizer and the analyzer point at a spe-
cific alignment of the optical indicatrices.

Figure 4.3: Left: Two possible orientations of the indicatrix with respect to the spherulite radius
direction giving rise to the Maltese cross when viewed under crossed polarizers. Reproduced
from [224]. Right: PDLA spherulites crystallized at 140 ◦C viewed in POM with additional
full wave sensitive tint plate. The spherulite shows negative birefringence as indicated by the
colouring of the quadrants (first and third one red, second and fourth quadrant blue).

A theory of light scattering from spherulites was first presented by Stein and co-
workers, who treated the scattering problem in the RDG-approximation and modelled
spherulites as spherical, optically anisotropic entities [52]. In the following the depolar-
ized scattering from spherulites and its application to the characterization of spherulite
morphology is given based on the formulation of the theory presented in [229]. The
interested reader is referred to the work of Champion et al. [230] for a derivation in the
amplitude scattering matrix formalism presented in Subsection 3.1.
The Rayleigh ratio RHV (defined in Equation 4.1) of depolarized scattering, with the
analyzer oriented perpendicular to the polarization direction of the primary beam,
from a single optically anisotropic spherulite which is embedded in an isotropic ma-
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trix is given by

RHV =
16π4

λ4
0

V2
S cos2(ρ2) (αr − αt)

2 sin2(2µ)

(
cos2(θ/2)

cos(θ)

)2

×
(

3
U3

)2

(4 sin U −U cos U − 3SiU)2 (4.2)

with polarizabilities of the spherulite αr in radial direction and αt in tangential direction
and with vacuum wavelength λ0 [52, 229]. The formula yields a four-lobed scattering
pattern (see Figure 4.4) with intensity maxima on the diagonals (odd multiples of
µ = 45 ◦) of each image quadrant. The scattering intensity is a function of the scattering
angle θ, which is defined with respect to the direction of the primary beam, and of the
azimuthal angle µ, which is defined with respect to the polarization direction of the
incident field. VS = 4/3πR3 is the volume of the spherulite. A geometric polarization
correction is introduced by the term

cos ρ2 =
cos θ

(cos2 θ + sin2 θ sin2 µ)1/2
. (4.3)

In the small angle regime the correction can be neglected since cos ρ2 ≈ 1. The reduced

Figure 4.4: Typical four-lobed HV pattern from an optically anisotropic spherulite in a depo-
larized SALS experiment. The scattering angle θ is defined with respect to the primary beam.
The azimuthal angle µ is defined with respect to the polarization direction of the incident field.

scattering vector

U = R · q = R · 4πnm

λ0
sin
(

θ

2

)
, (4.4)

where nm is the refractive index of the matrix surrounding the spherulites, presents the
variable used in Equation (4.2). The refractive index of the polymer melt correspond-
ing to the matrix is nm = 1.45 at the wavelength of the laser and is independent of the
enantiomeric composition of the polylactide under investigation [231]. It is apparent
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that via U the HV scattering pattern is sensitive to the spherulite radius R. From the
intensity maximum at θmax on the diagonals defined by odd multiples of µ = 45 ◦ the
average spherulite radius can readily be obtained from the peak position

d
dU

(
3

U3

)2

(4 sin U −U cos U − 3SiU)2 !
= 0 (4.5)

where

SiU =
∫ U

0

sin t
t

dt (4.6)

is the sine integral. The relation between the spherulite radius and the magnitude of
the scattering vector qmax associated with the peak in scattering intensity, thus, is

R =
4.10
qmax

. (4.7)

In experiment, in general, the recorded scattering signal is a result of the collective
scattering of an array of spherulites which may, in addition, deviate from the model
spherical entities with strictly defined optical anisotropy. Stein et al. showed that the
Rayleigh ratio then can be expressed as

RHV =
16π4

λ4
0

VS φS cos2(ρ2) (αr − αt)
2 sin2(2µ)

(
cos2(θ/2)

cos(θ)

)2

×
(

3
U3

)2

(4 sin U −U cos U − 3SiU)2 [κ(θ, µ)F(θ, µ)]−1 (4.8)

where VS is an averaged volume of a spherulite and φS is the volume fraction of
spherulites in the illuminated sample volume, respectively [229]. The function κ(θ, µ)
is a correction for multiple scattering. F(θ, µ) introduces corrections for so-called ex-
ternal and internal disorder referring to two kinds of imperfections, micro-scale intra-
spherulitical and macro-scale extra-spherulitical morphological imperfections. Both
functions account for experimentally observed deviations from the ideal scattering be-
haviour given in Equation (4.2) in terms of non-zero scattering at low q and a slower
decay in scattering intensity at large q.
Internal disorder is related to density fluctuations within spherulites. The lamellar
structure is not aligned perfectly about the radius vector. Instead, due to random ar-
rangement of spherulite lamellae and lamellar branching, fluctuations in the lamellar
orientation are caused. Hence, also the polarizabilities show local fluctuations. As a
consequence the peak maximum is decreased while excess scattering is observed at all
other scattering angles q.
External disorder describes three more aspects of deviation from the ideal scattering
of an ideal model spherulite. First, it is generally accepted that spherulites evolve via
successive growth stages from the primary nucleus into rod-like and sheaf-like precur-
sor structures and finally into spherical entities [221]. These incompletely developed
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spherulites cause excess scattering at low and large q, however, the position of the scat-
tering peak is not affected [100].
The second aspect of external disorder is spherulite truncation after impingement
[53, 232, 233]. This is the case at the end of the crystallization process, but may even
happen before due to random placement of the spherulite nuclei. Note that this is
irrespective of the nature of the nucleation process being either homogeneous or het-
erogeneous. Truncated spherulites are no longer spherical in appearance but are rather
polygonal shaped crystalline entities. Under these circumstances the meaning of the
spherulite radius R is lost but it rather defines an average distance r from the nucleus
to the spherulite boundary.
Intimately related with the spherulite nucleation process is the distribution of spherulite
sizes, which is the third aspect of external morphological disorder. The resulting
scattering signal from an array of spherulites is dominated by the larger spherulites
because of their much greater scattering power which scales with the square of the
volume. Hence, any size information obtained from the scattering curve is heavily
weighted towards the larger spherulites in the distribution.
It was demonstrated by Wissler et al. that an effective radius

〈R〉 = 〈r
n+1〉
〈rn〉 (4.9)

can be extracted from the peak of the HV scattering pattern from a collection of (trun-
cated) spherulites with various sizes. It is given by the ratio of the higher moments

〈rn〉 =
∫ ∞

0
rnN(r)dR (4.10)

of the distribution where N(r) is the distribution function and n is the order of the
moment, with the moments depending on whether spherulites are two- or three-
dimensional [234]. They also stated that determining N(r) is fruitless due to additional
effects like internal disorder affecting the scattering curve and the insensitivity of the
scattering signal to all but the largest spherulites.
The effect of the spherulite nucleation process and the resulting size distribution of
truncated spherulites on the characterization of the effective radius from the scattering
maximum was discussed in detail by Bartczak and Galeski who, thus, brought together
the above mentioned considerations on external disorder in one model [235]. They con-
cluded that the relation between the average spherulite size and the magnitude of the
scattering vector qmax associated with the peak of the HV scattering intensity is given
by

〈R〉 = 〈r
5〉
〈r4〉 =

4.10
qmax

. (4.11)

This result is valid for an assembly of truncated spherulites irrespective of their nucle-
ation mechanism being either sporadic, yielding a broad size distribution, or instanta-
neous (athermal) primary nucleation, yielding a narrow size distribution, respectively.
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Note again that the spherulite radius is known to increase linearly with time during
isothermal crystallization and so the effective spherulite size determined from Equa-
tion (4.11) is a linear function of time, as well.

4.3 Spherulite linear radial growth rates

Spherulite growth was monitored in terms of the scattering vector qmax associated with
the intensity maximum of the depolarized scattering pattern as a function of time dur-
ing isothermal crystallization. In Figure 4.5 a typical four-lobed HV scattering pattern
from depolarized SALS experiments is depicted along with the time-dependent one-
dimensional scattering curves obtained from data-reduction of the two-dimensional
data-sets. Depolarized SALS measurements were performed without placing a beam

Figure 4.5: Typical four-lobed HV scattering pattern of spherulites (left) during isothermal
crystallization experiments and scattering curves (right) along the diagonals (odd multiples of
µ = 45◦). Some of the curves are coloured to aid the eye. Data from PLLA1, Tc = 85 ◦C.

stop in the detection optics of the SALS instrument. This approach fully utilized the
very small cross-section of the primary beam on the detector which is a beneficial fea-
ture of the Fourier-type SALS instrument. Thus, the angular range of the instrument
was limited towards low q by the image of the primary beam only. Detrimental effects
of a physical beam stop were avoided. Most of the intensity of the primary beam was
blocked by the analyzer. However, residual intensity reached the detector due to the
finite extinction ratio of the utilized analyzer. Although desirable, it was not possi-
ble to quantitatively record the intensities of the scattered light and the primary beam
simultaneously with the camera. Under experimental conditions for recording of the
scattering pattern, at a given sensor exposure time and due to the limited range in
sensitivity of the sensor chip the residual intensity from the transmitted primary beam
caused saturation of the respective detector pixels. After background subtraction the
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primary beam is marked by the black pixels in the center of the detector image.
Furthermore, the recorded scattering pattern shows two more characteristics. First, the
scattered intensity is non-zero at low q due to intra-spherulitic disorder and spherulite-
impingement as was discussed already in the preceding Subsection 4.2. Second, the
scattered intensity is not a continuous distribution but the scattering pattern displays
a fine granular structure. This phenomenon is also reflected in the appearance of the
one-dimensional scattering curves which could easily be mistaken for noise. This so-
called speckling is a result from interference of the highly coherent laser light scattered
from different spherulites [103, 236–238]. Speckling becomes the less pronounced for
assemblies of spherulites the larger their size and their number, i. e. the larger the illu-
minated sample volume [232].
From the plot in Figure 4.5 it can be seen that with time during isothermal crystalliza-
tion the scattering peak at qmax increases in magnitude and shifts to lower scattering
angles due to the growth of spherulites in the sample. For calculation of the average
spherulite radius the peak position was determined from an empirical polynomial fit
of 4th order to the scattering curve [239].
Exemplary results of average spherulite radii 〈R〉 as a function of time for various
isothermal crystallization temperatures are plotted in Figure 4.6. The lower limit of

Figure 4.6: Exemplary average spherulite radii 〈R〉 as a function of time at the indicated isother-
mal crystallization temperatures Tc. Data-sets are from PLLA2. The dashed lines represent
extrapolations of the radii to time zero. For experiments at Tc = 170 ◦C (�) and Tc = 130 ◦C
(�) the initial radius was non-zero due to pre-formation of spherulites at larger undercooling
(Tammann method). For experiments carried out at Tc = 105 ◦C (�) and Tc = 85 ◦C (�) the
initial radii were zero indicating negligible nucleation induction time.

spherulite radii which could be determined with the home-built SALS instrument was
2 µm due to upper limitations of the scattering angle by the detection optics. As can be
seen, the linear growth stage of the spherulites prior to impingement of neighbouring
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spherulites was captured by the measurements. Extrapolation of the spherulite radii
to size zero revealed zero induction time of spherulite growth in case of large under-
cooling at crystallization temperatures Tc = 85 ◦C and Tc = 105 ◦C. This is in good
agreement with literature data on the onset of crystal nucleation, which is of the order
of only seconds in the respective temperature interval [149]. Non-zero radii at time
zero in experiments carried out at lower undercooling resulted from spherulites which
were formed prior to the isothermal experiment by application of Tammann’s two-
stage crystal nuclei development method [173, 216]. Tammann’s method made pos-
sible SALS measurements also at low undercooling. This method separated growth
from nucleation. Spherulites were nucleated at large undercooling where the nucle-
ation rate is high and growth is negligible. Then, spherulite growth was monitored at
lower undercooling where the spherulite nucleation rate is negligible.
Linear fitting of the time-dependent radii yielded the spherulite linear radial growth
rates

G(Tc) =
d〈R〉

dt
(4.12)

as a function of the isothermal crystallization temperature. The variation of the growth
rate with crystallization temperature Tc is depicted in Figure 4.7 for PLLA1. Data
could be obtained via SALS in the regime of Tg < Tc < Tm with Tg the glass transition
temperature and Tm the melting temperature. In addition, growth rate data obtained
from POM measurements [Gra17, Gro18] in a temperature regime of 115 ◦C ≤ Tc ≤
150 ◦C is plotted. Samples were cooled from the melt at −30 K/min, which was the
maximum rate for the POM device [Gra17]. At Tc < 115 ◦C the spherulite density was
too large and their size was too small, at Tc > 150 ◦C spherulite nucleation was too low
for efficient POM measurements.
The two data sets from the different methods are congruent with each other. The
growth rate curve shows the typical temperature-dependence for semi-crystalline poly-
mers. Growth rates are small at low undercooling and at large undercooling, respec-
tively, due to increased critical nucleus size in the first case and increased viscosity
inhibiting segmental diffusion in the latter case. The obtained growth rate curve is in
good agreement with previous works which applied polarized optical microscopy only
[22, 30, 48, 240] or SALS and POM for different temperature intervals [65]. Also, the
characteristic local maximum of the growth rate, being located on the low-temperature
flank of the curve, was observed [33, 34, 65]. Note, that the SALS-based growth rate
curve presented in this thesis for the first time covers the entire temperature range of
Tc including the branch with low undercooling.
Figure 4.8 summarizes the results of the SALS studies of the crystallization behaviour
of polylactide in terms of the crystallization temperature-dependent spherulite linear
radial growth rate. In addition to PLLA1 presented above data from PLLA2, PDLA
and coPLA is depicted which means that the effects of stereoisomer composition and
molecular weight on the growth rate can be scrutinized.
As expected all polymers show a bell-shaped growth rate curve falling off towards the
glass transition and large undercooling, and towards the melting temperature at low

74



4. PHASE TRANSFORMATION BEHAVIOUR OF POLYLACTIDE

Figure 4.7: Temperature dependent linear radial growth rates G(Tc) of PLLA1 spherulites
determined from the derivative of the spherulite radii with respect to time as established by
isothermal SALS experiments (♦) and POM (�). POM data is from [Gra17, Gro18].

undercooling. In the limits of experimental uncertainty the growth rate curves of the
two PLLA homopolymers PLLA1 and PLLA2 overlay. Although both polymers dif-
fered in molecular weight by a factor of almost three an effect of molecular weight on
the growth rate could not be established unambiguously from the data in contrast to
other studies [34]. The investigated PDLA sample showed spherulitic growth at rates
comparable to that of the PLLA polymers. The coPLA sample, however, showed a
significant decrease in the growth rate over the whole temperature range as compared
to the homopolymers with similar molecular weight.
Within experimental uncertainty the discontinuity of growth rate curves of the PLLA
and PDLA homopolymers, respectively, at around 115 ◦C due to the polymorphic tran-
sition from α′-phase crystallites to α-phase crystallites is clearly noticeable in the SALS-
based data.
With growth rate data exclusively from SALS spanning almost the full crystallization
temperature window of polylactide it was possible to analyse the crystallization be-
haviour of polylactide in terms of the Lauritzen-Hoffman (LH) theory [174–176]. This
shall be demonstrated in the following for the PLLA2 sample.
The LH theory is a kinetic model which describes the spherulite linear radial growth
rate G in the scheme of secondary nucleation of chain segments via

G(Tc) = G0 exp
(
− U∗

R(Tc − T∞)

)
exp

(
−

Kg

Tc∆T f

)
(4.13)

where Tc is the crystallization temperature, G0 is a molecular weight-dependent pre-
factor and R is the universal gas constant. The first exponential term accounts for
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Figure 4.8: Temperature dependent linear radial growth rates G(Tc) of PLLA1 spherulites (♦),
PLLA2 (�), PDLA (4) and coPLA (◦) determined by isothermal SALS measurements. Data of
PLLA1 correspond to those shown in Figure 4.7.

transport of chain segments to the growing crystal face where U∗ is the energy re-
quired for passing the interface between the melt and crystal phase and T∞ = Tg−C is
the limiting temperature where all chain motions associated with viscous flow cease.
For polylactide C = 30 K was used [28]. The second term models the thermodynamic
driving force of the crystallization process where Kg is the nucleation parameter asso-
ciated with the energy required for the formation of a critically-sized surface nucleus
(so-called stem), ∆T = T0

m − Tc is the undercooling with respect to the equilibrium
melting temperature T0

m = 200 ◦C as determined via Hoffman-Weeks analysis [241]
from DSC measurements (see Appendix A.3) and f = (2Tc)/(Tc + T0

m) is a correc-
tion factor accounting for the change in enthalpy of fusion with temperature. The LH
theory discusses three different temperature-dependent regimes of the growth rate G,
denoted as I, II, III. These regimes are characterized by the relative magnitude of the
rate of secondary surface nucleation i of chain segments and the rate of lateral cov-
ering of the growth face g by the ensuing addition of further chain segments (stems).
Transitions between regimes arise from the strong change in i while g shows only a
weak dependence on temperature [242]. Equation (4.13) can conveniently be rewritten
to obtain the resulting nucleation rate constants Kg via

ln G +
U∗

R(Tc − T∞)
= ln G0 −

Kg

Tc∆T f
. (4.14)

In Figure 4.9 the resulting Lauritzen-Hoffman plot is depicted. Separate fitting was
carried out to account for the two different slopes in the data-set. The nucleation pa-
rameters obtained in this way were Kg(III) = 3.57 · 105 K2 at large undercooling and
Kg(II) = 1.7 · 105 K2 at low undercooling, respectively. The ratio of the two nucleation
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Figure 4.9: Lauritzen-Hoffman analysis of the spherulite growth rate data of PLLA2. The
constants used in Equation (4.14) were U∗ = 6.27 · 103 J mol−1 and T∞ = Tg − 30 K.

parameters is 2.1, which is close to the theoretical value of 2 indicating a transition
from growth regime III to II within the LH model. Data suggests a regime transition
at around 130 ◦C, which is slightly higher than reported in literature [31, 48]. At very
low undercooling the LH theory predicts regime I growth. This was not observed in
our experiments in agreement with literature [31, 48].
For the sake of completeness, the reader shall be made aware of criticism on the ap-
plication of LH theory to the full growth rate data set of PLA spanning homogeneous
as well as mixed phases of α′-phase and α-phase crystals. The major arguments of the
ongoing discussion are summarized in [31]. In particular, the causal relation between
the α′/α-phase transition and the LH regime transition is under debate. It is not yet
clarified whether one of the transitions is the consequence of the other or if the two
phenomena are mutually related to each other, at all.

4.4 Effect of the presence of scPLA

The effect of nucleating polylactide via blending of PLLA with small amounts of PDLA
on the crystallization behaviour was studied with the two blends nPLLA1 and nPLLA2,
respectively. First, the overall crystallization behaviour of the materials was charac-
terized by DSC measurements (see Appendix A.3 for experimental details). Second,
spherulite linear radial growth rates were determined via SALS measurements.
Figure 4.10 depicts the thermograms of the isothermal crystallization segment after
cooling from the melt to various crystallization temperatures at a rate of −50 K/min.
Melting of the samples was carried out at 200 ◦C which was below the melting temper-
ature of the stereocomplex crystals. Since the spherulite growth rate of polylactide has
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Figure 4.10: DSC thermograms of the isothermal crystallization of the nucleated samples (—)
nPLLA1 and nPLLA2 in comparison to the neat polymers (- - -) PLLA1 and PLLA2, respectively,
at the indicated crystallization temperatures. Samples were cooled from the melt at a rate of
−50 K/min. The data-set for PLLA2 is from [Rok18].

its maximum at around 110 ◦C, as was demonstrated in Subsection 4.3, and spherulite
nucleation increases with undercooling, DSC measurements of PLLA1 and nPLLA1, re-
spectively, were optimized with respect to the duration of the isothermal crystallization
segment. In case of PLLA2 and nPLLA2, respectively, the segment length was set to 2 h
irrespective of the crystallization temperature which yielded straight baselines when,
after completion of isothermal crystallization, the signal dropped to a constant value
with the steady-state heat-flux of the instrument. Note, however, that crystallization of
nPLLA2 was completed within 20 min of the isothermal experiments. The same holds
for all measurements of nPLLA1 but those two measurements at lowest undercooling.
The thermograms of the stereocomplex-assisted nucleated polymers show distinctive
exothermic peaks indicative for isothermal crystallization. At the given scale the
exotherms of the neat polymers are hardly noticeable in case of PLLA1 while they
can be discerned better in case of PLLA2. For the neat polymers the crystallization
exotherms not only occur later in the process but are also much broader and lower in
magnitude than in case of the nucleated polymers. In analogy to [32] the times τp asso-
ciated with the peak of the crystallization exotherms were determined as a function of
the crystallization temperature. For symmetric peaks τp is identical to the half-time of
crystallization t1/2 which is the characteristic time for reaching half of the final sample
crystallinity. The results are shown in Figure 4.11. The τp of the nucleated polymers
are compared to those of the neat polymers. For the neat polymers the local mini-
mum of τp at around 105 ◦C coincides with the maximum in the spherulite growth rate
(compare Figure 4.8). No distinct minimum in τp can be observed for the nucleated
materials. Obviously, stereocomplex assisted nucleation speeds up the overall isother-
mal crystallization of polylactide by a factor of up to 20 in the presence of 2 wt% of
scPLA. The data suggests that this heterogeneous nucleation is most effective at large
undercooling and decreases with decreasing undercooling.
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Figure 4.11: Crystallization peak times τp during isothermal crystallization of the nucleated
samples nPLLA1 (�) and nPLLA2 (�) in comparison to the neat polymers PLLA1 (�) and
PLLA2 (�), respectively, as a function of the indicated crystallization temperatures. Samples
were cooled from the melt at −50 K/min.

In Figure 4.12 SALS measurements of the effect of the presence of scPLA in nPLLA1
and nPLLA2 on the spherulite linear radial growth rate are depicted. It should be
pointed out again that measurements were carried out after melting of the samples
at 200 ◦C which is below the melting point of the stereocomplex crystals present in
the material. As is evidenced from the graphs the growth rate curve of nPLLA1 over-
lays well with the growth rate data of PLLA1 over a temperature interval ranging
from 90 ◦C to 170 ◦C. Hence, stereocomplex assisted nucleation did not have a mea-
surable effect on spherulite linear radial growth rates. Compared to the neat polymer
the lowest temperature accessible for size-determination of spherulites was, however,
shifted to slightly higher temperatures. At isothermal crystallization temperatures be-
low 90 ◦C an increase of scattering intensity was noticed at large q. While this indicated
spherulitic growth the scattering intensity maximum was out of range of the angular
range of the detector, thus, preventing size-determination. This observation indicates
enhanced spherulite number density with impingement stopping spherulite growth
at small radii 〈R〉 ≤ 2 µm. Furthermore, due to increased spherulite number density,
growth rates could easily be obtained up to temperatures ≤ 140 ◦C without applica-
tion of Tammann’s method. The drop in the curve at around 120 ◦C is indicative for the
discontinuity of the growth rate reported in literature associated with the transition of
the crystal lattice from the conformationally disordered α′-form to the ordered α-form
[32].
The results obtained for nPLLA2 were very similar to those obtained for nPLLA1. The
spherulite growth rate curves of the nucleated and non-nucleated samples were con-
gruent within experimental uncertainty. The temperature range accessible for SALS
measurements was 90 ◦C to 135 ◦C without application of Tammann’s method. Inter-
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Figure 4.12: Temperature dependent linear radial growth rates G(Tc) of PLLA1 spherulites
(♦), stereocomplex nucleated nPLLA1 (♦), PLLA2 (�) and stereocomplex nucleated nPLLA2
(�) determined by isothermal SALS measurements. Data of PLLA1 and PLLA2 correspond to
those shown in Figure 4.7 and Figure 4.8, respectively.

estingly, in contrast to observations made for nPLLA1, the depolarized SALS scattering
patterns of nPLLA2 at large undercoolings not only showed the characteristic clover-
leaf scattering pattern of spherulites. Significant scattering was observed along the
azimuthal directions defined by µ = 0◦ and µ = 90◦ (+-type pattern). This peculiar
scattering pattern is indicative for the co-formation and growth of an additional type
of crystalline superstructure in the scPLA-PLLA2-compound in parallel to the well-
characterized spherulitic superstructures unequivocally present in the samples. The
findings are presented along with a discussion in Subsection 4.6.

4.5 Morphological changes upon heating from the crystalline state

Samples of coPLA and PDLA were isothermally crystallized from the melt at various
temperatures for 30 min and the melting behaviour during subsequent heating runs
was characterized in terms of changes in morphology. All samples reached a plateau
of the average spherulite size during the isothermal crystallization interval of the ap-
plied temperature-time protocol (see Figure 4.13). In parallel with the size the total
integrated scattering intensity (invariant QHV , see below) reached a plateau. Hence, the
sample morphology was fully developed and the total sample volume was populated
with space-filling spherulites after isothermal crystallization. This result enabled at-
tributing all observations made in the subsequent heating run to temperature-induced
effects and not to completion of an otherwise ill-developed sample morphology.
In Figure 4.14 a typical evolution of the radial RHV scattering intensity profile of coPLA
with temperature during a heating run is shown. For better illustration the number
of curves was reduced by showing only every tenth scattering curve, thus, leaving
an interval of 5 K between successive curves. All curves show the maximum in scat-
tering intensity characteristic of the respective average spherulite size in the sample.
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Figure 4.13: Left: Average spherulite size of coPLA (◦) and PDLA (4), and total integrated
scattering intensity (invariant QHV , black symbols) during isothermal crystallization at 105 ◦C.
Right: Final average spherulite size as a function of isothermal crystallization temperature.

Interestingly, the position of the peak maximum remained unchanged upon heating,
which implies that the spherulite size remained unchanged until the melting point was
reached. Crystal melting is only reflected in the decreasing magnitude of the scattering

Figure 4.14: Radial HV scattering intensity profiles of coPLA during the analytical heating run
at a rate of 10 K/min after isothermal crystallization at Tc = 105 ◦C for 30 min. Curves are
separated by a 5 K interval corresponding to an elapsed time of 30 s between successive curves.
Intensity decreases with increasing time/temperature with a brief halt at T1. Final melting with
zero scattered intensity occurs at T2.

curves. This proceeded in a non-linear manner as indicated by the non-uniform spac-
ing of the scattering curves in the plot. Increasing the temperature from Tc onwards
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caused first a gradual decrease in the scattering intensity followed by an accelerated
decrease which came to a brief halt at a temperature denoted T1 prior to final melting
at temperature T2 where the scattering intensity dropped to zero.
For a more elaborate analysis the depolarized scattering invariant

QHV =
∫ ∞

0
RHV (q)q

2dq (4.15)

was calculated. In analogy to the Porod invariant in X-ray scattering it yields the total
integrated depolarized light scattering intensity [243]. From Figure 4.14 it is obvious
that QHV is a temperature-dependent quantity. In case of depolarized scattering from
spherulites the invariant is related to the mean square anisotropy 〈δ2〉 of the spherulites
via

QHV =
K
15
〈δ2〉 (4.16)

where K is a constant [107]. The anisotropy term

〈δ2〉 = φs(αr − αt)
2
s (4.17)

includes the volume fraction φs of spherulites in the illuminated sample volume and a
quadratic term taking into account the spherulite polarizabilities in radial and tangen-
tial direction, respectively

(αr − αt)s = δ0
crφcr,s fcr,s + δ0

am,sφam,s fam,s + δF (4.18)

where δ0
cr = (αr− αt)0

cr is the intrinsic anisotropy of a pure crystal and δ0
am,s is the intrin-

sic anisotropy of an inter-lamellar amorphous volume element, respectively. The intra-
spherulitic crystalline volume fraction is denoted φcr,s. The intra-spherulitic amor-
phous volume fraction is given by φam,s = (1 − φcr,s). The orientation of the poly-
mer chains inside the crystals (p = cr) and in the inter-lamellar amorphous volume
(p = am) with respect to the spherulite radial direction is given by a Hermans-type
orientation factor

fp,s =
3〈cos2 ψ〉 − 1

2
(4.19)

where ψ is the angle between the direction of the chain segments defined by the crys-
tallographic c axis for chain segments inside crystalline lamellae, and the spherulite
radius direction. The orientation factor is 1 for chains parallel to the radius vector, -1/2
for perpendicularly aligned chain segments and 0 for an isotropic distribution of chain
segments [244]. Contributions from the amorphous inter-lamellar phases are consid-
ered to be small compared to the crystalline birefringence. In case of polylactide, this
assumption is justified by birefringence measurements of polylactide melt-spun fibers.
It was found that the chain orientation in the amorphous inter-crystalline volume is
low and, thus, does not contribute significantly to the overall optical anisotropy [245–
247]. The last term δF is the form birefringence of the crystalline lamellae within the
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spherulites [107]. In general, it is assumed to be negligible [97].
Figure 4.15 depicts a representative plot (see also Figures B.7 and B.8 in Appendix B)
of the temperature-dependent invariant and average spherulite size during the melting
of coPLA while heating after isothermal crystallization for 30 min. The trend of QHV
is compared with the DSC trace of the analytical heating run with a temperature-time
protocol corresponding to that of the SALS measurement (see Appendix A.3 for in-
strumental details). As already indicated by Figure 4.14, the average spherulite size

Figure 4.15: Average spherulite size (◦), depolarized scattering invariant QHV (◦) and corre-
sponding DSC thermogram (—) of coPLA as a function of temperature in the analytical heating
run at a rate of 10 K/min after isothermal crystallization at Tc = 105 ◦C for 30 min. Exother-
mic heat flow is in positive ordinate direction. The endothermic signal at around T = 115 ◦C
is an artefact due to the transient behaviour of the DSC instrument when switching mode of
operation from isothermal crystallization to non-isothermal analytical heating.

virtually remained constant until completion of melting, where it abruptly dropped
to zero. The scattering invariant started to gradually decrease at temperature T0 only
a few degrees above the isothermal crystallization temperature Tc. This decrease ac-
celerated and turned into an intermediate plateau at temperature T1 prior to final
melting at temperature T2 where the invariant dropped to zero. DSC heat flux data
of the analytical heating run was acquired immediately after finishing of the isother-
mal crystallization segment. The endothermic DSC signal at around T = 115 ◦C is an
artefact due to the transient behaviour of the DSC instrument when switching mode of
operation from isothermal crystallization to non-isothermal analytical heating. The in-
terfering effect on the heat flux measurement of this DSC peak close to the isothermal
crystallization temperature occurring after starting to increase the temperature could
be alleviated by a modified temperature-time protocol: heating was performed at a
rate of 20 K/min and started at room temperature after quenching the sample at a rate
of −50 K/min from the isothermal crystallization segment. The applied cooling rate
minimized unwanted sample annealing during cooling. Fortunately, this procedure
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yielded DSC thermograms closely matching those from the temperature-time proto-
col which were adjusted to the SALS experiments (see Figure B.5 in Appendix B).
In Figure 4.15 the analytical DSC heating run shows two sharp melting endotherms
with peak temperatures T1 and T2, respectively. The double melting-peak behaviour
is well known for polylactide and a number of other polymers [36, 40–42, 165, 248].
It is a process involving melting, recrystallization and remelting of the polymer. The
first endothermic peak at T1 is associated with the melting of crystals formed at Tc.
Their melting temperature increases with crystallization temperature (see Figure A.5
in Appendix A.3 and Figure B.6 in Appendix B) due to the temperature-dependence
of the thickness of the crystal lamellae. The second endothermic signal results from
the melting of a new crystal population. It is formed via rapid (melt-)recrystallization
from the semi-ordered, not yet isotropic melt of the former crystal population melted
at T1 [37, 46]. As the temperature interval for recrystallization is narrow, the melting
peak temperature T2 of this population is quasi-stationary and shows only a marginal
dependence on Tc.
As suggested further by the coincidence of the two endothermic peaks at T1 and T2
with the two step-like drops of QHV , the parameter QHV is directly related to the degree
of crystallinity. The depolarized scattering invariant, with the assumptions introduced
above, reads as

QHV =
K
15

φs(δ
0
crφcr,s fcr,s)

2. (4.20)

With their size unchanged so is the volume fraction φs of the spherulites, and utilizing
the additional assumptions that the intrinsic crystalline birefringence δ0

cr and the crys-
talline orientation fcr,s do not change upon heating the square root of the invariant is a
measure for relative spherulitic crystallinity

(QHV )
1/2 ∝ φcr,s (4.21)

and its derivative
d(QHV )

1/2

dT
∝

dφcr,s

dT
(4.22)

is a measure of the change in crystallinity - just like the DSC heat flow signal. Ap-
plied to the data in Figure 4.15 Equations (4.21) and (4.22) yield Figure 4.16. The
normalized square root of the invariant dropped to approximately one half of its ini-
tial magnitude, which is indicative for a corresponding decrease in sample crystallinity
due to melt-recrystallization. During this process the initial population of spherulitic
lamellae undergoes melting and by recrystallization is replaced by a new population
of thicker lamellae [39]. In the non-isothermal heating run melt-recrystallization does
not re-establish the initial degree of crystallinity. The normalized derivative of the
crystallinity according to Equation (4.22) is in good agreement with the normalized
DSC heat flow and even the peak ratio is reproduced (see also Figures B.9 and B.10 in
Appendix B). Hence, SALS measurements and DSC measurements confirm each other.
It is concluded that for the process of melting, recrystallization and remelting in case
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Figure 4.16: Normalized square root of the depolarized scattering invariant QHV (◦) of coPLA
and its first derivative (•) as a function of temperature in the analytical heating run at a rate of
10 K/min after isothermal crystallization at Tc = 105 ◦C for 30 min. The DSC thermogram (—)
was recorded at a rate of 20 K/min. Exothermic heat flow is in positive ordinate direction.

of coPLA the endothermic heat flow in DSC and the change in the scattering invariant
QHV are indeed both proportional to a change in the spherulitic crystallinity associated
with the lamellar crystalline domains.
Close inspection shows a constant offset of the peak temperatures of a SALS signal
compared to the corresponding DSC signal. Although differences in sample masses
and differences in the heat transfer properties of the two techniques have to be con-
sidered, this is attributed mainly to the fact that in non-isothermal SALS experiments
with the home-built polymer sample stage the sensor temperature lagged behind the
sample temperature.
In the following the mechanism of spherulite melting shall be addressed. Any con-
siderations of this process have to take into account the invariance of the spherulite
size throughout the entire melting process. It might be hypothesized that the en-
dothermic heat flow determined by DSC measurements indicates the melting of whole
spherulites. Would a fraction of spherulites vanish from a monodisperse population
by melting the average size would remain unchanged, which is also compatible with
the experimental observations. However, upon annealing the remaining spherulites
then could grow at the expense of the freshly created amorphous volume thereby in-
creasing 〈R〉. To test this hypothesis coPLA was isothermally crystallized at 105 ◦C
for 30 min and subjected to a temperature increase to 145 ◦C at 10 K/min. The final
temperature of 145 ◦C was close to the peak of the first endotherm, where the sample
was annealed subsequently for several minutes. The results are shown in Figure 4.17.
As can be seen the average spherulite size remained unchanged upon annealing after
partial melting. Interestingly, the scattering invariant regained in magnitude within
a few minutes and grew asymptotically to a limiting value, which was, however, be-
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Figure 4.17: Average spherulite size (◦) and depolarized scattering invariant QHV (◦) of coPLA
as a function of temperature in the analytical heating run at a rate of 10 K/min after isothermal
crystallization at Tc = 105 ◦C for 30 min and during annealing at 145 ◦C for 35 min. In addition,
the DSC thermogram of the analytical heating run is shown (—). Exothermic heat flow is in
positive ordinate direction.

low the value at Tc. It is well established that melting of spherulitic polymer crystals
induced by a temperature gradient proceeds via a three-step process, melting of the
crystalline lamellae succeeded by a partial recrystallization of the melted domains and
finally followed by a melting of the recrystallized domains [42, 249]. The process of α-
phase melt-recrystallization has to obey a mechanism where melting of lamellae runs
parallel, i. e. simultaneously, to recrystallization, because distinct DSC peaks signi-
fying the two different processes would appear otherwise. The presented combined
SALS/DSC analysis clearly demonstrated that the integrity of the spherulites is con-
served throughout the entire process and that melt-recrystallization does not lead to a
full recovery of the original degree of crystallinity under non-isothermal conditions.
The discussion shall now be focused on the feature of polymorphism of crystalline
PLA which can particularly well be analyzed with the pure homopolymers. Crystal-
lization of the homopolymers of polylactide PDLA and PLLA at temperatures below
100 ◦C leads to exclusive formation of metastable α′-phase crystals [39, 47, 163]. At
temperatures above 120 ◦C exclusive formation of α-phase crystals occurs. At crys-
tallization temperatures between 100 ◦C and 120 ◦C mixed crystal phases are observed
[49]. Upon heating, the metastable α′-crystals undergo rapid melt-recrystallization into
the stable α-form (α′/α-transition) at their stability limit of approximately 155 ◦C. As a
consequence, an exothermic heat flow signal is observed whenever the crystallization
enthalpy of the newly formed α-phase exceeds the total melting enthalpy referring to
the metastable α′-phase or, in case of a mixed crystalline phase, exceeds the melting of
α′-phase and α-phase crystals formed at Tc, respectively. This shall be outlined with
experiments on pure PDLA, presented in Figure 4.18.
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Figure 4.18A is a representative plot (see also Figure 4.18B, and Figures B.11 and
B.12 in Appendix B) of the melting behaviour of PDLA upon heating after isothermal
crystallization at 105 ◦C as monitored by SALS and DSC. The average spherulite size
remained constant until completion of melting. The apparent increase of the size in the
final melting step was an artefact from the fitting routine for the scattering peak po-
sition. The invariant QHV first remained constant and decreased only at temperatures
above 150 ◦C. It dropped to zero at the melting temperature T2, which is close to the
peak temperature of the melting endotherm in the DSC thermogram. At temperature
T1 the scattering invariant dropped to an intermediate plateau.

Figure 4.18: Average spherulite size (4), depolarized scattering invariant QHV (4) and corre-
sponding DSC thermogram (—) of PDLA as a function of temperature in the analytical heating
run at a rate of 10 K/min after isothermal crystallization at (A) Tc = 105 ◦C and (B) Tc = 80 ◦C
for 30 min. Exothermic heat flow is in positive ordinate direction.

In contrast to the coPLA sample discussed above, this drop in the scattering invari-
ant was not accompanied by a corresponding marked endothermic peak in the DSC
thermogram but rather by a small endothermic shoulder preceding the main melting
endotherm. This can be attributed to a transformation of metastable α′-crystals, which
were formed during isothermal crystallization at Tc, into more stable α-phase crystals
with the exothermic heat flow from α-crystallization being just strong enough to com-
pensate for the endothermic heat flow of α′-melting. Taken together, Figures 4.18A,
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4.18B, and Figures B.11 and B.12 in Appendix B, show an amplification of the exother-
mic recrystallization peak as the crystallization temperature decreases from 110 ◦C to
80 ◦C, fully in line with the accompanying increase of the tendency to form α′-crystals.
Recent studies demonstrated that the upper limiting temperature for the growth of α′-
crystals shows a strong dependence on isomer composition of polylactide [48]. While
in case of enantio-pure homopolymers the growth of α′-crystals is observed up to tem-
peratures of 120 ◦C, α′-growth ceases already at a temperature of 90 ◦C in case of a
random-copolymer with a fraction of 4 % of the minor repeat unit [48]. Hence, in case
of the coPLA discussed in Figures 4.15 - 4.17 only α-phase crystals were involved in
melt-recrystallization. The PDLA sample crystallized at 105 ◦C in Figure 4.18A, how-
ever, formed α′ and α crystals and showed an α′/α-transition via melt-recrystallization.
However, in case of the α′/α-transition phenomenon great caution has to be exercised
in correlating the scattering invariant to the square of the intra-spherulitic crystalline
volume fraction φcr,s as given by Equation (4.20), because changes in δ0

cr,s and fcr,s

cannot be ruled out. The intrinsic birefringence δ0
cr,s and the chain orientation factor

fcr,s of α′-phase crystals likely differ from those of the α-phase crystals, which may,
together with φcr,s influence QHV .

Figure 4.19: Average spherulite size (4) and depolarized scattering invariant QHV (4) of
PDLA as a function of temperature and time in the analytical heating run at a rate of 10 K/min
after isothermal crystallization at Tc = 80 ◦C for 30 min and during annealing at 155 ◦C for
15 min. In addition, the relative disorder parameter δ∗ (N) defined by Equation (4.23) is plot-
ted.

In order to elucidate the recrystallization process of enantio-pure polylactide during
the α′/α-transition, two different temperature-time protocols were applied to the melt-
ing of PDLA. In both protocols a PDLA sample was crystallized at 80 ◦C for 30 min.
The choice of Tc = 80 ◦C for the isothermal crystallization assured that pure α′-phase
was formed during the isothermal crystallization. In a first experiment the melting
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behaviour was characterized in a continuous analytical heating run (Figure 4.18B). In
a second experiment with the same parameters the heating run was interrupted at
155 ◦C and the sample was annealed at that temperature for 15 min before the analyti-
cal heating run was resumed and completed (Figure 4.19).
The continuous heating run (Figure 4.18B) was characterized by a constant spherulite
size up to the final melting point. At temperature T2 the size dropped to zero simulta-
neously with the scattering invariant and the dominant melting endotherm reached its
peak. The scattering invariant first slightly increased upon heating. This is attributed
to the stabilization/perfection of conformationally disordered α′-phase crystals [166].
However, it is difficult to attribute the increase of the scattering invariant to one of its
constituting parameters as stabilization due to crystal perfection might involve changes
in intrinsic crystal birefringence δ0

cr,s, crystal orientation fcr,s or crystalline volume frac-
tion φcr,s, respectively. At around 155 ◦C, which is identical to the thermal stability
limit of α′-crystals, the scattering invariant reached a local minimum and, upon fur-
ther heating, recovered slightly in magnitude paralleled by the DSC recrystallization
exotherm signalling the α′/α-transition.
In case of the annealing experiment (Figure 4.19) the scattering invariant was identi-
cal to the curve in the continuous heating experiment up to the annealing tempera-
ture. At that temperature it significantly increased during annealing while the average
spherulite size again remained unchanged (see also Figure 4.20).

Figure 4.20: Average spherulite size (4) and depolarized scattering invariant QHV (4) of
PDLA as a function of temperature in the analytical heating run at a rate of 10 K/min after
isothermal crystallization at 80 ◦C for 30 min and during an analogous experiment with added
annealing segment (bold symbols) at 155 ◦C for 15 min. The DSC thermogram of the continu-
ous heating run (—) was obtained in analogy to the SALS experiment at a rate of 10 K/min.
Exothermic heat flow is in positive ordinate direction. Data indicated by regular open symbols
are identical to those in Figure 4.18B

In order to correlate results from SALS and DSC the relative increase in the scattering
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invariant was determined from the maximum values of QHV located at 160 ◦C for the
annealed and non-annealed sample, respectively. At that temperature melting of the
metastable α′-phase was completed and the scattering signal resulted from the recrys-
tallized α-phase only. The relative increase in crystallinity as determined by SALS from
the magnitudes of the scattering invariant taken at 160 ◦C of the non-annealed (1) and
the annealed (2) sample was (QHV (2)/QHV (1))

1/2 = 1.1 (see Figure 4.20). The relative
increase in the sample crystallinity was determined by DSC from integration of the
melting peak centred at T2. This is depicted in Figure 4.21. In the continuous exper-
iment (1) and in the annealing experiment (2) the enthalpies (∆Hic) due to isothermal
crystallization at 80 ◦C were ∆Hic(1) = −27 J/g and ∆Hic(2) = −30 J/g, respectively.
Consequently, sample preparation yielded nearly identical initial crystallinity and the
difference in the enthalpies of fusion could be attributed to the differences in the ap-
plied heating protocols. The calculated enthalpies of fusion for the ensuing two dif-
ferent experiments, were ∆Hm(1) = 62 J/g and ∆Hm(2) = 75 J/g, respectively. Hence,
annealing resulted in an increase in relative crystallinity by ∆Hm(2)/∆Hm(1) = 1.2 as
determined by calorimetry, which is closely matching the results obtained from SALS.

Figure 4.21: DSC thermograms of the analytical heating after isothermal crystallization of
PDLA at 80 ◦C for 30 min. In analogy to the SALS experiments, heating was started at 80 ◦C
directly after isothermal crystallization and carried out at 10 K/min until 200 ◦C. The graph
shows (1) a continuous analytical heating run (—) and (2) a run, which was interrupted at
155 ◦C for 15 min (—) for sample annealing before completion of heating. The exothermic event
at around 160 ◦C (—) indicates recrystallization due to the α′/α-transition which is followed by
complete melting of the α-phase crystals at 175 ◦C. Exothermic heat flow is in positive ordinate
direction.

The kinetics of recrystallization of PDLA during annealing shall be addressed in more
detail in Figure 4.19, where the evolution of the scattering invariant of PDLA as a func-
tion of time during the annealing step at 155 ◦C for 15 min is depicted. When heated
to the annealing temperature the invariant showed a drop in magnitude indicative

90



4. PHASE TRANSFORMATION BEHAVIOUR OF POLYLACTIDE

for the transformation of the crystalline domains. It, however, recovered within only
one minute to its previous magnitude. As discussed above, this is indicative for the
rapid melt-recrystallization process during the α′/α-phase transition of the crystalline
lamellae. Upon further annealing crystal perfection set in and a further increase in
the scattering invariant was observed. This process was significantly slower than the
melt-recrystallization during the α′/α-phase transition. On the other hand it substan-
tially contributed to the final magnitude of the scattering invariant attained at the end
of annealing. As discussed above ideal spherulite scattering is perturbed by so-called
internal and external disorder. External disorder is caused by incomplete spherulite
development, e. g. due to impingement. It causes excess scattering at low and large q
while the position of the scattering peak is not affected [100]. Internal disorder refers
to morphological imperfections caused by density fluctuations within spherulites. The
lamellar structure is not aligned perfectly along the radius vector. Instead, due to
random arrangement of spherulite lamellae and lamellar branching fluctuations in the
lamellar orientation are caused, also showing local fluctuations of the polarizabilities.
As a consequence the peak maximum on the µ = 45◦ diagonals is reduced and simul-
taneously excess scattering is observed at all other scattering angles. Interestingly, the
form of the scattering curve was invariant during melting and melt-recrystallization,
which strongly suggests that the spherulite morphology is invariant during these pro-
cesses (see Figure 4.14). Accordingly, the relative disorder parameter

δ∗ =
QHV (µ = 45◦)

QHV (µ = 0◦ | 90◦)
(4.23)

given by the ratio of the scattering invariants along the µ = 45◦ diagonals, comprising
the spherulite scattering maximum, and the invariant along the principal directions
with µ = 0◦ and µ = 90◦, with zero scattering in the ideal model, is a convenient
measure of spherulite internal disorder [58]. This ratio showed only an insignificant
decrease during heating and a discontinuity accompanied by a slight displacement
at 155 ◦C before annealing. Only when the final melting set in the disorder param-
eter slightly increased before it dropped to unity (or rather fluctuated when scatter-
ing intensities were dominated by background fluctuations) when the melting point
was reached. Interestingly, neither (polymorphous) melt-recrystallization during α′/α-
phase transition in PDLA (see also Figure B.13 and B.14 in Appendix B) nor melt-
recrystallization of α-phase crystals in coPLA (see also Figures B.15 and B.16 in Ap-
pendix B) caused substantial changes in spherulitic crystalline order, which implies
that also the lamellar orientation was preserved during that process.
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4.6 Non-spherulitic crystalline superstructures in compounds of sc-
PLA and PLLA

In Subsection 4.4 the effect of the presence of a small amount of scPLA, by mixing
PLLA with 2 wt% PDLA, on the crystallization behaviour of polylactide homopoly-
mers is presented. It was shown by DSC measurements that the overall crystallization
process is significantly accelerated by scPLA crystallites which acted as heterogeneous
nucleation sites. The formation of spherulites was monitored via depolarized SALS
measurements and the linear radial growth rate curve was determined over a wide
range of crystallization temperatures. From comparing growth rate curves of nucle-
ated polylactide with the pure PLLA it can be seen that the spherulite growth rate is
unaffected in the compounds containing a small amount of scPLA. In the investigated
temperature range the morphology of the crystallized PLA samples is of the spherulite
type.
However, as already mentioned, close inspection of the HV scattering patterns of
nPLLA2 at large undercooling yields the interesting observation of a pattern qualita-
tively different from the typical four-lobed scattering pattern of spherulites. In analogy
to the works of Marubayashi et al. [185] and Na et al. [184] the newly observed scatter-
ing pattern shall be denoted a +-type pattern in clear contrast to the four-lobed clover
leaf-type pattern shown in Figure 4.5 in Section 4.3. In Figure 4.22 these scattering
patterns are depicted as they were observed at the end of isothermal crystallization in
the temperature interval from 85 ◦C to 100 ◦C. Note that the indicated crystallization
times tc agree well with the end of the crystallization endotherms as observed in DSC
measurements (compare Figure 4.10).

Figure 4.22: Depolarized SALS patterns of nPLLA2 after isothermal crystallization during tc at
temperatures Tc. To aid the eye intensities RHV were adjusted. From left to right: Tc = 85 ◦C
(tc = 20 min, RHV × 1), Tc = 90 ◦C (tc = 10 min, RHV × 0.05), Tc = 95 ◦C (tc = 6.7 min, RHV × 0.1),
Tc = 100 ◦C (tc = 4 min, RHV × 2).

The +-type pattern is not observable in scattering experiments carried out at crystal-
lization temperatures Tc > 100 ◦C. Neither was the +-type scattering pattern observed
for the stereocomplex nucleated nPLLA1 nor was it observed for the pure polymers
PLLA2 or PLLA1 although measurement conditions were comparable in terms of laser
attenuation and sensor exposure times. Hence, the occurrence of the +-type scattering
pattern is related to the presence of scPLA in PLLA2. At this point it is not clear why
the pattern could not be observed in experiments with nPLLA1. The two samples had
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a different molecular weight which might give a hint to a possible cause.
With increasing crystallization temperature in addition to the +-type pattern the typ-
ical four-lobed clover leaf-type pattern becomes noticeable in the recorded data of
nPLLA2 which allowed measurements of the spherulite growth rates. Since the sphe-
rulite growth rates of the pure polymer sample PLLA2 and the nPLLA2 samples with
added scPLA are identical it can be concluded that indeed the clover leaf-type pattern
observed in nPLLA2 is due to the growth of the same type of crystalline superstruc-
ture, namely spherulites as observed with pure PLLA2. In Figure 4.22 it can also be
seen that the peak position of the scattering maxima of the lobes shifts to lower q with
increasing crystallization temperature. As the data represent the sample morphology
at the end of isothermal crystallization it can safely be concluded that the average
spherulite size increased, i. e. their number density decreased, in parallel with the
crystallization temperature. It might be speculated that in case of the sample crystal-
lized at Tc = 85 ◦C the superposition of the +-type pattern and the clover leaf-type
pattern could not be observed because the lobes of the clover leaf-type pattern were
outside of the detector range, i. e. average spherulite size was too small for detection.

Figure 4.23: Left: Scattering curves of the +-pattern (—) and the (four-lobed) clover leaf-
pattern (—) at times t1 and t2. Right: Average spherulite radius (�) of nPLLA2 and normalized
integrated scattering intensities Q+ of the +-pattern (�) and Q× of the (four-lobed) clover
leaf-pattern (�) as a function of time during isothermal crystallization at Tc = 95 ◦C.

The temporal evolution of a complex combined +-type and clover leaf-type scattering
pattern is depicted in Figure 4.23 for nPLLA2 isothermally crystallized at Tc = 95 ◦C.
Averaged scattering intensity profiles were calculated for the clover leaf-type pattern
along µ = 45 ◦ and its odd multiples, and the +-type pattern along the principal direc-
tions µ = 90 ◦ and its multiples. Scattering profiles at times t1 = 200 s and t2 = 280 s
during isothermal crystallization are compared. At t1 formation of the typical maxi-
mum in the profile of the clover leaf-type pattern can be identified. In the course of
isothermal crystallization at t2 the maximum becomes more pronounced and shifts to
lower scattering angles q (compare Figure 4.5). This allowed monitoring of the growth
of spherulites starting at 〈R〉 = 2 µm and levelling off at 〈R〉 ≈ 5 µm.
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The scattering profile of the +-type pattern does not show a maximum but rather
shows a monotonic decay with q. The profile is truncated at q ≈ 1.9 µm−1 due to the
geometric constraints of the detector which covered a smaller q-range on the vertical
and horizontal axis than along its diagonals where the clover leaf-type pattern was
located. The two types of scattering patterns suggest formation and growth of two dif-
ferent kinds of crystalline superstructures, which differ in optical anisotropy resulting
from specific orientation of the crystalline domains.
For comparison of the kinetics of the crystallization process of the two structures in
analogy to the scattering invariant QHV the invariants Q+ and Q× for the +-pattern
and the clover leaf-pattern, respectively, were calculated from the respective scattering
curves.12 In Figure 4.23 evolution of the invariants is depicted as a function of the
isothermal crystallization time. Interestingly, when normalized, the invariants of the
different types of patterns show nearly the same time-dependence, which is indicative
for a similar mechanism of the formation and growth of the two types of crystalline su-
perstructures. Also, the invariants reach a plateau simultaneously with the spherulites
reaching their final average size marking the end of the crystal growth stage.

Figure 4.24: Normalized depolarized scattering invariant Q+ (�) of nPLLA2 as a function of
temperature in the analytical heating run at a rate of 10 K/min after isothermal crystallization
at Tc = 85 ◦C for 20 min. In addition, the DSC thermogram of the analytical heating run is
shown (—), which was performed at a rate of 20 K/min after isothermal crystallization at 80 ◦C
for 2 h. Exothermic heat flow is in positive ordinate direction.

In analogy to the SALS experiments presented in Subsection 4.5 the melting behaviour
of nPLLA2 after isothermal crystallization at Tc = 85 ◦C was investigated. The sample

12In this thesis the indices + and × for the invariants visualize the sections (range in µ) of the two-
dimensional scattering pattern which were considered in data evaluation. However, note that in [185]
the term ”×-type scattering pattern” is used to denote a rotated +-type pattern, thus forming an ×-like
scattering intensity distribution in the detection plane.
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was crystallized for 20 min on a laboratory hotplate and quenched to room temper-
ature. Subsequently, the sample was positioned in the SALS stage and acquisition
parameters were optimized before commencing the heating at a rate of 10 K/min from
30 ◦C to 200 ◦C. The findings are discussed in Figure 4.24 in terms of the depolarized
scattering invariant Q+ as a function of temperature during the analytical heating run.
Since the scattering pattern changed only in intensity and the angular distribution was
not affected by melting the invariant defined in Equation (4.15) was used to charac-
terize the melting behaviour. In addition the DSC thermogram of nPLLA2 is plotted.
Note, however, that the DSC trace is from a sample crystallized at Tc = 80 ◦C for 2 h
because the particular data set of the sample crystallized at Tc = 85 ◦C was corrupted.
The procedure is legitimate as can be seen from comparison of the DSC thermograms
of the analytical heating of nPLLA2 in Figure B.4 in Appendix B. The DSC heating
curves of samples crystallized at Tc = 80 ◦C and Tc = 90 ◦C do not show a significant
difference. Hence, either of the thermograms might serve as a substitute for the cor-
rupted data set.
As discussed already above from the DSC traces of isothermal crystallization it can be
safely concluded that isothermal crystallization was completed within 20 min. Hence,
the sample morphology was fully developed and observations made by SALS during
the subsequent heating run were due to temperature-induced effects and not related to
completion or to otherwise ill-developed sample morphology. The scattering invariant
was normalized to the initial value. A slight increase was monitored resembling ob-
servations made with the homopolymer PDLA crystallized at Tc = 80 ◦C (see Figure

4.20). Also the drop of the integrated intensity to a plateau at around 160 ◦C in parallel
with the DSC exothermic peak associated with the α′/α-transition preceding the final
decrease of Q+ to zero is familiar from previous measurements.
Vanishing of the scattering invariant coincides with the peak of the final melting en-
dotherm of α-phase crystals determined by calorimetry. Hence, the +-type scattering
pattern is induced by the presence of scPLA during isothermal crystallization, how-
ever, it is not indicative for the formation and growth of a supramolecular structure
purely made of stereocomplex crystals, because melting is observed at much lower
temperatures than expected for scPLA which is stable up to 230 ◦C.

To conclude this subsection on non-spherulitic crystalline superstructures in PLLA in
the presence of a small amount of scPLA in the following the above reported results
shall be summarized and be discussed against the background of findings reported in
literature.

(i) Isothermal crystallization experiments of nPLLA2 by SALS at large undercooling
revealed a scattering pattern (+-type) which qualitatively differed from that of
polymer spherulites (clover leaf-type). This is indicative for the formation of
non-spherulitic crystalline superstructures.

(ii) With increasing crystallization temperature coexistence of the +-type and the
clover leaf-type scattering pattern was observed for Tc ≤ 100 ◦C. From the sphe-
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rulite scattering pattern the growth rate curve was obtained as demonstrated in
Subsection 4.4. Due to the congruence of the growth rate curves of the nucleated
and non-nucleated polymer the observed new type of crystalline superstructure
in nPLLA2 does not affect the spherulite growth.

(iii) When normalized to their final magnitude the scattering invariants Q+ and Q×
overlay, they show nearly identical isothermal crystallization kinetics.

(iv) During melting from the crystalline state prepared at Tc = 85 ◦C the Q+ invari-
ant shows the same qualitative behaviour as the invariant of the pure polymer.
In particular, temperature-dependent changes in the invariant are indicative for
the α′/α-transition and the temperature where the invariant decays to zero is
identical to the peak melting temperature of α-phase crystals as observed by DSC
measurements.

Indeed, the +-type SALS scattering pattern was reported for a racemic PLLA/PDLA
blend [184]. Also, crystallization of pure PLLA under high-pressure CO2 treatment
can lead to observation of the +-type SALS scattering pattern [185]. In both works
the implications for the type of crystalline superstructure yielding the +-type SALS
scattering pattern are discussed in detail. It is concluded that the scattering pattern is
explained best by a crystalline sample morphology which is comprised of a random
assembly of optically anisotropic rod-like crystals. In order to yield the +-type scatter-
ing pattern the principal axis of polarizability of those rod-like crystals must be tilted
at 45◦ with respect to the rod-axis.
Note, however, that the situation reported in this thesis is different from that reported
in [184] in two vital aspects. First, in this thesis the sample composition was highly
asymmetric, PDLA content was only 2 wt%. Second, sample preparation and thermal
history, respectively, was different. In this thesis film preparation by solvent casting
resulted in the formation of sc-crystallites prior to isothermal crystallization experi-
ments. This fact has a remarkable consequence for the structural and, thus, thermal
properties of the emerging crystalline superstructure as will be described in the fol-
lowing. In [184] (compare Figure 2.17) an amorphous sample was cold-crystallized
at 80 ◦C yielding space-filling α′-phase spherulites as evidenced by a four-lobed SALS
scattering pattern. In particular, this sample preparation yielded separate homocrys-
talline phases of PLLA and PDLA, respectively, as demonstrated by XRD and FTIR
measurements. Only then via melt-recrystallization [250] the sc-phase displaying the
+-type scattering pattern was formed at annealing temperatures above the melting
temperature of the α-phase.
In this thesis, however, it is demonstrated that the +-type SALS scattering pattern as-
sociated with rod-like crystals vanishes at Tm = 180 ◦C the melting temperature of
α-phase crystals. In other words, the newly observed crystalline superstructures show
the same temperature characteristics as the PLLA homopolymer. Since the latter is
the dominant phase in the sample it can be safely concluded that the superstructure
indeed is comprised of crystalline PLLA with its lamellar orientation being severely
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modified by the presence of scPLA.
While the details of the modification of the lamellar ordering are not yet understood,
literature reports the occasional observation of crystalline domains with lamellae ori-
ented in tangential rather than radial direction in stereocomplex spherulites [251]. This
is in support of the idea that stereocomplex crystallites, which are homogeneously
dispersed in the sample [252], can modify the lamellar morphology of the adjacent
homopolymer phase during crystallization. Also, Marubayashi et al. clearly demon-
strated the ability of PLLA to crystallize in a non-spherulitic, namely rod-like, mor-
phology [185]. A number of publications report on the formation of fibrillar or gel-like
structures in blends of the two different PLA homopolymers [183, 215]. More re-
cently, the formation of a dual crystalline morphology, comprising network-like and
spherulite-type crystalline domains, in melt-mixed asymmetric blends of PLLA with
up to 5 wt% PDLA was observed by POM [253]. Most importantly, growth of stere-
ocomplex spherulites exhibiting the common radial lamellar substructure, and which
had a melting point of around 218 ◦C, was witnessed in parallel with formation of an
extra-spherulitic crystalline network. The transition from the +-type scattering pat-
tern to a dominantly four-lobed clover leaf-type scattering pattern depicted in Figure

4.22 is in agreement with a transition of the dual crystalline morphology towards a
spherulite dominated sample morphology with increasing crystallization temperature.
In addition, the network is described as being a less organized worm-like crystalline
structure with a melting temperature significantly lower than that of the stereocomplex
spherulites. This is also in agreement with the above presented experimental data. Still,
more research is needed to characterize this newly observed non-spherulitic crystalline
superstructures in terms of the details of the lamellar orientation and with respect to
homopolymer ratios and sample thermal history.
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5 Conclusion and Outlook

5.1 Summary of the most relevant results

In this work the phase transformation behaviour of polylactide (PLA) in terms of
spherulite growth and melting was investigated by means of a joint study via small
angle light scattering (SALS) and differential scanning calorimetry (DSC). Three phase
transformation processes were analyzed: isothermal crystallization, non-isothermal
melting and melt-recrystallization. Melting was analysed during heating the samples
after isothermal crystallization. Analysis also comprised α-phase melt-recrystallization,
and polymorphous melt-recrystallization due to the α′/α-transition in the enantio-pure
polymer. The SALS and DSC techniques allowed determining the crystallization kinet-
ics of PLA and characterization of the melting behaviour. Via SALS changes in the
sample crystalline morphology could readily be monitored. Both methods confirmed
each other. The complementary results added to the understanding of the crystalliza-
tion and melting of PLA.
The DSC technique is an established method in polymer analytics and a variety of
instruments is commercially available from a number of companies. Also SALS in-
struments are commercially available. However, these instruments, in general, are
dedicated to the task of particle sizing. The highly integrated devices hardly allow any
customization for a specific type of measurement task other than the dedicated one.
Hence, the first goal of this work was developing and setting up of a home-built SALS
instrument capable of temperature- and time-resolved measurements of the depolar-
ized scattering of polymer crystalline superstructures like spherulites:

• The home-built SALS instrument was of the Fourier-lens type. This design was
chosen for its superior performance in terms of separation of the primary beam
and the scattered light. The instrument was equipped with a linearly polarized
HeNe laser as the light source and the scattered light was detected by a two-
dimensional CMOS sensor of a digital camera. The angular scattering range
accessible was 0.7 ◦ to 15.4 ◦ corresponding to 0.5 ◦ < θ < 11.5 ◦ in water. Depo-
larized measurements of PLA could be performed in an angular range 0.1 µm−1

< q < 2.65 µm−1. The maximum temporal resolution of the detector was 40 ms,
i. e. 25 frames per second.
Two different sample environments were made available: One for measurements
of colloidal suspensions in rectangular flat cuvettes and one for measurements of
thin polymer films. In the first case the temperature could be set by a water ther-
mostat, in the latter a home-built high-temperature stage allowed measurements
of polymer systems in the solid or melt state, i. e. in the range from room temper-
ature up to 250 ◦C. Temperature control was realized by a home-built electronic
controller featuring a digital interface for connection to a personal computer. In
this way customized temperature-time protocols could be realized. The temper-
ature scale of the stage was calibrated with melting point standards.
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Operational verification of the SALS instrument and the data-processing routines
was carried out via sizing of monodisperse latex beads in aqueous dispersion.
The obtained scattering data was treated with Mie-scattering theory and the de-
rived sizes of the particle standards were compared to results from a commercial
particle sizing instrument and the nominal sizes provided by the supplier. The
results confirmed the accurate performance of the home-built instrument down
to a lower limit of the particle radius of 2 µm.

The key findings of the studies presented in this work on the phase transformation
behaviour of PLA during isothermal crystallization and melting from the crystalline
state are as follows:

• Linear radial spherulite growth rate curves were determined for two enantio-
pure samples of PLLA with different molecular weights, one PDLA and a ran-
dom co-polymer containing 4 % of the minor repeat unit. All polymers showed
the bell-shaped growth rate curve falling off towards large and low undercool-
ing, respectively. In case of the homopolymers a discontinuity in the growth rate
curve associated with the growth of α′- and α-phase crystals was observed. The
homopolymers showed comparable growth rates whereas the presence of 4 % of
an enantiomeric repeat unit, i. e. partial randomization of tacticity, in coPLA sig-
nificantly reduced the growth rate.
Due to temperature-dependent homogeneous spherulite nucleation the number
of growing spherulites decreases with decreasing undercooling. This excludes
SALS measurements at low-enough undercooling where spherulite nucleation
is negligible. Spherulite nucleation, therefore, was stimulated by quenching the
polymer melt to large undercooling where primary nucleation is strong and crys-
tal growth is insignificant. Subsequently, the sample was brought to the isother-
mal crystallization temperature of interest and SALS measurements were per-
formed. This so-called Tammann method [173, 216] extended the temperature
range for SALS measurements to the full interval between the glass transition
temperature and the melting temperature, where undercooling is low.

• Invariance of the spherulite size up to final melting temperature. The non-
isothermal melting and (polymorphous) melt-recrystallization of PLA after iso-
thermal crystallization was investigated for PDLA and coPLA. The sample mor-
phology after isothermal crystallization for 30 min was characterized by space-
filling (truncated) spherulites. Final average spherulite size was a function of
the crystallization temperature, increasing with decreasing undercooling. Ac-
cordingly, the number of spherulite nuclei, i. e the spherulite number density
decreased with decreasing undercooling.
It was found for coPLA and PDLA, that the average spherulite size was unaf-
fected by melting and melting-recrystallization processes. When compared to
DSC measurements, it was found that in all cases the peak temperature of the fi-
nal melting endotherm coincided with the abrupt drop of the average spherulite
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size to zero and with the disappearance of the depolarized scattering from sphe-
rulites, marking their complete disintegration and the randomization of the poly-
mer chains. From the invariance of the average spherulite radius during heat
induced melting it was concluded that the same invariance holds for the num-
ber of spherulites. Hence, phase transformations affected neither the number
nor the size of spherulites. This is valid for the melt-recrystallization of the α-
phase as well as for the α′/α-phase transformation. Neither a melting or melt-
recrystallization mechanism involving spherulite shrinking nor complete melting
of spherulites accompanied by a change in their number is compatible with these
observations.

• Spherulitic crystallinity during melting. Changes in the depolarized scatter-
ing intensity from spherulites during melting and melt-recrystallization were
expressed in terms of changes in the depolarized scattering invariant. As the
size and number of the spherulites remained constant, those variations of the
invariant are associated via the spherulite optical anisotropy with the spherulitic
crystallinity.
In case of the α-phase melt-recrystallization of coPLA the double endothermic
DSC event could unambiguously be attributed to a decrease in spherulite crys-
tallinity by temperature- and time-resolved monitoring of the depolarized scat-
tering invariant via SALS. Full recovery of the original degree of crystallinity
can be excluded because the second drop of the depolarized scattering invari-
ant started from an intermediate level which was significantly lower than the
original level observed directly after completing isothermal crystallization. Melt-
recrystallization of polylactide with spherulitic morphology proceeds via melt-
ing of the spherulite constituting lamellae. A new population of lamellae can
form rapidly via recrystallization from those freshly created locally disentangled
(spherulitic) domains with both processes running concomitantly [249]. Macro-
scopically, the spherulitic superstructure, thereby, is preserved as inferred from
a constant spherulite size. The decrease in crystallinity is attributed to kinetic
effects when new lamellae with larger thickness [37, 44, 221, 228, 254] have to be
formed from the remnants of the former structure. During non-isothermal melt-
recrystallization, the critical size of nuclei continuously increases along with tem-
perature and the orientation of the chain segments from freshly molten crystals
is randomized by thermal diffusion and reptation, thus antagonizing recrystal-
lization. Referring to the model suggested by Strobl et al. [221] which suggests
that melt-recrystallization occurs via a melting zone running through a lamella,
some of the originally existing lamellae may not recover anymore.
An analogous joint SALS and DSC treatment of the melt-recrystallization be-
haviour of PDLA was not as straight-forward because the endothermic melt-
ing of α′-phase and α-phase crystals was obscured by the exotherm of the re-
crystallization of α-phase from α′-phase in the investigated range of isothermal
crystallization temperatures. The lack of the first endothermic melting peak in
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combination with a first exothermic peak, emerging with increasing intensity as
the crystallization temperature decreases, is nicely compatible with the fact that
the α-phase crystallizing in an α′/α-phase transition is thermodynamically more
stable than the α′-phase, and that melting of α′-phase is running parallel to the re-
crystallization of α-phase, however, with the simultaneity of the two processes not
necessarily taking place at the same lamellae, respectively. Stopping the temper-
ature increase at the temperature where melted α′-phase material recrystallizes
to α-phase material shed further light onto the process. While the spherulite size
remained unchanged during annealing of the sample at that given temperature, a
partial regain in the depolarized scattering invariant was observed. The regain in
the scattering invariant is associated with an increasing spherulitic crystallinity.
However, quantifying the change in the degree of crystallinity due to the α′/α-
transition in PDLA via the depolarized scattering invariant remains a challenge
for SALS because the optical constants of the α′-phase crystals are not known yet
and changes in the scattering invariant, thus, might either stem from changes in
crystallinity or from birefringence of the material.

• The effect of the presence of scPLA in low amounts in a homopolymer ma-
trix was investigated for two PLLA samples with different molecular weights
mixed in solution with 2 wt% of PDLA. The presence of scPLA in transparent
film samples, which were obtained via film-casting from solution, was verified
by DSC measurements, which showed the characteristic melting-endotherm of
scPLA at a temperature at around 230 ◦C. In isothermal DSC experiments the
stereocomplex-assisted nucleation leads to faster overall crystallization. Peak
crystallization times as defined by the maxima of the symmetric crystallization
exotherms were significantly shorter than those of pure polylactide. The data
suggests that this heterogeneous nucleation is most effective at large undercool-
ing where scPLA crystallites act as heterogeneous seeds for spherulite nucleation.
SALS measurements confirmed the increase in spherulite number density in the
presence of scPLA, measured average spherulite sizes in fully crystallized sam-
ples where smaller than in samples of the pure polymer. On the other hand,
the stereocomplex-assisted nucleation of PLLA by mixing with 2 wt% of PDLA
did not alter the temperature-dependent spherulite growth rate. Characteriza-
tion via SALS showed that the spherulite growth rate curves of the nucleated and
the pure samples overlaid within experimental uncertainty. These findings agree
well with results which were published by another group [65] during the term of
this thesis and which were also obtained by depolarized SALS.
In this thesis, however, for the first time evidence for the (co-)formation and
growth of non-spherulitic superstructures in scPLA-nucleated polylactide in iso-
thermal experiments at large undercoolings were obtained from depolarized SALS
measurements. Scattering was no longer characterized by the four-lobed intensity
distribution of spherulites but rather scattering was observed along the principal
directions of µ = 0◦ and µ = 90◦ indicating the presence of a completely dif-

101



5. CONCLUSION AND OUTLOOK

ferent kind of crystalline aggregate. These newly observed superstructures show
temperature characteristics which are comparable to those of the PLA homopoly-
mers. The behaviour of the scattering invariant during melting is highly indica-
tive for the α′/α-phase transition, final melting as indicated by the dropping of
the scattering signal to zero occurs at around 180 ◦C, which is the melting point
of α-phase crystals. These findings sustainably suggest that the presence of sc-
PLA induces non-spherulitic crystallization of the homopolymer. While the crys-
talline lattice seems to be unaffected, the lamellar orientation in the crystalline
aggregates is severely modified by the presence of scPLA crystallites. However,
more research is needed to elucidate the morphological nature of these newly
observed crystalline non-spherulitic superstructures.

The presented findings may aid in defining an agenda for future research work. There-
fore, in the following perspective some topics are addressed serving as a concluding
remark of this thesis.

5.2 Perspective

The SALS instrument described in detail in Chapter 3 can be improved in several
ways covering aspects from both the software routines as well as the mechanical and
optics setup:

• Improvements to the instrument can be achieved regarding the optics of the de-
vice. So far simple bi-convex lenses were used. However, it is expected that using
an asphere as Fourier lens, which corrects for image distortions due to spherical
aberration, and a proper camera objective will further increase the data-quality.
The present device lacks a monitor for the intensity of the primary beam. Such
a device would enable monitoring of the stability of the source intensity and the
transmitted intensity. Knowledge of these quantities is a prerequisite for deter-
mining absolute Rayleigh ratios.
In addition, a motorized stage for the analyzer would allow quasi-simultaneous
measurements of the polarized VV and depolarized HV scattering of the same
sample. To this end, successive measurements would be carried out in alternat-
ing analyzer directions yielding an alternating sequence of polarized and depo-
larized scattering records. To realize such a feature improvements to the software
routines for data acquisition and evaluation are necessary along with the syn-
chronization of the timed data acquisition from the camera and intensity moni-
tors with the temperature-time protocol applied to the sample and the alteration
of the analyzer position.

• Improvements to the software can be achieved by an integration of functionali-
ties and routines for data acquisition in one application and data evaluation in
another application or even merging into one single application.
For the present setup a graphical user interface (GUI) integrating data-acquisition
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and temperature-control seems most desirable. To this point a MATLAB script
interface and the Pylon camera software suite were used in parallel without mu-
tual synchronization. Here, an integrated software application unifying data-
acquisition and temperature-control would be of great help and may create op-
portunities for more complex time- and temperature-dependent experiments.
More sophisticated software routines would also enable data-acquisition in high
dynamic range mode by setting multiple exposure times, thus extending the sen-
sitivity range both to higher and lower scattering intensities in a single mea-
surement run. Dedicated software could also mitigate the problem of detector
saturation by automated adjustment of camera exposure times.
While the instrument proved its capacity of acquiring static time series, in prin-
ciple, dynamic light scattering could be realized with the instrument as well for
investigation of slow dynamics. With the detector operating at 90 frames per
second a minimum lag time of τ = 12 ms seems feasible.

The results presented in Chapter 4 might serve as a starting point for future research
work on the phase transformation behaviour of PLA. In addition, the home-built SALS
instrument presents a platform for further research in fields related to the study of
soft and condensed matter. New insights are expected from addressing the following
topics:

• In this work the change in crystallinity during melting, phase α/α melt-recrystal-
lization and the polymorphous melt-recrystallization due to α′/α-transition was
monitored by SALS. It seems worthwile to complement or even combine these
findings with time- and temperature-resolved x-ray scattering measurements thus
gaining access to the arrangement of crystallites and to the morphology of the
crystallites [255]. Some information on the evolution of lamellar thickness and
long spacing during non-isothermal melting-recrystallization processes is avail-
able. However, of particular interest are the changes in the orientation of chain
segments and the fluctuation of density in the crystalline domains during the
phase transformation processes, which have not been revealed in detail so far.

• It is well known that the crystalline morphology and, in particular, the size and
number of spherulites largely affects the optical and mechanical properties of
semi-crystalline polymers. This also holds for PLA. With the finding of a con-
stant spherulite size but lamellar reorganisation during (polymorphous) melt-
recrystallization the question arising immediately is whether this process has an
effect on the mechanical properties of the material. Such studies might as well
look into the effect of the annealing time after recrystallization.

• In this work the effect of the presence of a small amount of scPLA in the ho-
mopolymer on crystallization and melting was investigated and comparisons to
the behaviour of the pure polymers were made. Further research is necessary
to scrutinize the effect of the ratio of scPLA and pure polymer on the spherulite
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growth rate. From these studies also new insights are expected on the modifica-
tion of the spherulitic morphology in the presence of scPLA. Results presented in
this thesis indicate an additional molecular-weight dependent effect on the crys-
talline superstructure of scPLA-homopolymer-composites which presents a field
for further research on its own.

• Chain architecture of PLA [7, 8, 256–258] and co-polymerization with other poly-
mers [140, 259] presents a further, vast research field. The reviews cited in the
state of the art of this work might serve as a starting point for identifying candi-
dates for promising materials.

• The presented methodology might be applied to the study of the crystallization
and melting behaviour of blends of PLA with other polymers by means of com-
bined SALS and DSC. Of course, the range of other polymeric systems worth
considering is huge and investigations might well be extended to other semi-
crystalline polymers and their blends.

• The SALS instrument developed in this work might be applied to the study of
phase separation processes in polymer blends [141, 260, 261]. Literature reports
on investigations of the miscibility of various polymers via SALS [87, 91, 92].
Also kinetics of phase separation were analysed for the spinodal decomposition
of two-component systems [90, 98].

The points addressed above cannot cover all issues of the present and emerging field
of studies of the structure of polymeric systems. The author is confident that this work
helps scattering light on aspects of polymer morphology. Still, there is more exciting
research ahead.
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Appendix

A Polymer characterization of the sample material

A.1 Summary of PLA sample properties

Polylactide sample material was provided by Total Corbion PLA bv13. As part of
the cooperation between HSHL and Corbion the poly(l-lactide) injection grade Pu-
rapol14 L130 and poly(l-co-d-lactide) thermoforming grade Purapol LX175, a random
co-polymer with 4 % d-isomer content, as well as poly(d-lactide) Luminy D120 were
provided for research purposes. In addition, a high-molecular weight medical grade
poly(l-lactide) Resomer L210S (Evonik Industries AG, Essen, Germany) was used in
this work. The polymers were delivered as pellets or flakes, respectively, and used
as-received without further purification.
Table A.1 summarizes the properties of the polymers in terms of isomer content,
weight-averaged molecular weight MW (see Subsection A.2.1), polydispersity index
(PDI = MW/MN, where MN is the number average molecular weight) and glass tran-
sition temperature Tg, and melting temperature Tm, respectively.

Table A.1: Polymer properties of the polylactide samples used in this work.

name d-isomer [%] MW [kg mol−1] PDI Tg [◦C]a T0
m [◦C] tradename

PLLA1 0 143 1.6 62 186± 2 Purapol L130
PLLA2 0 406 1.5 63 199± 6 Resomer L210S
PDLA 100 153 1.6 62 181± 5 Luminy D120
coPLA 4 163 1.8 59 171± 4 Purapol LX175
a) ISO-midpoint according to DIN EN ISO 11357-2

The stereochemical composition of the PLA samples was determined via polarimetry
and nuclear magnetic resonance (NMR) spectroscopy, and the manufacturers’ spec-
ifications were validated. The details are described in Subsection A.2.2. Thermal
characterization was carried out via DSC. The experimental details are given in Sub-
section A.3. In addition via thermogravimetric analysis (TGA) the thermal (oxidative)
degradation of the polymers was investigated.
Thermal oxidative degradation and hydrolysis play a major role for the degradation
of PLA in terms of molecular weight at elevated temperatures [262–264]. However,
degradation in the undercooled melt is sufficiently slow to allow measurements over
the course of several minutes [265]. Also, in order to minimize degradation PLA was

13Total Corbion PLA bv is a 50/50 joint venture of the Dutch company Corbion N.V. and the French
company Total S.A. founded in 2017.

14The product family name Purapol was changed into the registered trademark name Luminy R© when
Total Corbion formally started up operations in March 2017.
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kept in the melt-state as short as possible. In addition, experiments were conducted
with freshly prepared samples.
Another degradation mechanism which had to be considered was photodegradation.
Photodegradation of PLA, which is accompanied by a decrease in molecular weight
[266] and racemization of the polymer [267], when irradiated by UV light, was re-
ported in literature [268]. Bulk erosion of the material irrespective of the degree of
crystallinity was observed [269]. However, no photodegradation of PLA by laser light
on experiment-relevant time scales was expected during SALS measurements, because
the energy of the photons of the utilized HeNe laser was much lower than that of
short-wavelength UV radiation.

A.2 Molecular properties

A.2.1 Molecular weight

Molecular weights were determined by size exclusion chromatography (GPC, Shi-
madzu Co., Kyoto, Japan) performed in chloroform (TCM) (HPLC grade ≥ 99.8 % sta-
bilized, HiPerSolv CHROMANORM R©, VWR International GmbH, Langenfeld, Ger-
many) at 40 ◦C. Table A.1 summarizes the properties of the polymers in terms of iso-
mer content, weight-averaged molecular weight MW and polydispersity index (PDI=
MW/MN, where MN is the number average molecular weight), respectively. Solutions
were prepared with a concentration of 6 g/l and filtered (Chromafil PTFE 0.45 µm,
Macherey-Nagel, Düren, Germany) into vials. A sample volume of 50 µl was injected
and eluted with TCM at a flow rate of 1 ml/min for 40 min. A refractive index detector
(RID-20A, Shimadzu Co.) was used to determine the elution times of the respective
sample constituents. The instrument was equipped with one precolumn (8x50 mm) and
two analytical columns (8x300 mm) (PSS Polymer Standards Service GmbH, Mainz,
Germany). The columns were filled with particles of 5 µm diameter and made from a
styrene-divinylbenzene copolymer network. Porosity of the analytical column fillings
was 103 Å and 105 Å, respectively. The instrument was calibrated with a polystyrene
standard kit (DIN kit polystyrene, 1.4k, 9k, 18k, 100k und 560k, Polymer Standard
Service, Mainz, Germany).

A.2.2 Stereochemistry

Polarimetry. Specific optical rotation [α25
D ] of PLA samples was determined via po-

larimetry (241MC polarimeter, PerkinElmer, Waltham, USA) for the sodium D-line (λ
= 589 nm) in TCM (reagent grade > 99.8 %, Honeywell International Inc., Morristown,
NJ, USA) at a temperature of 25 ◦C. Polymer concentration was c = 10 g/l. From the
rotatory power [α25

D ] the optical purity OP of the polymers was calculated via

OP =
[α25

D ]

[α25
D ]0

(A.1)
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where [α25
D ]0 = −156 ◦ is the specific optical rotation of enantio-pure PLLA and [α25

D ]0 =
+156 ◦ of enantio-pure PDLA, respectively [3]. Derived parameters were the molar
fraction of d-LA in the chain

XD =
[α25

D ] + 156
312

(A.2)

and the isotactic sequence length of a L-LA rich random co-polylactide

ξ =
a

XD
(A.3)

where the coefficient a ∈ [1, 2] reflects polymerization incorporation of d-LA from
meso-lactide (d,l-lactide, a = 1) or from the enantio-pure lactide (d,d-lactide, a = 2)
[18]. If the polymerization feed contains both types of dimers the parameter a depends
on their ratio.
The results are summarized in Table A.2. The manufacturers’ specifications which
were provided with the polymers were verified within experimental uncertainty. Note,
that based on the results from NMR measurements (see below) for coPLA a = 2 was
used for determining the isotactic sequence length.

Table A.2: Stereo-isomer composition of the polylactide samples as determined by polarimetry.

[α25
D ] [ ◦ml g−1 dm−1] OP [-] XD [-] ξ [-]

PLLA1 −158± 5 1.01± 0.03 −0.01± 0.02 -
PLLA2 −162± 8 1.04± 0.05 −0.02± 0.03 -
PDLA +161± 5 1.03± 0.03 1.02± 0.02 -
coPLA −147± 4 0.94± 0.03 0.03± 0.01 67± 22

Nuclear Magnetic Resonance Spectroscopy. Proton decoupled 13C NMR spectra were
acquired on a Bruker Avance 500 NMR spectrometer at 500 MHz. Measurements were
performed in CDCl3 (Chloroform D1 for nmr spectroscopy, Merck Uvasol, Deuterium
degree > 99.8 % stabilized with silver) at 30 ◦C. Sample concentration was around
20 mg/ml. The chemical shift was calibrated with the deuterium resonance of the
solvent (lock signal). A total of 65536 data points were acquired at a spectral width
of 10 kHz and an acquisition time of 3.2 s. Signal averaging over up to 2048 scans was
performed to enhance the signal to noise-ratio.
On the molecular level PLA is composed of lactic acid monomers yielding either iso-
tactic (i) pairs -ll- and -dd-, respectively, or syndiotactic (s) pairs -dl- and -ld-. Bero et
al. [270], Thakur et al. [271] and Zell et al. [272] demonstrated the stereosensitivity of
the methine and the carbonyl 13C NMR resonances and also presented an assignment
of the tetrad and hexad resonances to the stereosequence.
The spectra obtained from the sample material are depicted in Figure A.1. As can
be seen the homopolymers show only one unique peak in the methine and carbonyl
region which is indicative for isotacticity of the chains. This finding is also in line with
results from polarimetry (see above). Only in case of coPLA additional resonances
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can clearly be identified. Evaluation of the spectra was carried out in analogy to [48].
Compared to data from literature all peaks are displaced by 0.1 ppm to higher chem-
ical shifts. However, based on the strong isotactic peak assignment of the resonances
could be accomplished. The tetrads iss, ssi and sss are absent in the spectrum of coPLA

Figure A.1: 13C NMR spectra of the methine region (a) and carbonyl region (b) of the polylac-
tide samples.

which is indicative for a polymerization of coPLA from l-lactide in excess and d-lactide
as the minor component rather than meso-lactide [271, 273]. As a consequence, signal
intensities could be compared to theoretical calculations given by [270]. The results are
given in Table A.3. For coPLA measured signal intensities could best be matched by
calculated intensities based on a copolymer composed of 95/5 wt/wt l-lactide and d-
lactide. This ratio agrees well with the manufacturer’s specifications stating a content
of 4 % of the minor, i. e. d-lactide, isomer unit.
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Table A.3: Stereo-isomer composition of the polylactide samples as determined by NMR spec-
troscopy. The entries represent the integrated signal intensities of the stereo-sequence tetrads
and hexads of isotactic (i) or syndiotactic (s) lactic acid monomer pairs.

Tetrads [%] Hexads [%]
iii isi iiiii iiisi iisii isiii isisi
+iis +iiiis +iisis
+sii +siiii +sisii
+sis +siiis +sisis

PLLA1 100 0 100 0 0 0 0
PLLA2 100 0 100 0 0 0 0
PDLA 100 0 100 0 0 0 0
coPLA 95.0 (95.3) a 5.0 (4.8) 87.0 (86.0) 3.0 (2.4) 5 (4.8) 2.7 (2.4) 2.2 (2.4)
a) numbers in brackets: theoretical signal intensities for a copolymer with 95/5 wt/wt
l-lactide / d-lactide composition [270]

A.3 Thermal properties

Differential Scanning Calorimetry. Thermal analysis was performed on a DSC1 (Star
System DSC1, Mettler Toledo, Gießen, Germany), which was equipped with an in-
tracooler and an autosampler in closed aluminium crucibles with a volume of 40 µl
(ME-00026763, Mettler Toledo). A second instrument used was a DSC 204 F1 Phoenix
(Netzsch GmbH & Co. KG, Selb, Germany). Sample weights were close to 10 mg.
Measurements were performed in nitrogen atmosphere at a flow rate of 50 ml/min.
The temperature scale and the enthalpy scale of the instruments were calibrated with
indium and zinc standards.
The standard procedure for polymer characterization was a double heating-cooling cy-
cle from 25 ◦C to 250 ◦C at a heating rate of +10 K/min and a cooling rate of−10 K/min.
The obtained glass transition temperatures were ≈ 60 ◦C. They are listed in Table A.1.
In isothermal crystallization experiments the thermal history of the samples was erased
by melting at 200 ◦C for 3 min. Subsequently, the sample was cooled at a rate of
50 K/min to the respective crystallization temperature Tc and crystallized for 30 min
(85 ◦C ≤ Tc ≤ 115 ◦C) or 60 min (Tc = 80 ◦C, Tc ≥ 120 ◦C) , respectively, before being
cooled to room temperature at 50 K/min. After equilibrating for 2 min the analytical
heating was carried out at 20 K/min.
Linear Hoffman-Weeks analysis [241] (see Figures A.2 to A.5) was utilized for deter-
mining the equilibrium melting temperature T0

m via extrapolation of the peak tempera-
tures Tm(Tc) of the final melting endotherms to Tm = Tc (see also [Dzi18, Rok18]). The
results are listed in Table A.1.
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Figure A.2: Left: DSC thermograms of PLLA1 of the analytical heating run at 20 K/min after
isothermal crystallization at the indicated temperatures. Right: Determination of the equilib-
rium melting temperature T0

m of PLLA1 via Hoffman-Weeks analysis of the peak temperatures
(�) of the final melting endotherm with Tc > 120 ◦C. The endothermic signal (�) preceding the
final melting endotherm was due to the α′/α-transition and was not used for extrapolation. At
Tc = 115 ◦C the transition causes a double-peaked melting endotherm, at lower Tc a recrystal-
lization exotherm can be identified separating the lower endothermic signal (�) and the final
melting endotherm (�).

Figure A.3: Left: DSC thermograms of PLLA2 of the analytical heating run at 20 K/min after
isothermal crystallization at the indicated temperatures. Right: Determination of the equilib-
rium melting temperature T0

m of PLLA2 via Hoffman-Weeks analysis of the peak temperatures
(�) of the final melting endotherm with Tc > 120 ◦C.
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Figure A.4: Left: DSC thermograms of PDLA of the analytical heating run at 20 K/min after
isothermal crystallization at the indicated temperatures. Data-set based on [Rok18]. Right: De-
termination of the equilibrium melting temperature T0

m of PDLA via Hoffman-Weeks analysis
of the peak temperatures (N) of the final melting endotherm with Tc > 120 ◦C.

Figure A.5: Left: DSC thermograms of coPLA of the analytical heating run at 20 K/min after
isothermal crystallization at the indicated temperatures. Right: Determination of the equi-
librium melting temperature T0

m of coPLA via Hoffman-Weeks analysis of the peak tempera-
tures (•) of the Tc-sensitive melting endotherm with Tc > 100 ◦C. The quasi-stationary melting
endotherm (•) was due to melt-recrystallization signalling final melting of the recrystallized
phase, and was not used for extrapolation.
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Thermogravimetric analysis. Isothermal and non-isothermal thermogravimetric anal-
ysis (TGA) were performed on a TGA/SDTA851 (Mettler Toledo, Gießen, Germany)
with open aluminium oxide crucibles with a volume of 150 µl (ME-24124, Mettler
Toledo). The instrument was calibrated with indium and aluminium standards. Sam-
ple mass was between 20 and 80 mg. In order to analyze the thermal stability (pyrolysis
kinetics) of PLA in an inert atmosphere, non-isothermal TGA was carried out at a heat-
ing rate of 5 K/min and with purge gas argon at a flow rate of 55 ml/min. In order
to mimic conditions in isothermal SALS experiments, isothermal TGA was performed
in synthetic air at a flow rate of 85 ml/min. Samples were heated at a rate of up to
100 K/min to the respective isothermal temperature, which subsequently was kept for
120 min.
Results of the measurements are depicted in Figure A.6. The weight loss curves
(Figure A.6a) are sigmoidal in shape with a sharp decrease in a narrow tempera-
ture range. Complete decomposition with residual char content < 1 % was observed
in inert atmosphere. Temperatures of thermal stability T5 indicating a weight loss of

Figure A.6: a) Non-isothermal TGA in argon at a heating rate of 5 K/min (PLLA1: —, PLLA2:
- - -, PDLA: —, coPLA: —). b) Isothermal TGA in synthetic air at various temperatures (PLLA1:
110 ◦C, PLLA2: 140 ◦C, PDLA: 130 ◦C, coPLA: 150 ◦C).

5 % were T5 = 332 ◦C for PLLA1, PDLA and coPLA, and T5 = 293 ◦C in case of PLLA2,
respectively. These findings are in good agreement with literature [274].
In order to determine thermal stability under conditions more closely resembling ex-
perimental conditions of SALS measurements isothermal TGA (Figure A.6b) was con-
ducted in synthetic air. The rapid change in mass in the first five minutes of the
measurement is attributed to the transient behaviour of the instrument. As measure-
ments were conducted above 100 ◦C this might also indicate the loss of water from the
sample pellets. The mass loss curves then show a plateau of the sample mass with a
very small loss of only ≈ 0.1 % over the course of two hours.
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B Supporting Information

Figure B.1: Alignment of the optical components of the SALS device. A) Alignment of the pri-
mary beam is carried out by repeatedly positioning a target at positions 1 and 2 in the detection
leg and adjusting the beam position with the corresponding mirrors M1 and M2, respectively.
B) Orthogonal orientation of the lenses with respect to the primary beam is achieved by closely
aligning the back reflection of the primary beam from the lens surface with the incident beam.
Exact co-alignment of the two beams should be avoided, however, to avoid back reflection of
the reflected beam into the laser tube, which could be harmful to the laser.
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Figure B.2: DSC thermograms of the first heating from 25 ◦C to 250 ◦C at a rate of 10 K/min of
nPLLA1 (left) and nPLLA2 (right) compared to the pure PLLA1 and PLLA2, respectively, and
PDLA polymers. Exothermic heat flow is in positive ordinate direction. The glass transition
at 60 ◦C is followed by a cold crystallization peak at around 100 ◦C. The second exothermic
event at around 160 ◦C indicates recrystallization due to the α′/α-transition which is followed
by complete melting of the α-phase crystals at 175 ◦C. Cold crystallization of the pure polymers
takes place at temperatures above 110 ◦C and no substantial α′-phase is formed and, thus, there
is no second exothermic peak. For nucleated materials the endothermic event at 225 ◦C is
indicative for the melting of scPLA, thus, confirming successful nucleation by film-casting of
solution-mixed PLLA and PDLA. No such signal can be observed in the pure polymers.
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Figure B.3: Left: DSC thermograms of nPLLA1 of the analytical heating run at 20 K/min
after isothermal crystallization at the indicated temperatures. Exothermic heat flow is in pos-
itive ordinate direction. Right: Determination of the equilibrium melting temperature T0

m of
nPLLA1 via Hoffman-Weeks analysis of the peak temperatures (�) of the final melting en-
dotherm with Tc > 120 ◦C. The quasi-stationary melting endotherm (�) for Tc > 120 ◦C was
due to melt-recrystallization signalling final melting of the recrystallized phase, and was not
used for extrapolation.

Figure B.4: Left: DSC thermograms of nPLLA2 of the analytical heating run at 20 K/min after
isothermal crystallization at the indicated temperatures. Exothermic heat flow is in positive
ordinate direction. Right: Determination of the equilibrium melting temperature T0

m of nPLLA2
via Hoffman-Weeks analysis of the peak temperatures (�) of the final melting endotherm with
Tc < 120 ◦C.
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Figure B.5: DSC thermograms of coPLA (left) and PDLA (right) of the analytical heating
runs after isothermal crystallization for 30 min at the indicated crystallization temperatures.
Exothermic heat flow is in positive ordinate direction. For a given crystallization temperature
the depicted DSC traces differ in the applied temperature-time protocol. Signal acquisition
was performed either (i) immediately following the crystallization segment at a heating rate
of 10 K/min (blue, compare Subsection 4.1) or (ii) after quenching to room temperature sub-
sequent to isothermal crystallization and at a rate of 20 K/min (gray, see Appendix A.3). For
coPLA, in case (i) DSC data is severely distorted by a transient-signal of the DSC apparatus
when switching from isothermal to non-isothermal measurement mode. With respect to the
positions of the melting endotherms the DSC traces acquired by the two methods are identical.

Figure B.6: Melting peak temperatures T1 and T2 of coPLA (•) and PDLA (N), respectively.
DSC traces were acquired after quenching to room temperature subsequent to isothermal crys-
tallization for 30 min and at an analytical heating rate of 20 K/min (see Appendix A.3). The
temperature Texo denotes the peak temperature of the exothermic signal preceding the domi-
nant melting peak of PDLA. The temperature T0 denotes the onset of an endothermic heat flow
associated with the melting of a fraction of the crystal population, which was formed at the
isothermal crystallization temperature Tc observed in the analytical heating of coPLA.
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Figure B.7: Average spherulite size (◦) and depolarized scattering invariant QHV (◦) of coPLA
as a function of temperature in the analytical heating run at a rate of 10 K/min after isothermal
crystallization for 30 min at Tc = 95 ◦C (left) and Tc = 100 ◦C (right). DSC thermograms (—)
were recorded at a rate of 20 K/min after quenching to room temperature (compare Figure B.5,
see discussion in Subsection 4.5). Exothermic heat flow is in positive ordinate direction.

Figure B.8: Average spherulite size (◦) and depolarized scattering invariant QHV (◦) of coPLA
as a function of temperature in the analytical heating run at a rate of 10 K/min after isothermal
crystallization for 30 min at Tc = 105 ◦C (left) and Tc = 110 ◦C (right). DSC thermograms (—)
were recorded at a rate of 20 K/min after quenching to room temperature (compare Figure B.5,
see discussion in Subsection 4.5). Exothermic heat flow is in positive ordinate direction.
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Figure B.9: Normalized square root of the depolarized scattering invariant QHV (◦) of coPLA
and its first derivative (•) as a function of temperature in the analytical heating run at a rate
of 10 K/min after isothermal crystallization at 95 ◦C (left) and 100 ◦C (right) for 30 min. The
DSC thermogram (—) was recorded at a rate of 20 K/min after quenching to room temperature
(compare Figure B.5, see discussion in Subsection 4.5). Exothermic heat flow is in positive
ordinate direction.

Figure B.10: Normalized square root of the depolarized scattering invariant QHV (◦) of coPLA
and its first derivative (•) as a function of temperature in the analytical heating run at a rate of
10 K/min after isothermal crystallization at 105 ◦C (left) and 110 ◦C (right) for 30 min. The DSC
thermogram (—) was recorded at a rate of of 10 K/min immediately after isothermal crystal-
lization (left, Tc = 105 ◦C) and at a rate of 20 K/min after quenching to room temperature (right,
Tc = 110 ◦C), respectively (compare Figure B.5, see discussion in Subsection 4.5). Exothermic
heat flow is in positive ordinate direction.
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Figure B.11: Average spherulite size (4) and depolarized scattering invariant QHV (4) of
PDLA as a function of temperature in the analytical heating run at a rate of 10 K/min after
isothermal crystallization for 30 min at Tc = 90 ◦C (left) and Tc = 100 ◦C (right). The DSC
thermogram (—) was recorded at a rate of 10 K/min. Exothermic heat flow is in positive
ordinate direction.

Figure B.12: Average spherulite size (4) and depolarized scattering invariant QHV (4) of
PDLA as a function of temperature in the analytical heating run at a rate of 10 K/min after
isothermal crystallization for 30 min at Tc = 105 ◦C (left) and Tc = 110 ◦C (right). The DSC
thermogram (—) was recorded at a rate of 10 K/min. Exothermic heat flow is in positive
ordinate direction.
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Figure B.13: Normalized square root of the depolarized scattering invariant QHV (4) and
relative disorder δ∗ (N) of PDLA as a function of temperature in the analytical heating run at a
rate of 10 K/min after isothermal crystallization at 90 ◦C (left) and 100 ◦C (right) for 30 min.

Figure B.14: Normalized square root of the depolarized scattering invariant QHV (4) and
relative disorder δ∗ (N) of PDLA as a function of temperature in the analytical heating run at a
rate of 10 K/min after isothermal crystallization at 105 ◦C (left) and 110 ◦C (right) for 30 min.
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Figure B.15: Normalized square root of the depolarized scattering invariant QHV (◦) and rel-
ative disorder δ∗ (•) of coPLA as a function of temperature in the analytical heating run at a
rate of 10 K/min after isothermal crystallization at 95 ◦C (left) and 100 ◦C (right) for 30 min.

Figure B.16: Normalized square root of the depolarized scattering invariant QHV (◦) and rel-
ative disorder δ∗ (•) of coPLA as a function of temperature in the analytical heating run at a
rate of 10 K/min after isothermal crystallization at 105 ◦C (left) and 110 ◦C (right) for 30 min.
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C Calculating corrected sums of squares

Welford [210] presents a precise and stable online algorithm for the numerical compu-
tation of the unbiased sample variance

s2
k =

1
k− 1

k

∑
i=1

(xi − xk)
2 (C.1)

which is given by the sum of squares of elements xi corrected by the sample mean xk,
where

xk =
1
k

k

∑
i=1

xi = xk−1 +
xk − xk−1

k
. (C.2)

A recurrence relation for the variance is readily obtained as

Sk = (k− 1)s2
k (C.3)

=
k

∑
i=1

(xi − xk)
2 (C.4)

=

(
k−1

∑ (xi − xk)
2

)
+ (xk − xk)

2 (C.5)

=

(
k−1

∑ (xi − xk−1 + xk−1 − xk)
2

)
+ (xk − xk)

2 (C.6)

=

(
k−1

∑ (xi − xk−1)
2 + 2(xi − xk−1)(xk−1 − xk) + (xk−1 − xk2)2

)
+ (xk − xk)

2 (C.7)

= Sk−1 + (k− 1)(xk − xk−1)
2 + (xk − xk)

2. (C.8)

It is further simplified, i. e. computational steps are reduced, by introducing the auxil-
iary variables

γ = xk − xk−1 (C.9)

and (by applying the recurrence relation for the mean Equation (C.2))

δ = kγ = xk − xk−1 (C.10)

such that
δ− γ = (k− 1)γ = xk − xk (C.11)

yielding

Sk = Sk−1 + (k− 1)γ2 + (k− 1)2γ2 (C.12)
= Sk−1 + (xk − xk−1)(xk − xk). (C.13)
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[171] René Androsch and Maria Laura Di Lorenzo. Kinetics of crystal nucleation of poly(l-lactic acid).
Polymer, 54(26):6882–6885, 2013.
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