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Melt-crystallization of poly (butylene succinate) (PBS) at largely different melt-supercooling was analyzed by X-
ray scattering techniques, direct imaging using microscopy, and by fast scanning chip calorimetry, with the latter
employed to achieve high melt-supercooling. Crystallization at 100 and 20 °C, representing structure formation
at low and high melt-supercooling, respectively, yields lamellae with thicknesses of around 8 and 4 nm. In both
cases, lamellar thickening is excluded as main mechanism of isothermal secondary crystallization, suggesting
that absence of intracrystalline chain-sliding diffusion is not dependent on the absolute value of the thickness of
lamellae. The wide-angle X-ray pattern of PBS crystallized at low temperature shows less and broader peaks than
in case of PBS crystallized at high temperature, pointing to presence of crystal defects, and causing an
enlargement of the unit cell. Secondary crystallization leads to an increase of the melting temperature, being
distinctly larger (per unit annealing time) for low-temperature crystallized PBS. Since lamellar thickening is
absent, and imperfection of the bulk crystal structure persists even on long-term annealing, merging of crystalline
blocks and lateral crystal growth at the crystallization temperature, for explaining the observed increases of the
crystallinity and melting temperature, are suggested. Though there is detected a large rigid amorphous fraction
in PBS crystallized at high supercooling, vitrification only occurs continuously on cooling, after the isothermal
crystallization process.

1. Introduction Primary crystallization often denotes relatively fast space-filling spher-

ulitic growth of crystals/lamellae while secondary crystallization refers

Poly (butylene succinate) (PBS) is a thermoplastic polyester which
gains increasing industrial and public attention because of its sustain-
ability from the points of view of both production and after-use prop-
erties. Specifically, PBS may completely be synthesized based on short-
term renewable sources, classifying it then as a biopolymer, and it de-
grades at environmental conditions. Therefore, PBS is attractive for
numerous commodity and engineering uses and finds application as
packaging material, for mulch films in agriculture, or as biodegradable
implant in human bodies, to name only a few [1-8]. The performance of
PBS as a material in such applications crucially depends on the presence
of a solid crystalline phase after manufacturing, due to its low glass
transition temperature T, of only about —30 to —40 °C [9-12].

Crystallization of polymers, in general, is a multi-step process, pro-
ceeding via crystal nucleation, primary and secondary crystallization.
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to slow perfection of existing crystals, including lamellar thickening, or
formation of additional small crystals in amorphous regions between
crystals grown during primary crystallization, termed insertion crys-
tallization [13,14]. PBS crystallizes moderately fast below the equilib-
rium melting temperature Ty, ¢ of around 130 °C [11,12,15-17], with a
minimum half-time of crystallization of about 1-10 s slightly above
room temperature [18,19]. Melt-crystallization at low supercooling
proceeds by growth of lamellae and formation of spherulites [20-22],
with the chains arranging in a monoclinic unit cell [23,24]. The
maximum crystal fraction is lower than 50% [16,25], which may be
caused by the inability of molecular segments for intra-crystalline
chain-sliding  diffusion  [26]. Lamellae growing at low
melt-supercooling are thin, with a thickness well below 10 nm [16,27],
and melt within few kelvin above the crystallization temperature [28], if
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crystal reorganization is outpaced by fast heating [29-31]. Otherwise,
on slow heating, occurs both lamellar thickening and crystal-melting
followed by melt-recrystallization [32].

While crystallization of PBS at low melt-supercooling seems well
investigated, information about structure formation at temperatures
lower than about 60-80 °C are barely available. This holds for
morphological data like the size, habit, and higher-order organization of
crystals, their structure, or their capability for reorganization. Such in-
formation, however, may be of particular importance for practical rea-
sons since conventional melt-processing of PBS via extrusion, injection
molding, or blow-molding typically involves fast cooling and solidifi-
cation at low temperatures [33-38]. In general, as has been confirmed
for many different polymers, crystallization at low temperatures often
proceeds by homogeneous crystal nucleation, and therefore semi-
crystalline morphologies are then qualitatively different compared to
morphologies obtained after crystallization at high temperature
[39-43], affecting properties [44-47].

Primary crystallization of PBS at low temperature, at around Tg (—35
°C), was analyzed regarding its kinetics using fast scanning chip calo-
rimetry (FSC). The study revealed that glass-crystallization is preceded
by enthalpy relaxation —as found for many polymers [48]—, and that
crystallization near the glass transition temperature leads to formation
of crystals of low stability subjected to distinct reorganization during
heating [49]. Our own efforts towards analysis of crystallization of PBS
at relatively low temperatures included an investigation of the melting
behavior of crystals formed at 40 °C, that is, at a temperature near the
temperature of maximum crystallization rate [50], with the purpose to
unravel the complicated multiple melting characteristics of PBS [51]. It
was shown that melting, similar as on high-temperature crystallization
[28], occurs slightly above the crystallization temperature, and that the
observed weak endothermic peak in differential-scanning-calorimetry
(DSC) heating scans of PBS near the crystallization temperature is not
caused by relaxation of a rigid amorphous fraction (RAF) [51]. Note that
an RAF often develops in semicrystalline polymers in conjunction with
crystals [52,53] and has also been detected in PBS [54-57]. Absence of
RAF-enthalpy-recovery peaks in DSC heating scans, in addition, was
confirmed within a separate study of the origin of so-called annealing
peaks in PBS that first was crystallized at high temperature and subse-
quently annealed at lower temperature [58]. It is anticipated that during
low-temperature annealing, after primary crystallization at high tem-
perature, occurs (secondary) insertion crystallization [59-61], pro-
moted by the rather low crystallinity and absence of thickening of
lamellae formed during primary crystallization. In a further work,
low-temperature secondary crystallization in the glassy state was proven
for PBS crystallized at 90 °C, speculating that it may include a transition
of RAF into crystalline structure at the surface of pre-existing crystals
[°1.

In this study, we present further results about crystallization of PBS
at low temperature, attempting to provide information about the semi-
crystalline morphology after primary crystallization, the mechanism of
secondary crystallization at the temperature of primary crystallization,
and the perfection of crystals. Specific questions include whether (i) low-
temperature crystallization yields non-lamellar crystals due to an
increased density of homogeneous nuclei, like in isotactic polypropylene
(iPP) [62-64], or polyamides (PA) [65-67], (ii) thin lamellae, growing
at low temperature, are subject of thickening, that is, if chain-sliding
diffusion depends on the thickness of lamellae, and (iii) PBS forms dis-
order crystals as many other polymers including poly(lactic acid) [68,
69], iPP [70,71], PA [66,72,73], or poly(e-caprolactone) (PCL) [74].
Due to the rather high cooling rate of at least 70 K/s [49], needed to
reach low crystallization temperatures, FSC [75] is used as an advan-
tageous tool for both calorimetric analysis of the stability of crystals and
sample preparation for classical methods of structure characterization,
in particular microscopy [76-78].
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2. Experimental
2.1. Material

A fully bio-sourced extrusion-grade PBS homopolymer from MCPP
Germany GmbH was used. The melt-flow rate of this polymer is 5 g/(10
min) (190 °C, 2.16 kg) [79] and its mass-average molar mass is 123
kg/mol [80]. The material was delivered in form of pellets and was
either processed to films, or used as-received for FSC sample prepara-
tion, as described below.

2.2. Film sample preparation

Selected crystallization routes were performed on film samples, for
the sake of confirming results obtained on samples prepared in an FSC. A
film-maker tool (Specac Ltd., Orpington, UK) in combination with a
heatable hydraulic press (LOT QD, Darmstadt, Germany) served for
preparing films with a thickness of 200 pm. PBS pellets were placed
between fiberglass coated/reinforced Teflon sheets, melted by heating
to 150 °C and then shaped to a film. Then, the PBS-film/Teflon sandwich
was either directly transferred from the die of the press into an oven
(Memmert GmbH, Biichenbach, Germany), pre-conditioned at 100 °C,
or quenched in cold water, to allow high- and low-temperature crys-
tallization, respectively. In both cases, different crystallization times
were realized, to evaluate the effect to secondary crystallization on the
structure. After crystallization, the film, which was prepared in the oven
at 100 °C, was rapidly cooled to room temperature, to hinder continu-
ation of ordering during cooling. The thermal history imposed to the
films was checked by inserting a K-type (chromel-alumel) micro-
thermocouple (Omega Engineering GmbH, Deckenpfronn, Germany)
into the film, to monitor the temperature-time profile during
compression-molding, crystallization and subsequent quenching, using
a fast OM-DAQXL-1-EU data logger (Omega Engineering GmbH, Deck-
enpfronn, Germany).

2.3. Instrumentation

Fast scanning chip calorimetry (FSC). A Flash DSC 1 (Mettler-Toledo,
Greifensee, Switzerland) was employed for preparation of PBS samples
subjected to well-defined crystallization protocols and for calorimetric
analysis of subsequent melting and crystal reorganization. The instru-
ment was coupled to an intracooler TC100 (Peter Huber
Kaltemaschinenbau SE, Offenburg, Germany), to allow sub-ambient
temperature operation and fast cooling. The sample compartment of
the FSC was purged with gaseous nitrogen at a flow rate of 35 mL/min.
Specimens with a typical mass of the order of magnitude of 150 ng were
placed at the center of the used UFS 1 chip sensors, where lateral tem-
perature gradients were proven negligible [81].

Preparation of specimens for FSC measurements included micro-
toming pellets to obtain sections with a thickness of around 8 pm, using a
steel-knife-equipped rotary microtome CUT 5062 (Slee medical GmbH,
Nieder-Olm, Germany), and subsequent reduction of their lateral size to
50-100 pm using a scalpel and an SMZ series stereomicroscope (Nikon
Europe BV, Amstelveen, The Netherlands). Further, general information
about FSC sample preparation and operation is reported elsewhere [82].

Atomic force microscopy (AFM). The crystal morphology of PBS
crystallized at different conditions was evaluated using a Dimension
FASTSCAN AFM (Bruker, Billerica, MA, USA) applying peak-force tap-
ping mode with a peak-force set point of 20 mV. Silicon nitride SCA-
NASYST-FLUID + sensors (Bruker, Billerica, MA, USA) with a nominal
spring constant and tip radius of 0.7 N/m and 2 nm, respectively, were
employed. Imaging of FSC samples required destruction of the UFS 1
sensor such to remove the ceramic frame from the Silicon nitride
membrane where the sample is located. As such, the sample-loaded UFS
1 sensor was first gently pressed with its backside on double-sided sticky
tape placed on a glass coverslip, and then the sensor membrane was cut
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using a sharp needle at its boundary to the ceramic frame. Afterwards,
the frame was removed and the sample, still on the sensor membrane,
remained on the tape, ready for imaging.

Polarized-light optical microscopy (POM). The micrometer-scale su-
perstructure of PBS crystallized in the FSC was monitored with an OPN-
184 POM (Kern & Sohn GmbH, Balingen, Germany) operated in
reflection mode using polarized light and crossed polarizers, with the
samples not detached from the sensor for imaging. A DFK 33UX252
camera served for imaging (The Imaging Source Europe GmbH, Bremen,
Germany).

The growth rate of PBS spherulites was analyzed using a DMRX
microscope (Leica, Wetzlar, Germany) in transmission mode, using a
THMS600 hotstage (Linkam, Tadworth, UK). Sections with a thickness
of 10 pm were prepared from the pellets with a CUT 5062 microtome
equipped with a tungsten carbide knife, and placed between crossed
polarizers for investigation. Images were obtained with a Motic camera
(Motic Europe, Barcelona, Spain).

Wide- and small-angle X-ray analysis (WAXS and SAXS). WAXS was
employed for gaining information about the perfection of crystals
forming at different crystallization temperature and to follow the evo-
lution of the crystallinity during secondary crystallization while SAXS
served for obtaining knowledge about crystal thicknesses as a function
of both the crystallization temperature and time (during secondary
crystallization). Experiments were performed in transmission mode
using a Retro-F laboratory setup (SAXSLAB, Copenhagen, Denmark) in
conjunction with a microfocus X-ray source (AXO Dresden GmbH,
Dresden, Germany) and an ASTIX multilayer X-ray optics (AXO Dresden
GmbH) as monochromator. We used CuKa radiation (wavelength 0.154
nm), and the diameter of the nearly circular beam was about 0.5 mm.
Different exposure times were used depending on the sample-detector
distance and sample type/size, and a 2D PILATUS3 R 300K detector
(DECTRIS Ltd., Baden, Switzerland) served for registration of the in-
tensity of scattered X-rays. Silver behenate was employed for calibration
of sample-to-detector distances. SAXS data were quantitatively evalu-
ated based on modeling the interface-distribution function [83-85],
yielding average thicknesses [. and [, of stacked crystal lamellae and
interlamellar amorphous regions, respectively.
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3. Results and discussion

3.1. Kinetics of non-isothermal and isothermal nucleation and
crystallization

In this work, the term low-temperature crystallization is applied for
temperatures lower than the temperature of maximum crystallization
rate, since then crystallization often involves homogeneous crystal
nucleation [43]. Pre-requisite for analysis of low-temperature crystalli-
zation of PBS is knowledge about the cooling-rate dependence of crys-
tallization, yielding information about the critical cooling rate above
which the temperature range of low-temperature crystallization is
reached without prior crystallization during cooling the melt. As such,
Fig. 1a (left plot) shows the enthalpy of crystallization of PBS as a
function of cooling rate, while Fig. 1b (right plot) shows pea-
k-/half-times of crystallization as a function of the crystallization tem-
perature, with the squares/triangles and circles representing data
obtained in this work and in the literature [49], respectively. Data are
close to each other, that is, the crystallization kinetics of the industrial
PBS homopolymer grade of the present study is similar to that of the
lab-made grade [49], which probably is also caused by similar molar
masses, as indicated in the legend, affecting in particular the crystal
growth rate of polymers [86-88]. As such, the critical cooling rate to
suppress crystallization is around 100 K/s, and crystallization is fastest
slightly above ambient temperature, with the material then crystallizing
within 1-2 s. Worth noting is the rather broad minimum of the crys-
tallization peak-/half-time, indicating the overlap of growth- and
nucleation-rate contributions. For many polymers, well-separated
maxima of crystal-growth- and homogenous-nucleation-rates yield
separated minima in the temperature-dependence of the total crystalli-
zation time [43,89], which, obviously, is not true for PBS, similar as in
the cases of, for example, PCL [90] or poly (ethylene terephthalate) [91,
92].

To shed further light into the temperature-dependence of the total
crystallization rate, rates of lateral crystal growth and of crystal nucle-
ation were measured. Fig. 2 shows linear spherulite growth rates,
interpreted as lateral crystal growth rate [93], as a function of temper-
ature. Though data obtained on PBS of different molar mass are avail-
able in the literature (see light-gray symbols) [16,94], confirming faster
growth for PBS of lower molar mass (see light-gray squares), it was our
primary goal to gather data at temperatures as low as possible, to
eventually observe the temperature of maximum growth rate. Despite
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Fig. 1. (a) Normalized enthalpy of crystallization as a function of cooling rate, and (b) peak-/half-time of crystallization as a function of the crystallization tem-
perature of PBS (right). Squares and triangles represent peak- and half-times of crystallization of two independent measurements in this work, respectively, while
circles represent data available in the literature [49]. Regarding the latter, y-axis scaling in the left plot is arbitrary since original data were not normalized.



R. Androsch et al.

N
T

w
I

This work; M,, =123 kDa
THOAR-OO—

o M, =150 kDa [16]
o M, =21kDa [94]

-

Spherulite growth rate (um/s)
o N
I 1

1 | 1 | | | 1
0 20 40 60 80 100 120
Crystallization temperature (°C)

Fig. 2. Spherulite growth rate of PBS as a function of temperature. Dark- and
light-gray filling of symbols indicates that data were obtained in this work, or
from the literature [16,94], respectively. Regarding the data obtained in this
study, different symbols represent different measurements, for demonstrating
the reproducibility of data.

being able to widen the temperature-range of existing experiments to-
ward lower temperature, from 70 °C [16] to 60 °C, the temperature of
maximum growth rate still was not reached, due to the relatively high
number of nuclei and fast filling of space initially not covered by
spherulites. However, the data suggest that the temperature of
maximum growth rate is well below 60 °C.

Estimation of the kinetics of crystal nucleation included analyses of
the effects of cooling rate and of temperature, following Tammann’s
two-stage crystal nuclei development method [95]. Regarding cooling
rate, the data of Fig. 1 provided evidence that cooling the isotropic melt
of PBS faster than about 100 K/s suppresses crystal formation. However,
even if the melt is cooled faster than 100 K/s, then homogeneous crystal
nuclei may form with their number depending on the cooling rate. In
analogy to experiments performed on PA 11 [96] and PCL [97,98], PBS
was subjected to a wide range of cooling and heating rates in the FSC, to
analyze non-isothermal cold-crystallization as a measure of the nuclei
number formed in the preceding cooling step. Fig. 3a shows the total
enthalpy-change (top sets of data) and the enthalpy of
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cold-crystallization (bottom sets of data) of PBS during heating at
different rates (see legend) as a function of the rate of prior cooling, and
Fig. 3b shows the enthalpy of cold-crystallization at an enlarged scale.
The total-enthalpy change during heating PBS cooled at different rate
(left plot, top part) is equivalent to the data of Fig. 1a, revealing that
cooling faster than 100 K/s suppresses crystallization, and that primary
and secondary crystallization occur on cooling slower than 100 and 10
K/s, respectively, as concluded from the change of slope of the data sets.
Furthermore, the total-enthalpy change is independent of the applied
heating rate since this quantity probes the crystallinity before heating.

The bottom part of the left plot as well as the right plot in Fig. 3 show
the enthalpy of cold-crystallization during heating at different rates as a
function of the prior cooling rate. The observed cooling-rate dependence
of the cold-crystallization enthalpy reveals four ranges (I-IV, see right
plot), which in the following are explained on the example of the data
measured on heating at a rate of 150 K/s. In the cooling-rate range,
which allows completion of primary crystallization, that is, after cooling
at rates lower than about 10 K/s, distinct cold-crystallization on heating
is absent (range I). If primary crystallization during cooling is incom-
plete, as evident for the cooling-rate range from 10 to 100 K/s (range II),
then subsequent heating allows continuation of primary crystallization
process by cold-crystallization, enhancing with cooling rate up to 100 K/
s due to the increasing amorphous fraction and a sufficient number of
nuclei available for crystallization. If the cooling rate is increased
further, then, however, decreases the cold-crystallization enthalpy
(range III, see arrow) being caused by a lowering of the number of ho-
mogeneous crystal nuclei forming during the cooling step. Finally,
cooling at rates in range IV has no effect on the cold-crystallization
enthalpy on heating, pointing to crystallization initiated by perma-
nently present, heterogeneous crystal nuclei [96-98]. Inspection of the
heating-rate dependence of the cold-crystallization process reveals that
cold-crystallization is completely suppressed on heating faster than
about 500 K/s, enhances on lowering the heating rate from about 500 to
100 K/s, and is then again independent on the heating rate if being lower
than 100 K/s. This behavior reflects the kinetics of crystal growth, as,
regardless of the number of nuclei, fast heating inhibits their growth and
slow heating even allows completion of crystallization without the need
of prior formation of homogenous nuclei during cooling. Main result of
the experiment described with Fig. 3 is the observation of a critical
cooling rate of about 2000 K/s, needed to suppress formation of ho-
mogenous crystal nuclei.

The above-described experiments provided information about the
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Fig. 3. (a) Total-enthalpy change (left plot, top sets of data) and enthalpy of cold-crystallization (left plot, bottom sets of data) of PBS during heating at different rates
(see legend) as a function of the rate of prior cooling. Note that cold-crystallization on heating at 1000 K/s, or faster, is not observed, with the corresponding data
(zero cold-crystallization enthalpy) not shown in the lower panel. (b) Enthalpy of cold-crystallization as a function of cooling rate at an enlarged scale.
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critical rates of cooling below which crystallization and crystal nucle-
ation occur. However, the applied experimental protocols do not yield
information about the temperature range of crystal-nuclei formation if
the melt is cooled at rates which allow nucleation but suppress crys-
tallization; note that the temperature-range of crystallization typically is
determined by direct analysis of exothermic crystallization peaks in the
cooling scans, while nuclei formation does not cause measurable heat
flow during cooling. To obtain knowledge about the temperature range
of crystal-nuclei formation during cooling, a rather unconventional
thermal analysis protocol is applied, shown in Fig. 4a. As such, the melt
was cooled at rates of 500 and 1000 K/s —allowing crystal nucleation
but suppressing crystal growth— to different minimum temperatures of
the cooling step (see blue segment), serving as parameter of the exper-
iment. The number of nuclei forming during cooling is then analyzed as
a function of the minimum temperature, by as-fast-as-possible transfer
to the growth stage of 70 °C to avoid further structural changes during
heating [99-102], and measurement of the enthalpy of
cold-crystallization for pre-defined times of 0.5 and 1 s. A similar
strategy of analyzing the temperature-range of non-isothermal crystal
nucleation has been reported for slowly crystallizing PLLA, using con-
ventional DSC [103], however, is applied here for PBS, using FSC.

Fig. 4b shows in the top part enthalpies of crystallization at 70 °C for
0.5 and 1 s as a function of the minimum temperature, with samples
cooled either at 500 or 1000 K/s. The data reveal a major increase of the
crystallization enthalpy, that is, of the nuclei number during prior
cooling, on decreasing the minimum temperature of the cooling segment
to below about 50 °C. The increase turns into a plateau and at minimum
temperatures lower than about —20 °C, the nuclei number remains
constant. In other words, at temperatures lower than —20 °C, crystal
nuclei do not form anymore when PBS was subjected to cooling at 500 or
1000 K/s. Data are further quantified by fitting them with sigmoidal
functions (see lines) and calculation of their first derivatives, shown in
the bottom part of Fig. 4b. The observed maxima, all located between
about 5 and 20 °C, are interpreted as temperatures of maximum
nucleation rate. As expected, the plateau-crystallization enthalpy is
larger in case of the longer growth stage (see top data), however, with
the reason for the slight shift of the upturn of the enthalpy of crystalli-
zation (including the maxima in the first-derivative curves) by about
10-15 K to lower minimum temperatures in case of the shorter growth
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stage not clear yet. In addition, using a lower cooling rate causes an
increase of the plateau-enthalpy of crystallization, and also a minor shift
of the obtained data sets to lower minimum temperatures, both due to
the time- and therefore cooling-rate-dependence of the nucleation pro-
cess. In summary, the experiment of Fig. 4 provides information that
homogeneous crystal nucleation seems fastest between about 5 and 20
°C, about 40-50 K higher than Tj.

Finally, regarding analysis of the kinetics of nucleation, character-
istic nucleation times were estimated for temperatures between —50 and
0 °C, with the experimental protocol shown in Fig. 5a. The melt was
cooled at 5000 K/s to the nucleation temperature, annealed for different
times, and then transferred to the growth temperature of 70 °C to allow
crystallization for a pre-defined time of 0.5 s. The effect of the nucleation
time on the crystallinity, in units of a change of the enthalpy, shows
Fig. 5b. The data reveal begin of nucleation at —50 °C after about 50 s
and a decrease of the nucleation onset time with temperature. At 0 °C,
nucleation begins already within 0.01 s. It is worth noting that at all
analyzed temperatures, short after beginning of nucleation, crystalliza-
tion/growth occurred, limiting the time-range of analysis of the nucle-
ation kinetics and observation of half-times. For example, at 0 °C, the
crystallization half-time is around 1 s (see Fig. 1b), and therefore Fig. 5b
only contains data of samples annealed for shorter time up to 0.5 s.
Furthermore, it is emphasized that the experiment of Fig. 5 only probed
formation of nuclei with a size allowing for growth at 70 °C, while
smaller nuclei may have been destroyed during their fast transfer at
5000 K/s to the growth stage.

The estimation of the temperature-dependence of characteristic
nucleation times of PBS with the experiment of Fig. 5 is in agreement
with the non-isothermal tests of Fig. 4. Both experiments suggest a
maximum nucleation rate at a temperature higher than 0 °C, with nuclei
formation beginning within few milliseconds. A similar conclusion of
fast homogenous nuclei formation close to ambient temperature was
derived in an independent work about crystallization of PBS nano-
composites where heterogeneous nucleation by the nanofillers was
outpaced by homogenous nucleation at temperatures lower than 10 °C
[49]. Fig. 6 summarizes characteristic times of both nucleation and
crystallization of PBS as a function of temperature, which in addition
reveals information that the kinetics of nucleation is not affected by the
glass transition. Data observed below and above Ty fit a single
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Fig. 4. (a) Temperature-time profile for analysis of non-isothermal nuclei formation in PBS during cooling at 500 and 1000 K/s to a minimum temperature between
—80 and 70 °C using an isothermal nuclei-development stage in Tammann’s method. (b) Enthalpy of isothermal cold-crystallization at 70 °C for 0.5 s (circles) and 1 s
(squares) as a function of the minimum temperature of the nucleation stage, after cooling the melt at 500 and 1000 K/s (top), and first derivatives of their sigmoidal

fits (bottom).
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relationship, suggesting that the length scale of molecular mobility
required for nuclei formation is shorter than the length scale of the main
glass transition, confirming results of an earlier study of nucleation in
polyamide 6 [104].

3.2. Crystal morphology and superstructure

To date, information about the crystal morphology and superstruc-
ture of PBS are only available for samples crystallized well above
ambient temperature, revealing formation of lamellae [21,22,105], and
of spherulites [18,20,22,49,105-108]; only in a single study spherulitic
growth at 25 °C was detected [109]. For this reason, in the present work,
PBS was subjected to low-temperature crystallization in an FSC, with
this instrumentation needed to bypass any high-temperature nuclea-
tion/crystallization on cooling the melt to the temperature of interest.
Fig. 7 shows in the left part the temperature-time profile for crystalli-
zation of PBS at 40 °C (red segment) and —30 °C (blue segment). In both
cases, crystallization was performed for 5000 s, assuring completion of
the primary crystallization process (see also Fig. 1b). After the crystal-
lization step, samples were either cooled from 40 °C at 2000 K/s or

Fig. 7. FSC temperature-time profiles for preparation of PBS samples for microscopic observation of their micrometer-scale morphology after crystallization for
5000 s at 40 °C (red segment) and —30 °C (blue segment) (left). The left and right images show the POM structure of FSC samples of PBS crystallized at —30 and 40
°C, respectively, with the inset in the left image serving to illustrate the small size of birefringent objects. The polarizer directions are parallel to the image borders.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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heated from —30 °C at 1 K/s to room temperature, for microscopic
observation. It is not expected that the sample which was crystallized at
40 °C changes its micrometer-scale morphology during cooling, as
melting and melt-recrystallization will only occur on heating; at best,
insertion crystallization may occur [59-61]. For PBS crystallized at —30
°C, similarly, only local-scale reorganization during slow heating may
occur. Therefore, to avoid global melting and melt-recrystallization, a
rather low heating rate of only 1 K/s is selected, not affecting the
structure at the micrometer length scale. The left and right images of
Fig. 7 show the POM microstructure of PBS crystallized at —30 and 40
°C, respectively, revealing qualitatively different morphologies. Crys-
tallization at 40 °C started from few nuclei, which are few ten pm distant
from each other, leading to the expected spherulitic morphology.
Crystallization at —30 °C, followed by slow heating to room tempera-
ture, in contrast, yields a non-spherulitic though not featureless struc-
ture in the POM analysis. There are detected numerous birefringent
objects/heterogeneities, which presumably are clusters of parallel ori-
ented crystals, with the cluster size being of the order of magnitude of 1
pm or less. Such structure after crystallization near Ty is different from
the featureless POM images, observed, for example, for iPP, PA, PCL, or
poly (butylene terephthalate) (PBT) [40,74,110,111], and points to
either a lower density of homogenous nuclei in PBS, or a high tendency
of aggregation/merging of initially smaller domains, as suggested for
poly (i-lactic acid) [100].

Information about the crystal morphology of PBS crystallized at
different temperatures is provided with the AFM images of Fig. 8,
showing the structure after crystallization at —30, 0, 40, and 60 °C (from
left to right) at different length scales. As in case of the POM analyses,
samples were prepared in an FSC, and red and blue coloring of the
crystallization-temperature label indicates that crystallization is
assumed being initiated by homogenous and heterogeneous nuclei,
respectively, similar as in Fig. 7. Crystallization at 40 and 60 °C led to
growth of large spherulites, which advantageously are seen with the two
top-row images, showing spherulite boundaries, while at the nanometer
length-scale long lamellae are detected. In contrast, crystallization at
0 and —30 °C does not allow formation of large spherulites rather than
formation of domains with a size less than a micrometer, decreasing in
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size and distance between neighbored entities with decreasing crystal-
lization temperature. This observation is in agreement with the left POM
image of Fig. 7, which also suggested presence of domains with a similar
size. In addition, the two left lower-row images in Fig. 8 provide
important information that also low-temperature crystallization via
homogenous nucleation ultimately (after heating to room temperature
and long-term annealing) yields laterally extended objects, either grown
directly or formed by aggregation of initially smaller domains.

3.3. Secondary crystallization of low-temperature crystallized PBS

The relatively fast initial growth of polymer crystals in an isotropic
melt and the formation of a space-filled superstructure, often denoted as
primary crystallization, may be followed by slower secondary crystal-
lization, involving, for example, isothermal thickening of lamellae or
formation of smaller crystals in amorphous structures not occupied by
the initially grown primary lamellae on cooling [112-120]. Secondary
crystallization in PBS has been suggested valid by analysis of the crys-
tallization kinetics [121] or of the complex melting behavior [17].
Specifically, it has been found that secondary crystallization in PBS
proceeds by insertion crystallization —at least during cooling— but not
by distinct lamellar thickening [26,58], at least for systems containing
crystals formed during primary crystallization at high temperature of
100 °C. In addition, it is worth noting that isothermal crystallization of
PBS only produces crystals with a single melting temperature [28,50],
that is, crystals of identical stability/size, suggesting absence of insertion
crystallization at the temperature of primary crystal growth. In the
present study, the initial works reported above are expanded towards
analysis of secondary crystallization of PBS after low-temperature pri-
mary crystallization.

For illustration of calorimetric detection of secondary crystallization
in PBS, Fig. 9a shows FSC heating scans of PBS isothermally crystallized
at 20 °C (top set of curves, gray/blue) and 100 °C (bottom set of curves,
gray/red), for different time, covering both primary crystallization (gray
curves) and secondary crystallization (blue/red curves). Note that in
case of crystallization at 20 °C, samples were cooled to —80 °C before
heating, while in case of crystallization at 100 °C, samples were heated

Fig. 8. AFM images of PBS crystallized at —30, 0, 40, and 60 °C (from left to right), prepared by FSC. The upper and lower row images show the structure at the
micrometer and nanometer length scales, respectively. Since quantification of the dimensions of structural features (for example the lamellar thickness) is not
attempted, both height and error images are employed for qualitative evaluation of morphologies.
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Fig. 9. (a) FSC heating scans of PBS, isothermally crystallized at crystallization temperatures (T,) of 20 and 100 °C for different time. (b) Enthalpy of crystallization
as a function of the crystallization time, obtained by analysis of the change of enthalpy during heating.

immediately after the crystallization step. Furthermore, crystallization
at 20 °C started from a melt initially not containing homogenous nuclei,
achieved by fast cooling the system from 150 to 20 °C. In contrast, in
case of crystallization at 100 °C, an additional nucleation step at 0 °C,
lasting 1 s (see also Fig. 6), was included to speed up the crystallization
process at 100 °C and to assure reproducibility of the crystallization
kinetics. This way, stochastic and non-reproducible high-temperature
crystallization in the small FSC sample, related to the low nuclei number
when low-temperature nucleation is omitted, can be overcome.

Inspection of the heating curve of PBS annealed at 20 °C for 0.001 s
(dark gray curve), being fully amorphous, reveals the glass transition at
—30 to —35 °C, which is followed on further heating by a shallow cold-
crystallization event —due to the low heating rate of 200 K/s— and a
small melting peak. With increasing annealing/crystallization time,
first, both the cold-crystallization- and melting-peaks increase in area
due to additional formation of nuclei at 20 °C, though crystals are not
forming at this temperature yet. Crystal formation at 20 °C is only
detected after about 1-2 s, by the decrease of the heat-capacity step at T
and the evolution of an endothermic (melting) peak slightly above the
crystallization temperature T,. In the early stage of crystallization, up to
about 3 s, this peak is difficult to detect, caused by immediate
exothermic melt-recrystallization leading to crystals of higher melting
temperature. Superposition of melting and melt-recrystallization in FSC
heating curves has been illustrated in the literature (Fig. 9 in Ref. [122]),
with these two events resolvable by heating faster than a critical rate to
suppress recrystallization, in case of PBS at least 20,000 K/s [50]. As will
be discussed below, during secondary crystallization (blue curves) the
low-temperature melting peak increases in position and area with the
time of crystallization, while the high-temperature melting peak is un-
affected. Heating of PBS crystallized at 100 °C, without intermediate
cooling, and therefore avoiding similar nucleation-related exo- and
endothermic events at lower temperature, reveals a single melting peak,
scaling in area with crystallization time. Further details about melting
and reorganization of PBS crystals formed at 100 °C, not relevant here,
are reported elsewhere [28,32].

By analysis of the change of enthalpy during heating of samples
crystallized for different time, enthalpies of crystallization are obtained
which then are plotted as a function of the crystallization time in Fig. 9b.
The data reveal for both crystallization temperatures at first a fast in-
crease of the crystallinity and then a slower process, indicative of pri-
mary and secondary crystallization, respectively, with the secondary-

crystallization contribution to the overall crystallization enthalpy indi-
cated by shading. Estimation of the sample mass by comparing the
measured, absolute value of the heat-capacity increment at T; on heat-
ing fully amorphous PBS (see dark gray curve in the top curve set of
Fig. 9a) with the mass-normalized expected value of 0.51 J/(g K) [58,
123] yields crystallization enthalpies of 55 and 69 J/g after completion
of primary crystallization at 20 and 100 °C, respectively. These values
allow an estimation of the crystallinity at the end of the
primary-crystallization step by normalizing them with the bulk enthalpy
of melting of 200 J/g [12], yielding about 28 and 35% for crystallization
at 20 and 100 °C, respectively. Whether the obtained difference of
enthalpy-based crystallinities is caused by different crystal fractions or
by different degree of order —implying different bulk enthalpy of
melting— is unknown.

A further example of FSC analysis of secondary crystallization of PBS
is provided with the heating scans of Fig. 10, focusing on the shift of the
melting temperature of (non-reorganized) crystals formed at 0 °C
(Fig. 10a, left column) and 60 °C (Fig. 10b, right column) with crys-
tallization time. The top, center, and bottom plots show the melting
peaks at different temperature resolution, and, in analogy to Fig. 9, gray
and blue/red coloring of curves indicates again crystallization-time
ranges of primary and secondary crystallization, respectively. In both
cases, crystallization at 0 and 60 °C, double melting due to crystal
reorganization during heating at 1000 K/s is detected, however, with
the low-temperature melting peak —associated to melting of non-
reorganized crystals— showing a distinct dependence of the melting
temperature on the crystallization time. This observation is in contrast
to the high-temperature peak, which stays constant in temperature since
the structure of reorganized crystals is only controlled by the heating
rate. Closer inspection of the onset of melting of non-reorganized crys-
tals (see center and bottom panels) reveals that the melting temperature
only increases during secondary but not primary crystallization (see
gray curves, for which the left flank remains unchanged in position). The
increase of the melting temperature during secondary crystallization,
however, appears depending on the crystallization temperature, which,
in the examples of Fig. 10, is indicated for similar annealing times with
the gray bar in the bottom plot. As such, for PBS crystallized at 0 and 60
°C, the extrapolated onset of melting of non-reorganized crystals, as
illustrated with the tangent construction and arrows in the bottoms
plots, shifts within, roughly, two decades (10'-103 s) of crystallization
time by around 7 and 5 K, respectively, suggesting a larger increase for
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Fig. 10. FSC heating scans of PBS, isothermally crystallized at 0 °C (al-a3) (left column) and 60 °C (b1-b3) (right column) for different time up to 1000 s. Gray and
blue/red coloring indicate time ranges of primary and secondary crystallization, respectively. From top to bottom, the plots show heating scans in different tem-
perature ranges, or stacked, for improved illustration of the estimation of extrapolated onset temperatures of melting, respectively. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article.)

low-temperature crystallized PBS. Important to note, secondary crys-
tallization at the temperature of primary crystallization does not pro-
duce a second crystal population of different size/stability and therefore
different melting temperature, confirming that the melting-temperature
increase is related to a change of the structure formed during primary
crystallization.

The experiments of Figs. 9 and 10 represent examples only, with
similar data collected in a wide crystallization-temperature range be-
tween —20 and 95 °C. Extrapolated onset temperatures of melting of PBS
are then plotted as a function of crystallization time within the time-
range of secondary crystallization, exemplarily shown with Fig. 11a.
The observed increase of the melting temperature (T;,,) seems linear with
the logarithm of the crystallization time, with such time law often
applied to describe the kinetics of secondary crystallization [60,
124-127], though also alternative relations are reported [128]. Note
that a detailed analysis of the functional relationship between Ty, and
crystallization time is beyond the scope of this study, which is also
related to the limited time range available for monitoring of annealing

effects in the FSC (up to 10,000 s in the present work).

Though difficult to recognize by naked-eye inspection, the increase
of Ty, with the time of secondary crystallization is larger on crystalli-
zation at lower temperature, which is illustrated with the gray lines in
the lower part of the Figure, comparing the increases/slopes at —10 and
80 °C. Quantitative information about the increase of the onset melting
temperature per decade crystallization time during secondary crystal-
lization as a function of the crystallization temperature is provided with
Fig. 11b, with the different symbols representing data obtained from FSC
heating curves recorded using rates between 20 and 1000 K/s, as indi-
cated in the legend. The reason behind using different heating rates for
measurement of melting temperatures is the attempt to exclude errors by
different superheating behaviors of crystals formed at different tem-
peratures, caused by possible changes of the melting kinetics [129-132].
Instrumental-thermal-lag errors, in contrast, are negligible due to the
low heating rates used and the rather low mass of samples [133-135].

The data of Fig. 11b suggest a decrease of the increase of the melting
temperature per unit of time of secondary crystallization with increasing
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Fig. 11. (a) Extrapolated onset temperature of melting of PBS crystallized at temperatures between —20 and 80 °C as a function of crystallization time, covering the
time-range of secondary crystallization. From bottom to top, the different data sets were obtained after crystallization at —20, —15, —10, -5, 0, 5, 10, 15, 20, 30, 40,
50, 60, 70, and 80 °C. (b) Increase of the change of the onset melting temperature per decade crystallization time during secondary crystallization as a function of the
crystallization temperature. Data were obtained from FSC heating curves as exemplarily shown in Fig. 10, recorded using different rates, as indicated in the legend.
Zero-heating-rate melting temperatures (star symbols) were obtained by extrapolation of sets of melting temperatures measured at different rates, yielding zero-
entropy melting temperatures Tr, zgp. The line is drawn as a guide for the eye only and is not based on a fit or model.

crystallization temperature. For low crystallization temperatures,
slightly above the glass transition, the melting temperature increases by
more than 3 K/decade crystallization time, while it approaches a value
well below 1 K/decade crystallization time at temperatures higher than
90 °C. Qualitatively, it appears that rather large crystals formed at
higher temperature are less prone for secondary crystallization than
small crystals formed at lower temperature, with the assumed size-
dependence of crystals on the crystallization temperature based on the
Hoffman-Lauritzen theory of crystallization [93,136]. Confirming this
assumption, extrapolation of the observed dependence toward higher
crystallization temperature (see dash line) suggests that equilibrium
crystals of infinite size, hypothetically forming at Ty, o of around 130 °C
[11,12,15-17] cannot stabilize further. The data of Fig. 11b also reveal
that variation of the heating rate does not affect the estimation of in-
cremental increase of T, with the time of secondary crystallization. Note
that determination of zero-entropy production melting temperatures
(Tm,zep) [29,129,137] requires extrapolation of experimentally
observed melting temperatures, measured at different rates, toward zero
heating rate and was only applied for selected crystallization tempera-
tures (see star symbols), in analogy to earlier studies of Ty, zgp of PBS
[28,50].

In general, the increase of the melting temperature of crystals during
secondary crystallization relates to changes of their structure (bulk
crystal properties) or their morphology (size, habit, surface structure), as
may conveniently be discussed with the Gibbs-Thomson equation
(Equation (1)) [137-139]:

0. 0.0
l. a b

In equation (1), T, and Tp, o are the experimentally observed melting
temperature and equilibrium melting temperature, respectively, Ahp o is
the bulk enthalpy of melting, L, a, and b are the thickness and the lateral
dimensions of the lamellar crystal, respectively, and o, and ¢ are their
fold-surface- and lateral-surface-free energies, respectively. Changes of
the internal (bulk) structure of crystals during secondary crystallization
will cause an increase of both Ty, ¢ and Ahy, o, for example, when slowly
transforming a disorder polymorph into a defect-free crystal; a promi-
nent example for such scenario is the - to a-crystal transformation on

Ty =Tno {1 (€8]

a Ahm.O

10

long-term annealing of PLLA at elevated temperature [140-144]. For a
crystal, which does not change its bulk properties on secondary crys-
tallization, increases of the melting temperature may then be caused by
an increase of its volume-to-surface ratio and/or decrease of the surface
free energies. Since the lateral dimensions (a, b) of a lamella are much
larger than its thickness (I.), and since the free energy of the fold surface
(oe) is higher than that of the lateral crystal faces (o) [145,146], the last
two terms in equation (1) often are omitted, and melting-temperature
increases are then discussed being related to lamellar thickening only.
In the following section, to identify the reason for the observed increase
of the melting temperature of low-temperature crystallized PBS during
secondary crystallization, the time dependencies of the bulk crystal
structure and lamellar thickness are evaluated.

3.4. Crystal structure and absence of lamellar thickening of low-
temperature crystallized PBS during secondary crystallization

Fig. 12a shows WAXS patterns, intensity as a function of the scat-
tering angle 20, of PBS crystallized for a period of about 24 h at 100 °C
(red curve) and 20 °C (blue curve), with the strong peaks of the sample
crystallized at 100 °C indexed based on crystal-structure information
available in the literature [24]. Assignment of weak peaks to specific
(hkl) is difficult and therefore omitted. Comparison of the X-ray patterns
of PBS crystallized at 100 and 20 °C reveals for the latter case less and
broader peaks, indicating the formation of imperfect and smaller crys-
tals [147]. In addition is detected a shift of the peaks to lower scattering
angles, suggesting an increase of the unit-cell dimensions, at least in
cross-chain direction. Further, in-depth conclusions such as whether the
low-temperature structure is a specific polymorph forming below a
critical temperature, as in PLLA [68,69,148], or whether there is a
continuous increase of the degree of disorder with decreasing crystalli-
zation temperature, as suggested in an earlier work [17], however,
cannot be drawn since requiring more dedicated experiments, out of
scope here.

Important for discussion of the increase of the melting temperature
of low-temperature crystallized PBS during secondary crystallization
(see Fig 11), Fig. 12b shows the evolution of WAXS patterns of PBS
crystallized at 20 °C during annealing up to 1440 min (24 h). In detail, a
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Fig. 12. (a) WAXS patterns, intensity as a function of the scattering angle 26, of PBS crystallized at 100 °C (red curve) and 20 °C (blue curve). Indexing is based on
crystal-structure information available in the literature [24]. (b) WAXS patterns of PBS crystallized at 20 °C for different periods up to 1440 min (24 h) during
secondary crystallization. The inset shows the increase of the maximum intensity of the 110 peak at an enlarged scale during annealing. All measurements were
performed on film samples at 20 °C. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

PBS film was quenched to ambient temperature faster than 100 K/s and
immediately transferred into the X-ray device. Data collection started
after about 300 s, that is, well after completion of primary crystallization
(see Figs. 1b and 9b), and the first WAXS pattern was observed after
about 600 s. Within 24 h, a total of 45 measurements was performed,
with the obtained curves stacked on top of each other. The overview-plot
does not reveal qualitative changes of the structure during secondary
crystallization, as the number, angular position, and width of the scat-
tering peaks remains unchanged. Close inspection of the evolution of the
maximum intensity of the peaks, however, suggests an increase of the
crystallinity during secondary crystallization, as is illustrated with the
inset in Fig. 12b, showing the increase of the maximum intensity of the
110 peak at an enlarged scale (see vertical arrow). This result is in
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agreement with the data of Fig. 9b, which proved an increase of the
enthalpy-based crystallinity by about 5%, equivalent to an increase of
the enthalpy of crystallization from about 55 J/g at the end of primary
crystallization to (extrapolated) 65 J/g after 24 h annealing. Regarding
the large increase of the melting temperature during secondary crys-
tallization (2-3 K/decade crystallization time), referring to the Gibbs-
Thomson equation (Equation (1)), the X-ray data rule out that it is
caused by changes of both Ty, o and Ahp, , as in that case a change of the
crystal structure/unit cell would have been expected. In other words, the
observed increase of the melting temperature is caused by changes of the
size of crystals and/or their surface free energy.

For high-temperature crystallization, lamellar thickening has been
excluded as a mechanism of secondary crystallization [26], however, for
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Fig. 13. (a) SAXS patterns, intensity as a function of the scattering vector, of PBS crystallized at 20 °C for different periods up to 1430 min (about 24 h) during
secondary crystallization. (b) Amorphous (circles) and crystal (squares) layer thicknesses of PBS crystallized at 20 (blue) and 100 °C (red) for different time during
secondary crystallization. The lines are guides to the eye only, and light- and dark-gray-filled blue symbols represent measurements performed on different samples.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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low-temperature crystallized PBS, information about absence of crystal
thickening during long-term annealing at the temperature of primary
crystallization is not yet available. For this reason, SAXS measurements
were performed, using identical samples as employed for WAXS analysis
(see Fig. 12). Note that SAXS and WAXS patterns were recorded alter-
nately, with the exposure time reduced for the first 10 (out of the total
45) measurements, to monitor secondary crystallization at shorter time
increments in the early stage of secondary crystallization, causing,
however, slightly increased noise of raw data. Fig. 13a shows SAXS
patterns, intensity as a function of the scattering vector, of PBS crys-
tallized at 20 °C for different periods up to 1430 min (about 24 h) during
secondary crystallization, with the curves stacked on top of each other.
By visual inspection, it appears that SAXS data are independent of the
crystallization time, with the position and intensity of the observed
long-period maximum unchanged. Quantitative evaluation of the SAXS
curves provides information about the thickness of the amorphous and
crystal layers, shown with the blue symbols/lines as a function of the
crystallization time during secondary crystallization in Fig. 13b. In
addition, for comparison, Fig. 13b also contains data observed on films
annealed at 100 °C (red symbols/lines). The thickness L. of the crystal-
line lamellae forming at 20 and 100 °C is around 3.8 and close to 6.1 nm,
respectively, and does not show, in both cases, an increase during sec-
ondary crystallization. Therefore, lamellar thickening is not a valid
mechanism of secondary crystallization in PBS crystallized at low tem-
perature, and the increase of the melting temperature during secondary
crystallization must be caused by a change of the size of crystals in
lateral direction. Furthermore, the experiment of Fig. 13 suggests that
intracrystalline chain diffusion, proven absent for lamellae formed at
high temperature [26], is not largely affected by the thickness of crys-
tals, at least in the specific case of PBS.

Rough estimation of the linear, volume-based crystallinity [149]
yields values of about 40 and 48% for PBS crystallized at 20 and 100 °C,
respectively, almost independent of the crystallization time. With the
knowledge of the densities of the crystalline and amorphous phases,
1.34 and 1.18 g/cm® [12,26], respectively, mass-based crystallinities of
about 43 and 52% are observed after crystallization at 20 and 100 °C
from the SAXS data, allowing a comparison with enthalpy-based values
obtained by calorimetry (see Fig. 9b). For the latter, crystallinities of 28
and 35% were observed after crystallization at 20 and 100 °C for about
24 h, respectively, with these values being distinctly lower than detected
by SAXS. The reasons are manifold and briefly discussed as follows,
separately for crystallization at 100 and 20 °C.

Regarding crystallization at 100 °C, recently it was found that crys-
tals formed at high temperature may have a lower bulk enthalpy of
melting (Ahpm o) of 183 J/g [26] instead the earlier suggested values of
200 J/g [12], 210 J/g [15], or 213 J/g [150]. Recalculation of the
DSC-crystallinity using the lower value of 183 J/g, however, would yield
an only slightly higher value of still lower than 40%, thus not providing
an explanation of the observed difference between SAXS- and
DSC-crystallinities. SAXS data were obtained at ambient temperature,
while the DSC-crystallinity holds for the temperature of crystallization
of 100 °C. Reversible lamellar thickening [151,152] on cooling PBS after
high-temperature crystallization, which would cause an increase of the
crystallinity, is excluded since PBS crystals are classified as crystal-fixed
[26,153]. However, a major increase of the crystallinity is expected to
occur by insertion crystallization on cooling [58], with nuclear magnetic
resonance spectroscopy data suggesting an increase of the crystallinity
on cooling PBS from 100 to 30 °C by a factor of 1.4 [26]. Such increase of
the crystallinity on cooling provides a straightforward explanation of the
observed difference between SAXS- and DSC-crystallinities.

Regarding crystallization of PBS at 20 °C, the obtained crystallinity
values of 28 and 43% measured by calorimetry and SAXS, respectively,
hold both for ambient temperature, that is, the discrepancy cannot be
explained by cooling-controlled insertion crystallization. Similar as
described above, there exists uncertainty regarding calculation of the
enthalpy-based crystallinity since the (unknown) bulk enthalpy of
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melting of crystals containing defects is expected lower than was used
for the calculation (200 J/g). As an analogue, for disorder crystals of
PLLA, showing similar absence of selected diffraction peaks, and slight
enlargement of the unit cell (see Fig. 12a), compared to the regular
crystal structure [69], the bulk enthalpy of melting is about 25% lower
[143,154,155]. In addition, a minor error in the calculation of the
enthalpy-based crystallinity may be introduced by not considering the
temperature-dependence of the bulk enthalpy of melting. Perhaps more
important, the rather high SAXS crystallinity may also indicate presence
of semicrystalline structure outside lamellar stacks in which the local
crystallinity is lower than is probed with the linear stack model.

3.5. Rigid amorphous fraction in low temperature-crystallized PBS

There is an ongoing debate whether so-called annealing peaks in DSC
heating scans of semicrystalline polymers, subjected to annealing above
Tg, are caused by melting of crystals [58], or by relaxation of a glassy
rigid amorphous fraction (RAF) [156-160], with the latter also sug-
gested for PBS [51] and its family member poly (hexamethylene succi-
nate) [161]. Since the FSC heating scans obtained after low-temperature
crystallization of PBS show multiple endothermic peaks (see Figs. 9a and
10a), it is attempted ruling out interpretation of the low-temperature
event being caused by relaxation of amorphous structure rather than
assigning it to melting of originally formed crystals. Fig. 14 shows two
FSC scans, recorded on heating PBS melt-crystallized at 20 °C for
different time of 0.001 s (gray curve) and 10 s (blue curve), using a rate
of 200 K/s. Annealing the supercooled melt at 20 °C for 0.001 s does not
allow formation of crystals and the sample remains fully amorphous.
The corresponding heating scan, recorded after cooling the sample to
—80 °C, then shows the glass transition/devitrification slightly below
—30 °C, indicated with the step-like increase of the heat capacity when
turning the structure from solid to liquid [162,163]. Isothermal
annealing of PBS at 20 °C for 10 s, in contrast, permits completion of
primary crystallization (see Figs. 1b and 9b) and, therefore, in the

Crystallization temperature 20°C
Sample mass 162 ng
Heating rate 200 K/s

> 0.02 pJ/K Tc
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Fig. 14. FSC heating scan of fully amorphous PBS (gray curve) and PBS crys-
tallized at 20 °C for 10 s (blue curve). The dotted gray lines indicate the heat
capacity of fully liquid and solid PBS (Cj, 1iquia and Cj,solid, respectively), linearly
extrapolated to temperatures where experimental data are not available. The
blue dotted lines, labeled C, 259 sotia and Cj, 439 solid> represent the heat capacity
above Ty expected for PBS containing 25 and 43% solid fraction. The heating
rate was 200 K/s, and the crystallization temperature (T,) is indicated with the
gray vertical arrow. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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subsequently recorded heating scan, the heat-capacity step at Ty is
reduced due to the presence of solid crystals. FSC and SAXS analyses (see
Figs. 9b and 13b) suggested crystal fractions of 25% (considered as
lower limit due to uncertainty regarding the used bulk enthalpy of
melting for calculation, and the proven presence of disorder crystals, Fig
12a) and 43% (considered as upper limit if not taking into account
semicrystalline structure outside lamellar stacks), respectively. With a
remaining amorphous fraction of 57-75%, however, a much larger than
observed heat-capacity step is expected at Ty. In fact, the FSC data
suggest that only about 30% of the total structure is devitrified at the end
of the glass transition, at around —20 °C, and that about 70% remained
solid. This mismatch typically is explained by the presence of
not-yet-devitrified (rigid) amorphous structure, in the present case,
roughly, 30-40% at —20 °C. However, more important in the context of
the interpretation of the endothermic peak slightly above the crystalli-
zation temperature T, is the observation of increasing liquid fraction
(indicated with increasing difference between the blue curve and
gray-dotted line labeled Cp so1id) With increasing temperature, such that
at the crystallization temperature the entire amorphous phase seems
de-vitrified/liquid. As such, it appears that any amorphous structure
present at the crystallization temperature is in structural equilibrium
and that at this temperature relaxation processes are faster than probed
by the experiment-time scale. In other words, relaxation of a glassy
amorphous phase at T. is considered disproven, suggesting that the
endothermic peak slightly above T, indeed is caused by melting of
crystals. Though not major subject of this study, the FSC heating scan of
low-temperature crystallized PBS reveals furthermore that vitrification
and devitrification of the RAF is not a discrete event but occurs
continuously in a broad temperature range, perhaps indicating a struc-
tural gradient between the crystal surface and the bulk amorphous
phase. Crystallization during cooling between 20 °C and T, and melting
during subsequent heating is a further option for explaining the
observed FSC curve in this temperature range. However, such increase
of the crystallinity from around 30-40% (at T.) to 70% (at Tg) seems
unreasonably high.

4. Conclusions

In this study, melt-crystallization of poly (butylene succinate) (PBS)
at high supercooling, that is, at temperatures lower than the maximum
crystallization rate, was comprehensively analyzed to yield information
about the nucleation and crystallization kinetics, semicrystalline mor-
phologies, and mechanisms about structural changes during long-term
annealing/secondary crystallization. Application of Tammann’s two-
stage crystal nuclei development method in different variations
(Figs. 3-5) —(a) non-isothermal nucleation and growth stages, (b) non-
isothermal nucleation stage with variation of the minimum temperature
followed by an isothermal growth state, and (c) isothermal nucleation
and growth stages— suggested that homogeneous crystal nucleation is
absent on cooling faster than few 10 K/s. Furthermore, it was found
that crystal nucleation is fastest near or slightly below ambient tem-
perature, about 40-50 K above T. At lower temperatures, the nucleation
rate decreases, however, with the glass transition temperature not
affecting the observed general temperature-dependence. With earlier
similar observations on PCL, PA 6 and poly (butylene isophthalate) [89,
90,104,164] it appears therefore settled that cooperative large-scale
chain mobility, controlling vitrification and devitrification of amor-
phous structure on cooling and heating, respectively, does not affect the
kinetics of formation of homogenous nuclei.

Crystallization of PBS at low temperature, ultimately, leads to for-
mation of thin lamellae, probably composed of smaller blocks, with a
slightly enlarged unit cell compared to crystals grown at high temper-
ature, pointing to presence of conformational crystal defects. The pres-
ence of such defects complicates the estimation of the crystallinity by
calorimetry when causing a lowering of the bulk enthalpy of melting.
Long-term annealing of such defective crystals at the temperature of
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primary crystallization does not affect their bulk structure (unit cell),
implying metastability at the crystallization temperature. This obser-
vation is in agreement with absence of lamellar thickening and the
proposal that, at least in case of PBS, intracrystalline chain diffusion is
independent on the thickness of lamellae.

Isothermal secondary crystallization of PBS at the temperature of
primary crystallization does not produce new crystals with a different
melting temperature than observed during primary crystallization,
however, is connected with a stabilization of existing crystals. The
observed distinct increase of the melting temperature is not caused by
polymorphic changes and also not by an increase of the lamellar
thickness. Applying the exclusion principle and the Gibbs-Thomson
equation, crystal stabilization must therefore occur by lateral growth
of (initially rather short) lamellae, or merging of crystals at their lateral
faces. This statement relies on the reasonable assumption that the spe-
cific surface free energies of crystals are not a function of the secondary
crystallization time.
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