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PREAMBLE

Polyamide 11 (PA 11) is a bio-based semicrystalline polymer which is used in
high-performance engineering applications due to its balanced property profile including
superior chemical resistance, excellent low-temperature impact strength, good thermal and
dimensional stabilities. For semicrystalline polymers, in general, final properties depend on the
morphology, including size, shape, fraction, orientation, structure, and perfection of crystals,
and the structure of the surrounding amorphous phase. All these parameters can be tailored and
balanced for various applications by the crystallization/processing conditions. In polymer-melt

processing/forming such as extrusion or injection molding, the melt is often subjected to high
cooling rates and shear deformation, which in addition can be a function of the local position
in an extrudate or molded part. This, for example, frequently yields skin-core morphologies in
injection molded components. Therefore, analysis of crystallization under processing-relevant
cooling and shear conditions is of great importance for understanding the relationship between
processing parameters, structure formation, and ultimate properties.

In this dissertation, a comprehensive evaluation of melt-crystallization of PA 11, focusing
on processing-relevant rapid cooling and shear conditions was performed, allowing, in a wider
view, tailoring processing routes for controlling the semicrystalline structure and with that final
properties. In order to gain accurate and reliable information about the crystallization process
under these conditions, sophisticated analysis and preparation techniques were used and
developed. These include chip calorimetry, standalone and in combination with imaging
techniques, an instrumented film preparation setup allowing fast cooling, or crystallization
experiments in a rheometer. The observed results and their interpretation are presented in this
dissertation in form of research publications, described in short below.

Publication (1) details the optimization of the handling of the used chip-calorimeter for
crystallization at rapid cooling/high-melt supercooling experiments, from point of view of the
lateral temperature distribution of the sensor, needed for obtaining accurate data on
nanogram-scale samples.

Publications (2) to (5) present studies of quiescent-melt crystallization and the
semicrystalline structure of PA 11. The effect of cooling rate, covering processing-relevant
conditions, on the crystallization kinetics was analyzed by differential scanning calorimetry
(DSC) and fast scanning chip calorimetry (FSC). The structure at the micro- and nanometer
length-scales of PA 11 was investigated by polarized-light optical microscopy (POM), X-ray
diffraction (XRD), and atomic force microscopy (AFM), providing, among others, guidelines
to obtain qualitatively different semicrystalline morphologies as a function of crystallization
conditions. In addition, self-nucleation was quantified for evaluation of melt memory effects as
a function of the initial structure.

Publications (6) and (7) present analyses of shear-induced -crystallization using a
conventional parallel-plate rheometer. The crystallization kinetics after shearing the melt was
evaluated by monitoring the evolution of the complex viscosity, serving for gaining knowledge
about the critical specific work of flow above which additional crystal nuclei form.
Furthermore, the thermal stability and nucleation efficacy of different types of shear-induced
nuclei —point-like and shish-like precursors— were analyzed using hot-stage microscopy.
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Since the worldwide interest for replacing petroleum-based polymers by environment-
friendly bio-based polymers is growing, it is expected that the demand for using PA 11 is further
increasing, thus requiring intensification of research for obtaining processing-structure-
property relationships, for widening the product portfolio. The collected data and drawn
conclusions about crystallization-controlled generation of different structures of fully bio-based
PA 11 are therefore considered beneficial to optimize and tailor processing routes for specific
applications.
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1. INTRODUCTION

1.1 Bio-based polyamide 11

At present, the human society is experiencing a global environmental crisis. Main issues, related
to polymer materials, are the use of non-renewable natural resources like crude oil and natural
gas for their production, and the pollution of the environment by increasing greenhouse gas
emission or generation of non-degradable plastic debris after their use. The public has become
aware of this issue and increasingly pays attention to the use of environment-friendly bio-based
polymers. This is mirrored by the continuously growing global capacity of their production,
from around 3.8 million tons in 2019 to 4.2 million tons in 2020, and it is forecasted to increase
further to 6.7 million tons in 2025.! For bio-based polyamides, there is expected an increase of
the production volume by approximately 36 % until 2025.!

Bio-based polyamide 11 (PA 11) is fully produced from short-term renewable castor oil. It
has been commercialized for over 70 years and constantly developed to provide the market a
wide range of grades for a variety of processing routes and applications.>> The timeline of
history of PA 11 is presented in Figure 1. First PA 11 synthesis attempts date back to the late
1930s by Joseph Zeltner who was inspired by the synthesis of polyamide 66 (PA 66) by Wallace
Hume Carothers. Successful synthesis of PA 11 was first achieved in the early 1940s by Michel
Genas and Marcel Kastner who continued the research during the difficult times of World War
I, leading to its commercialization in the late 1940s by the company Organico, under the trade
name Rilsan®. Nowadays, the manufacture of bio-based PA 11 is carried out by Arkema in
France, supplying over 30 grades to the market.>* The production plants are located in three
major regions, in Europe (Serquigny, France), USA (Birdsboro, Pennsylvania), and Asia
(Changshu, China).® Furthermore, Arkema has announced a new plant in Singapore, scheduled
to come on stream in 2022 to increase its global capacities by 50 %.’

The production steps to obtain bio-based PA 11 are illustrated, as a set of images, on the top
of Figure 2. Castor seeds are collected from the castor plant and extracted to obtain their oil
which is used to produce the 11-w-aminoundecanoic-acid monomer (Amino 11), for
subsequent condensation polymerization of PA 11. Besides its use for producing PA 11, castor
oil is also a feedstock for many other industries such as manufacturing of soaps, lubricants,
paints, and cosmetics, because it is a renewable natural resource, doesn’t compete with food,
and is inexpensive.®’

PA 11 is an aliphatic macromolecule with its repeating unit consisting of a rather long
sequence of ten methylene groups and an amide group shown at the bottom of Figure 2. The
long methylene sequence between the amide groups leads to a rather low density of hydrogen
bonds between neighbored chains, causing a relatively low melting temperature (7m) when
comparing to other polyamides with higher density of hydrogen bonds such as polyamide 6
(PA 6) or PA 66.'%13 The long methylene sequence of PA 11 promotes excellent ductility and
low-temperature impact strength down to -40 °C, low moisture absorption, and high
dimensional stability.!* Furthermore, PA 11 exhibits good resistance to chemicals including
low permeability to oxygen and hydrocarbons, and good thermal stability at high temperatures
up to 150 °C. Therefore, it is used in many high-performance engineering applications such as
flexible oil and gas pipes in on- and off-shore applications, fluid transfer lines and air brake
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systems in automotive vehicles, electrical cable sheathing, electronic devices, coatings, sport

goods, and medical devices.!*!®

Products of PA 11 typically are manufactured by melt-processing such as injection molding,
extrusion, rotomolding, or 3D printing. In these technologies, the liquid melt is
transferred/shaped into a solid part by vitrification and/or crystallization. The latter process
often occurs at high supercooling of the melt and/or in presence of shear forces, which is not
yet quantified for PA 11. Since the presence of crystals and the semicrystalline morphology are
key parameters influencing the property profile, knowledge of the crystallization process, in
particular under these conditions, is needed for wunderstanding processing-structure
relationships.

1949
First production 2013
Splanﬁ in 1980s First production
erquigny, ; ;
1938 France CRETERIE (Chﬂi;tslhnuACSrI\?na)
Idea of PA 11 taken over by ’
synthesis by Atochem 2000s
Zeltner
Widening
1947 1950s applications to 3D
First batch Automotive printing, lightweight
successfully fuel lines sport-equipment,
produced for Citroén and metal
‘ replacement
1980s-1990s
Commercialization PA 11 becomes
under the trade the reference soon in 2022
name Rilsan® by for automotive,
1939-1945 Organico oil & gas New production
World Warll, applications plantin
Loss of Zeltner, Singapore
Ger!as & Kastne’r 2000s
continue Zeltner’s 1970
research PA 11 business
First production out-sourced to
plantin Arkema

Birdsboro, USA

Figure 1: Timeline of history and development of Rilsan® PA 11.
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PA 11 pellets

H repeating unit

Figure 2: Production steps, from left to right, to obtain bio-based PA 11 (top) and repeating unit of the PA 11
macromolecule (bottom).>!4

1.2 Cooling rate and shear flow in polymer melt-processing
Quantitative data about cooling rates and shear rates in polymer processing

Polymer products are generally manufactured by melt-processing. There are many types of
plastic-manufacture technologies available for PA 11, among which extrusion and injection
molding are most common, however, also rotomolding and 3D printing are applied.'® Extrusion
is used for production of films, sheets, hoses, or pipes, while injection molding and 3D printing
are suitable for fabrication of a wide variety of differently shaped parts. In many of these cases,
the melt is subjected to shear forces and rather fast cooling, depending on the specific
processing parameters including the part geometry. A prominent example demonstrating
cooling and shear rates evident in the polymer melt-processing is isotactic polypropylene (iPP)
which in the following will be further used as a comparative material throughout. Figure 3
shows simulated shear-rate- (top) and temperature-distributions (bottom) of iPP as a function
of time during filling the mold in an injection molding process, analyzed through the cross
section of a tensile-test bar.?’ Different shear and cooling rates are observed over the entire
cross-section of the component, indicated by different colors. Regarding the shear-rate
simulation, high shear rate of about 10* s™! is detected near the skin within one second during
filling the mold whereas zero shear is observed in the core from the beginning until completion
of the filling process. In case of the temperature distribution, the temperature of the melt of
around 240 °C reduces within few seconds to close-to-the-mold-temperature at the skin,
demonstrating the high cooling rate in this part of the component. In the center part, longer time
for cooling the material is needed. Note that the reported data only hold for specific molding
conditions.

Table 1 shows selected data about shear rates and cooling rates in different polymer melt-
processing routes. Regarding shear rates, values may reach 10! to 10° s™! during extrusion or,
even higher, up to 10* s! in injection molding or 3D printing.?!** Regarding cooling rates, up
to several hundred K s™! are reported.?
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Time during mold filling (s) ~ Shear rate

08 09 1 1.05 177

(s)
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i

Time during mold filling (s)

08 09 1 1.77 265 3.42 481 6.87 988 16 227 41

Temperature

(°C)

' 239.2

187.3

l 135.4

83.42

31.49

Figure 3: Simulated shear-rate distribution (top, left) and temperature distribution (bottom) over the cross
section of a polypropylene tensile-test bar (top, right, black area), taken at the center of the bar.2’ The time
scale starts after 0.8 s which corresponds the time of half mold filling; mold filling is completed after 1.77 s.
Data adapted/reproduced from Ref. [20] with permission from Wiley.

Table 1: Examples of shear rates and cooling rates in melt processing of polymers using different
manufacture technologies. The table serves for demonstration of the order of magnitude of cooling rates and
shear rates only; detailed information about specific processing conditions, part geometries, etc. is available

in the provided references.

Material Shear rate (s) Cooling rate (K s™) Ref.
Injection molding Skin/Core

HDPE - 130/30-50 [24,25]
PBT up to 750 50/10 [26]
PA 11 - 100/10 [27]
iPP 375 600/<10 [20]
Fused filament 3D printing

PLA 27-7800 - [22]
ABS - up to 180 [28]
PLA and ABS 949-1311 - [29]
ABS - 100 [30]
Extrusion Skin/Core

B-nucleated iPP - 700/120 [23]
Blow film extrusion

LLDPE 30-250 - [31]
PET 45 - [32]
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Presence of cooling-rate and shear-rate gradients typically leads to development of so called
skin-core morphologies.*>*> For example, in injection molding, the skin often shows a
non-spherulitic structure, either being amorphous or containing only nanometer-sized ordered
domains, because of rapid cooling and freezing the melt at the cold-mold wall. In contrast, slow
cooling of the melt, evident in the core, allows formation of spherulites. Furthermore, a
transition/shear zone, often observed between the skin and core regions, may form due to strong
shear flow between the flowing melt and already frozen skin, leading to orientation of the
macromolecules.’*2%3¢ The gradient structure, in consequence, influences the final
properties.>>¥*! As an example, Figure 4 shows the elastic modulus obtained by indentation
analysis as a function of the relative position along the cross section of an injection-molded
tensile bar of iPP, with the top POM image revealing the above described gradient structure at
the millimeter-length scale. The three images below were obtained by atomic force microscopy
(AFM), showing details of the morphologies at the micrometer-length scale observed at
different positions along the cross section, as indicated. The hardness data reveal rather low
values in the frozen skin containing small globular elements. In contrast, maximum hardness
values are detected in the shear zone where a highly oriented fibrillar structure is observed.
Intermediate hardness values are observed in the core region where a spherulitic superstructure
developed. The hardness differences in the various regions of the molded part are caused by the
different semicrystalline morphologies, which besides the shown AFM-structure, likely include
gradients of crystallinity,® crystal size,** and orientation. Importantly, the skin-core
morphology can be adjusted by variation of processing parameters, such as mold temperature,
melt temperature, injection speed, or holding pressure, all affecting cooling and shearing
conditions. Therefore, study of crystallization under rapid cooling conditions and in presence
of shear flow is essential. In a broader perspective, knowledge of crystallization under such
conditions is useful to understand and predict structure formation in polymer processing and,
with that, to tailor final properties, by variation of processing parameters.*>3>* Similar
considerations hold for other processing routes.

25

N
o

N
(&)

Figure 4: Elastic modulus as a
function of the distance along the
thickness of an injection-molded
bar of iPP, shown with the top
POM-image.*® The flow direction
is indicated by the yellow arrow.
The three images at the bottom
show the structure at different
. ! : ' ' ' : positions observed by AFM,
0.00 0.25 0.50 0.75 1.00 reproduced from Ref. [45] with
Normalized sample thickness (mm) permission from AIP publishing.
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1.3 Crystallization at rapid cooling or high supercooling of the melt
1.3.1 General remarks about crystal nucleation

Polymer crystallization involves crystal nucleation and growth. Nucleation can occur by two
different mechanisms, which are homogeneous and heterogeneous nucleation. Homogeneous
nucleation is the formation of primary nuclei in the bulk amorphous phase, due to density
fluctuations. In contrast, heterogeneous nucleation occurs at pre-existing heterogeneities within
the system, like impurities, surfaces, interfaces, nucleating agents, etc. Presence of such foreign
surfaces leads to a reduction of the energy barrier for the formation of a stable nucleus. In
addition, a special case of heterogeneous nucleation is nucleation based on so called self-seed,
which, for example, maybe remnants of molten crystals, leaving a signature in the liquid
phase.***® Because of the low interfacial energy between the self-seed nucleus and surrounding
melt, self-nucleation may even be faster than heterogeneous nucleation on foreign surfaces.

Typically, heterogeneous nucleation is effective at high temperature or low supercooling of
the melt while homogeneous nucleation is predominant at high supercooling only, because of
the higher energy barrier to form a stable nucleus. This implies that during rather slow cooling
the melt crystallization often occurs via heterogeneous nucleation unless it is outpaced by fast
transfer of the melt into a highly supercooled state, where homogeneous nucleation is dominant.
The different nucleation mechanisms, being predominant at various temperatures, can be
identified by analysis of the crystallization kinetics and, in many cases, by observation of the
nuclei number after completed crystallization.*’

1.3.2. Kinetics of isothermal crystallization at different supercooling of the melt

Differential scanning calorimetry (DSC) is widely used for analysis of the crystallization
kinetics. However, due to the rather large size of the furnace and the corresponding large
samples, high scanning rates and detection of fast processes are limited. Typically, DSC permits
cooling and heating at rates up to few hundred K min™! only.’® Furthermore, with the long
instrumental time constant of, typically, several ten seconds,’’ only slow transitions can be
characterized regarding their kinetics.>? Hence, investigation of the kinetics of crystallization,
particularly at processing-relevant cooling rates (see Table 1) and at high melt-supercooling, is
impractical. Increasing the scanning rate to be several orders of magnitude higher than in case
of conventional DSC, as well as decreasing the instrumental time constant down to
milliseconds, is possible by decreasing the size/mass of both the calorimeter furnace and the
sample,>>> as is realized in fast scanning chip calorimeters (FSC). With such devices,
quantitative information about the kinetics of crystallization in a wide range of temperatures or
cooling rates, via heterogeneous and homogeneous nucleation, can be observed.

By using FSC, it was found that many polymers, though not all, show a bimodal
temperature-dependence  of the overall crystallization rate,*%
crystallization-rate maxima at low and high supercooling of the melt, related to heterogeneous
and homogeneous nucleation, respectively. Figure 5 presents characteristic times of
crystallization (being the inverse of the crystallization rate) obtained on isothermal
crystallization of various iPP at different temperatures, using FSC (filled symbols) and DSC
(open symbols).>*** On lowering the temperature, or increasing the supercooling of the melt,

revealing  two
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the characteristic crystallization time decreases because of the increase of the thermodynamic
driving force for crystallization, reaches a minimum value, and begins to increase due to the
lowering of the mobility of molecular chain segments. A further increase of the supercooling
leads to a second low-temperature crystallization-time minimum, which has been suggested
being related to a change of the nucleation mechanism,* from heterogeneous nucleation at high
temperature to homogeneous nucleation at low temperature (here, for iPP, the cross-over
temperature is around 50-60 °C). Finally, the crystallization time increases again due to the
further decrease of the chain mobility when approaching the glass transition temperature (7)
of around 0 °C, slowing down crystal growth. The blue-colored data refer to the pioneering
study of C. Schick,®! while the other data sets (gray symbols) were obtained by different
research groups,®-26 having used different iPP grades. These data exhibit a similar bimodal
temperature-distribution of crystallization times, however, with slightly different cross-over
temperatures, presumably due to a different heterogeneous nucleation kinetics. Since
crystallization at high temperature is controlled by the activation energy for heterogeneous
nucleation, shorter crystallization times (see gray downward arrow) probably are caused by
presence of impurities or additives/nucleating agents; an additional factor may be the chemical
architecture of the macromolecules (e.g. tacticity or molar mass and its distribution) as it affects
the crystal growth rate, contributing to the measured characteristic crystallization time.®%¢1: In
contrast, low-temperature crystallization via homogeneous nucleation below 55-60 °C seems
less affected by the molecular characteristics and possible presence of additives.

105 F .
E  mooO C. Schick[61] Figure 5: Characteristic time of

@00 C.Silvestre [60] crystallization of iPP in a wide

AA D.Mileva[62]
oo JEK.Schawe [63] range of temperatures between 0

104 |

0

&

E

S 103 — é) and 140°C, proceeding via

2 F S heterogeneous (filled and unfilled

S 102F T OBRGRINGIB o O symbols in light-blue and light-

o E 9 nucleation OO 1 tt tu b

g gray colors, at temperatures above

£ 10" ¢ Homogeneous about 55°C) and homogeneous

E i nucleation ® nucleation (dark-blue and dark-

% 10°F N b ? P gray filled symbols), obtained by

I E A0, g X 200 FSC (filled symbols) and DSC

o 107 ARBIRD® Cooeo (unfilled symbols).® The data

_cCsG 102 i were adapted from Ref. [60] with

(@) I P S NN R S R permission from Wiley and from
0 20 40 60 80 100 120 140 Refs. [61] and [63] with permission

Crystallization temperature (°C) from Springer.

1.3.3. Crystallization as a function of cooling rate

Crystallization in polymer melt-processing often occurs during rapid cooling, as shown in
Table 1. Analysis of crystallization in a wide range of cooling rates can be obtained by a
combination of DSC and FSC. Figure 6 shows crystallization peak-temperatures of iPP as a
function of the cooling rate, revealing crystallization at high and low supercooling of the melt.
Melt-crystallization on slow cooling, at rates below 50 K s yields a high-temperature
crystallization peak (light-blue symbols). Crystallization at high temperature proceeds via
heterogeneous crystal nucleation which can be suppressed, leading to low-temperature
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crystallization through homogeneous nucleation (dark-blue symbols) if cooling the melt at rates
faster than 150 K s™'. Two crystallization events, at high and low temperatures, are observed if
the melt is cooled at rates between 50 and 150 K s! (gray-shaded area). Complete vitrification
of the melt occurs if the melt is quenched to below 7 with a sufficiently higher rate of few
hundred K s

Although fast cooling of the melt can suppress crystallization, the used cooling rate still may
allow homogeneous crystal nucleation. Formation of such crystal nuclei during cooling can
only be prevented if the used cooling rate is higher than the critical cooling rate for suppressing
nucleation. Table 2 provides information about critical cooling rates for suppression of both
crystallization (crystal growth) and crystal nucleation for different homopolymers. According
to the data provided in Table 1, in polymer melt-processing, cooling rates up to about S00—1000
K s’ are realistic. If the cooling rate is higher than the critical cooling rate for suppressing
crystallization, complete vitrification of the melt occurs, to yield a glass at ambient temperature
if the glass transition occurs at higher temperature. However, such cooling rates may still be
too low to avoid homogeneous crystal nucleation during cooling (see for example the PA-6-
data in Table 2). Such nuclei formed during cooling, or even at temperatures slightly below 7,
may cause cold-crystallization on subsequent heating. Analysis of the cold-crystallization
behavior as a function of the cooling rate or the conditions of annealing the glass, therefore, can
yield information about the nucleation kinetics, applying Tammann’s two-stage crystal nuclei
development method.®¢

8 140 -
i FSC

£ 120f
g 100 B O Figure 6: Crystallization peak-
g— L temperature of iPP as a function of
o 80+t cooling rate, obtained by DSC (<1
xals - Crystallization at K s, open squares) and by FSC
e 60 - | 0@  High temperature via (>10 K s, filled squares).’
P I heterogeneous nucleation Adapted with permission from F.
2 40 - o Low temperature via r"r,- De Santis, S. Adamovsky, G.
E 20 B homogeneous nucleation Ili'Ii-. Titomanlio, C. Schick. Scanning
© L nanocalorimetry at high cooling
2 0tk rate of isotactic polypropylene.
) ol ol sl o Macromolecules 2006, 39, 2562—

102 101 100 101 102 103 2567. Copyright (2021) American

Cooling rate (K s™) Chemical Society.

1.3.4. Effect of crystal nucleation on the semicrystalline morphology

Crystallization via different nucleation mechanisms typically is connected with different nuclei
densities, which can be quantified by microscopy. Figure 7 shows AFM nanostructures of
iPP,”* PA 6,7 and PA 66,7 analyzed at room temperature after crystallization at high and low
supercooling of the melt, shown with the top and bottom rows, respectively. Crystallization at
low supercooling of the melt proceeds via space-filling spherulitic growth of laterally extended
lamellae from only few heterogeneous nuclei (yellow circles). At high supercooling of the melt,
in contrast, due to the largely increased number of nuclei by several orders of magnitude, lateral
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Table 2: Examples of critical cooling rates for suppression of crystallization and homogeneous crystal
nucleation.

Polymer Critical cooling rate (in K s™') for suppression of Ref.
Crystallization Crystal nucleation
iPP 1000 - [55]
PBT 2000 20,000 [67]
PCL 1000 20,000 [68]
PBN 6000 30,000 [69]
iPB-1 10 - [70]
PA 6 150 >10,000 [71,72]
PLLA 0.50 50 [73]

growth of nuclei and formation of lamellae and spherulites are suppressed, and only numerous
particle-like domains are observed.”®”” The large number of nuclei constraints the neighbored,
amorphous structure, disabling grow of perfect crystals, and therefore often only
conformationally disordered crystals or mesophases develop.”® The difference in the number of
nuclei active at low and high supercooling of the melt can be up to about 10 orders of
magnitude.’® For example, quantitative analysis of the nuclei density in poly(butylene
terephthalate) (PBT) using microscopy revealed values of 10°® and 10'5 nuclei mm™ for
heterogeneous and homogenous nucleation on crystallization at low and high supercooling of
the melt, respectively.>®

Figure 7: AFM images of iPP,7* PA 6,7° and PA 66,%” (from left to right), obtained by crystallization at high
(top row) and at low supercooling of the melt (bottom row). The yellow circles in the bottom-right image
indicate two heterogeneous nuclei where the crystal growth started. Images of iPP were reprinted with
permission from Q. Zia, D. Mileva, R. Androsch. Rigid Amorphous fraction in isotactic polypropylene.
Macromolecules 2008, 41, 8095-8102. Copyright (2021) American Chemical Society; images of PA 6 were
reprinted from D. Mileva, R. Androsch, E. Zhuravlev, C. Schick. Morphology of mesophase and crystals of
polyamide 6 prepared in a fast scanning chip calorimeter. Polymer 2012, 53, 3994—4001, Copyright (2021),
with permission from Elsevier; images of PA 66 were reprinted with permission from A.M. Gohn, A.M.
Rhoades, N. Wonderling, T. Tighe, R. Androsch. The eftect of supercooling of the melt on the semicrystalline
morphology of PA 66. Thermochim. Acta 2017, 655, 313-318, Copyright (2021), with permission from
Elsevier.
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Melt-crystallization during polymer processing depends on the specific cooling conditions,
and often occurs at various temperatures, at both low and high supercooling of the melt (see
Figure 6). As a result, different semicrystalline morphologies develop and may affect ultimate
porperties. The cooling-rate dependence of the development of semicrystalline structures of
iPP, as an example, is presented in Figure 8. Slow cooling of the melt at rates below 1 K s! to
ambient temperature leads to formation of a space-filled spherulitic structure, originating from
few nuclei. Increasing the cooling rate to be between 1 and 10 K s™! leads to an increase of the
nuclei density, yielding smaller spherulites. If the cooling rate is between 10 and 100 K s™!, a
two-fold spherulite-size distribution developed, represented by small spherulites and non-
spherulitically distributed mesophase due to crystallization via both nucleation mechanisms; at
first, at high temperature, via heterogeneous nucleation and later, at lower temperature, via
homogeneous nucleation (see the gray-shaded area in Figure 6).%7° Cooling the melt between
150 and 300 K s™!' causes non-spherulitic growth of mesophase. Quenching the iPP melt at rates
faster than 500 K s™! to below T} of about 0 °C suppresses crystallization, however, subsequent
annealing at ambient temperature also leads to formation of mesophase.

| 100-10"K s~ [ ' 10'-102K s7* k 10%-10°K s
) v . BN ‘ :
- -~ 'K e -~

[ .“

[ r; l. j
SR

Figure 8: POM images of the structure of 100 um thick iPP films, prepared by cooling the melt at different
rates, as indicated in each image.®*8! The scale bar of 30 um applies to all images. The first, second, and
fourth image from the left were reprinted with permission from D. Mileva, Q. Zia, R. Androsch, H.-J.
Radusch, S. Piccarolo. Mesophase formation in poly(propylene-ran-1-butene) by rapid cooling. Polymer
2009, 50, 5482—5489, Copyright (2021), with permission from Elsevier; the third image from the left was
reproduced from Ref. [81] with permission from Wiley.

1.3.5. Cooling-rate-/Supercooling-controlled crystal polymorphism

Besides the tremendous increase of the nuclei density and a change of the semicrystalline
superstructure upon increasing the supercooling of the melt, often there is observed formation
of different crystal polymorphs. For example, Figure 9 shows on the left-hand side the effect
of cooling rate on melt-crystallization of iPP from point-of-view of the formation of different
crystal polymorphs as analyzed by wide angle X-ray scattering (WAXS)® and on the right-
hand side the projection of the basal planes of the unit cell of a-crystals and of mesophase.®?
Slow cooling of the melt (red data) allows formation of the stable monoclinic a-crystal form
with a well-defined layer-to-layer arrangement of left-handed and right-handed helices (see
green arrows). In contrast, rapid cooling of the iPP melt at a rate higher than 100 K s! (blue
data) leads to formation of a mesophase, also described as a conformationally disordered and
defective crystal.”’8%8384 The lateral arrangement of left-handed and right-handed helices in the
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mesomorphic phase is random, leading, as a result, to a lower packing density when compared
to the monoclinic structure. The scattering patterns obtained from samples cooled at rates
between 50 and 80 K s (black data) show fading of the characteristic diffraction peaks of the
o-form with gradually development of mesophase instead. In case of PA 6, a similar
supercooling-controlled polymorphism is evident. Melt-crystallization at low supercooling
allows formation of stable a-crystals while formation of a pseudo-hexagonal mesophase occurs
at high supercooling.3>¢ Such supercooling-controlled crystal polymorphism, that is, forming
stable crystals at slow cooling or low melt-supercooling and disordered crystals/mesophases at
fast cooling or high supercooling of the melt, is reported for other polymers too, as shown in
Table 3. It should be noted that such supercooling-controlled crystal polymorphism is not a
general phenomenon. For example, PBT shows no change of the crystal structure when
crystallizing at different temperature.*®
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Figure 9: WAXS patterns of iPP, obtained from film samples prepared by cooling the melt at different rates®”
(left) and basal planes of the unit cell of monoclinic a-crystals and pseudo-hexagonal mesophase (right).®?
The left figure was reprinted with permission from D. Mileva, Q. Zia, R. Androsch, H.-J. Radusch, S.
Piccarolo. Mesophase formation in poly(propylene-ran-1-butene) by rapid cooling. Polymer 2009, 50, 5482—
5489, Copyright (2021), with permission from Elsevier; the right figure was reproduced from Ref. [82] with
permission from Wiley.

Table 3: Supercooling-controlled crystal polymorphism of various polymers.

Polymer Crystal polymorphs forming at Ref.
Slow-cooling/low supercooling Fast-cooling/high supercooling
of the melt via heterogeneous of the melt via homogeneous
nucleation nucleation
iPP Monoclinic a-crystal Mesophase [79,80,83]
PA 6 Monoclinic a-crystal Pseudo-hexagonal y-mesophase [85]
PA 66 Triclinic a-crystal Pseudo-hexagonal y-mesophase [57]
PA 11 Triclinic a-crystal Pseudo-hexagonal 3’-mesophase [58,87]
PA 12 Pseudo-hexagonal y-crystal Pseudo-hexagonal y’-mesophase [88,89]
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1.4 Shear-induced crystallization

In polymer processing, often the melt is subjected to shear flow, as documented in Table 1,
causing melt deformation, causing e.g. molecular orientation or stretching of chain segments.
The deformed melt has a lower conformational entropy compared to the relaxed melt and hence
leads to a reduction of the energy barrier for formation of nuclei.”®® As a result, the nuclei
density increases, and crystallization accelerates.’®® In addition, crystallization of the
deformed melt will affect the semicrystalline morphology, and with that ultimate properties,
e.g. by preferred orientation of crystals. Therefore, study of shear-induced crystallization, also
often termed flow-induced crystallization, is of great importance for understanding the
relationship between melt-processing conditions and the resulting structure.

Shear-induced crystallization occurs if the shear rate (y) and shear time (t;), given to the
melt at a specific shear temperature (Ts), are higher than critical threshold values to allow
formation of additional nuclei, and if nuclei are not destroyed by chain relaxation after cessation
of shear.”*7 At a certain shear temperature, shear rate and shear time play a role to define a
critical value for shear-induced crystallization. If shear conditions are severe enough to induce
chain orientation or stretching, shear-induced additional point-like or shish-like nuclei, can be
formed, respectively. The critical shear values where chains become oriented or stretched have
been proposed by correlating shear rates and chain relaxation times.”” Two characteristic
relaxation times are important for controlling chain orientation and stretching, that are the
reptation (7,-) and Rouse times (7y), respectively. If shearing the melt at rates which are greater
than the inverse value of the reptation relaxation time (y > 1/t1,.), then occurs orientation of
the chains, and shear-induced additional point-like nuclei form. When the shear rate increases
to be higher than the inverse of the Rouse time (y > 1/t3), then molecular chains are stretched,
providing thread-like or shish-like nucleating sites. With this concept, three different flow
regimes are established, demonstrated in Figure 10. POM images on the top illustrate the
semicrystalline structures of iPP formed after crystallization in different regimes.”® Shearing
the melt at subcritical rates leads to crystallization as in the quiescent melt, specified as Regime
I (black); the shear rate is too low to cause orientation of the melt. Thus, a spherulitic
superstructure due to the low nuclei number is observed in this regime. If shearing the melt at
rates which is higher than 1/t,, the crystallization induction-time gradually decreases
(indicated as Regime II, in blue). In this Regime, a finer structure develops due to an increased
number of point-like nuclei.’”'°! This observation defines the critical shear-rate-value for
shear-induced formation of additional point-like nuclei. Increasing the shear rate to values
greater than 1/t leads to a further rapid reduction of the crystallization time, as shown with
the red data (Regime III). Crystallization at such condition is characterized by shish-kebab
formation; threadlike structures along the flow direction are called shishes, which assist growth
of the lamellar crystals, called kebabs, perpendicular outward from the shishes.”®!%2-1% Hence,
such shear rate is defined as the critical value for shear-induced formation of thread-like nuclei.

Similar effects hold for variation of the shear time, that is, shear-induced crystallization will
only occur if the shear rate exceeds a minimum value.!?"'% It was found that increasing further
either shear rate or shear time such to exceed a critical threshold for nuclei saturation, where a
maximum number of precursors is reached, the crystallization time becomes constant.”®!%%110

Regarding the shear temperature, shearing the melt at higher temperature is connected with a
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Figure 10: Crystallization time as a

Regime | function of shear rate, allowing to

Regime |l distinguish ~ three  crystallization

regimes: zero-shear or quiescent-melt

crystallization (Regime 1, black),

shear-induced formation of point-like

nuclei (Regime II, blue), and shear-

induced formation of fibrillar

structure (Regime III, red). The POM

images on the top show iPP structures

formed after crystallization in

> different regimes.”® The flow direction
Shear rate is indicated with the yellow arrow.

Regime Il

Crystallization time

y>1/7, y >

decrease of the relaxation times, that is, polymer chains can quickly relax back to the stable
random-coils conformation (isotropic melt) after prior orientation or stretch.!!! Therefore,
higher shear rates are required for obtaining shear-induced precursors.

Variation of shear rate and shear time is commonly done to define the critical conditions for
shear-induced crystallization, however, only being valid at a specific temperature.
Alternatively, a single control parameter, describing at which conditions shear-induced
crystallization occurs, can be defined with the specific work of flow (W),”® as shown below
with Eq. (1). In this equation, 7 is the viscosity averaged over the shear time (t5). Since the
viscosity, which is controlled by temperature, is included in this equation, the concept of the
specific work of flow for determination of critical conditions for shear-induced crystallization
describes the combined effects of shear rate, shear time, and shear temperature by a single
quantity.

ts . .
w = [Cny*dt = ny’t M

The critical specific work of flow, above which shear-induced formation of additional point-
like nuclei and thread-like precursors occurs, is available for various polymers, as listed in
Table 4. A main advantage of using the work-concept, compared to plain information about
critical shear rates or times, is the possibility to consider interconversion of shear rate, shear
time, and viscosity with the latter controlled by the temperature. Nevertheless, these three
parameters can only be interconvertible if the shear rate exceeds the critical threshold value for
shear-induced formation of nuclei.!” Regarding the data of Table 4, it should be noted that the
critical specific work of flow of a given polymer strongly depends on the chemical architecture,
including molar masses and its distribution.
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Table 4: Specific work of flow of various homopolymers.

Polymers Critical specific work of flow (W) (in MPa) for generation of Ref.
Point-like nuclei Shish-like nuclei
iPP 7-8 25-70 [90,93,100,118]
LDPE - 0.29-0.75 [96]
PEEK 1 - [110]
PLLA 0.02-0.05 2.5 [101,106]
PA 66 0.05 - [104]

Shear-induced crystallization in many polymers
has been studied using a conventional parallel-plate
us E— rheometer.!%4106:112-116 Fioure 11 shows a sketch of

R\

such geometry where the bottom plate is fixed, and
. the top plate is rotating. When moving the upper plate
polym\er melt | and shearing the sample with a constant thickness (h),
the angular velocity (w) rises as a function of the
radius of the sample (r) (see blue arrows). As such,
the shear rate increases proportionally to the sample
radius (see equation in the figure)!'” and, in
consequence, the specific work of flow increases
correspondingly.  Typically, the shear-induced
crystallization experiment is performed by two steps;
first, the melt is sheared at a predefined rate, time, and
temperature, and secondly, the crystallization step is
performed, generally at isothermal condition at a

Figure 11: Sketch of the sample . .. ..
compartment of a parallel-plate specific temperature. The kinetics of crystallization
rheometer (top). The lower part shows can be followed by the evolution of the shear modulus
the increase of the shear rate with radius or the complex viscosity. As a function of shear rate
of the disc-like sample. and shear time, at a specific temperature, if there is
shear-induced crystallization, the onset of the increase
of shear modulus or of the complex viscosity curves shifts to shorter time. The semicrystalline
structure formed from the sheared melt can afterwards be inspected by microscopy, or other
analysis-tools, often revealing a gradient structure along the radius of the sheared disk due to
the shear gradient,'®!!” as shown in Figure 12 on an example of poly(L-lactic acid) (PLLA).!%
In the center, where the specific work of flow is zero, crystallization is incomplete in the pre-
set crystallization time of 4 min, due to the low rate of the quiescent-melt crystallization. With
increasing distance toward the edge of the disc, the specific work of flow increases. If the
specific work of flow is above the critical value where shear-induced formation of additional
point-like nuclei occurs, then a higher number of spherulites is observed due to an increase of
the nuclei density, accelerating crystallization in this region.’®!!® In case of alignment of nuclei,
causing formation of so-called row-nucleated structures,'?*!?! smaller spherulites, or tiny point-
like structures may form if the shear deformation further increases (see Regime II in Figure
10).!% Furthermore, replacement of the row- and point-like structures by shish-kebabs is

b
distance, h

radius, r

angular
velocity, w

Introduction | 14



observed if the shear deformation is much stronger, well above the critical specific work of
flow for shear-induced formation of thread-like nuclei, as presented in Table 4,103104.106.109

Shear-induced shish-like precursors have been found to be more stable than the crystal nuclei
leading to growth of spherulites.'?>!%%123-127 The dissolution of nuclei formed in the quiescent
melt occurs typically 10-15 K above the melting temperatures of spherulitically grown lamellar
crystals.*®12812% Melting and annealing a sample a few Kelvin higher than the melting point of
spherulitically grown crystals may preserve self-seed which can act like a nucleating agent
accelerating subsequent crystallization on lowering the temperature. In case of sheared melts,
shish-like precursors can survive at higher temperatures than self-seed based on lamellar
crystals formed in the quiescent melt,'%!13:123:126 and the lifetime of shish-like nuclei is rather
long if heating to the temperatures below the equilibrium melting temperature.!?“126 The
stability of the sheared-induced crystallization precursors is related to the relaxation time of
stretched chain segments in the deformed entanglement network. It was found that the sheared-
induced precursors can be dissolved by annealing the melt at high temperatures for a short time
or at low temperatures for longer time.!%"!?¢ With insufficient thermal conditions for chain
relaxation, shish-based precursors will survive and, as a result, serve as nuclei enhancing
subsequent crystallization.!?!3% The nucleation efficiency of the sheared-induced precursors is
found to depend on the shear deformation.!26:130:131

increasing work

Figure 12: POM image showing the structure of a sheared PLLA disc (y =2.5 s, t; =10 s, Ty = 135 °C),
crystallized at 135 °C for 4 min, along the radius, reproduced from Ref. [106] with permission from Wiley.
The specific work of flow values indicated in the figure are obtained by calculation using Eq. (1),
demonstrating a maximum specific work of flow at the edge of about 1.7 MPa.

1.5 State-of-the-art knowledge about the semicrystalline structure and crystallization of
PA 11 at rapid-cooling conditions and in presence of shear

PA 11 is a crystallizable polymer, able to crystallize into different structures (polymorphism)
which are controlled by the crystallization conditions.’®!32713* Regarding crystallization of the
quiescent melt, Figure 13 shows on the left-hand side a schematic diagram about the cooling-
rate/supercooling-controlled crystal polymorphism and related semicrystalline morphologies in
PA 11 with fast (red) and slow cooling routes (blue) presented in the left and right parts,
respectively.?” The right-hand side of the figure presents the basal planes of the unit cells of the
pseudo-hexagonal & -crystal (top) and the triclinic a-crystal (bottom).'*> Slow cooling of the
melt allows formation of pseudo-hexagonal o-crystals via heterogeneous nucleation at low
supercooling, which reversibly transform into triclinic a-crystals at the Brill-transition
temperature (Tsrn).'>*'*” The a-form, typically, is of lamellar shape and organized within
spherulites.”® The basal plane of the unit cell of the a-crystal shows the arrangement of
hydrogen bonds between adjacent chains, being aligned, indicated by the yellow color. In

15| Introduction



contrast, fast cooling of the melt leads to non-spherulitic growth of pseudo-hexagonal &’-
crystals of nodular shape at high supercooling of the melt via homogeneous nucleation. The
pseudo-hexagonal &’-crystal is characterized by a random orientation of hydrogen bonds
between neighbored chain segments. The 8’-mesophase is metastable at room temperature and
irreversibly transforms into the stable §/a-crystal modification upon heating.!**!37 So far,
quantitative information about cooling-rate-controlled nucleation and crystallization, and with
that in relation to formation of specific morphologies in PA 11 is not available.

Shear-induced crystallization has been studied in several polyamides such as PA 6,''® PA
66,'%* and polyamide 12 (PA 12).1*° However, analyses of crystallization of the sheared melt of
linear PA 11 are lacking; only a single work about the effect of shear on crystallization in case
of a self-synthesized branched PA 11 is available.!*® The experimental results suggested that
there is no shear-induced crystallization though a high shear rate up to 10 s™! for 6 s was applied.
The lack of knowledge of critical shear parameters, required to enhance crystallization during
processing of PA 11 and to generate specific semicrystalline morphologies, is a main motivation
of the research presented in this dissertation since such knowledge is required to establish a
relation between processing parameters, structure formation, and properties.

Pseudohexagonal
&’-mesophase

&’-mesophase a~crystals Triclinic a-crystal

distance between
nuclei~10 nm

S rs 3 A .
¥ ) A g ¥ DR i © 2
W ‘@f’ ﬁ lamellae (¥ L C = C -
ez i S\AsS distancebetween%og
74 3

nuclei>1 um
Conformationally
disordered nodules Spherulitic superstructure

Figure 13: Schematic about the cooling-rate controlled crystal polymorphism and semicrystalline
morphologies of PA 11 crystallized from the quiescent melt (left), with fast and slow cooling routes
represented in the red and blue colors, respectively (reproduced from Ref. [27] with permission from Wiley).
Basal planes of the unit cells of pseudo-hexagonal 5’-crystals (top) and the triclinic a-crystals (bottom) are
shown in the right part of the figure.'?
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2. PROBLEM STATEMENT

PA 11 is a semicrystalline bio-based polymer used in high-performance engineering
applications. The properties of polymers, in general, are affected by the semicrystalline
morphology including fraction, structure, size, shape, and perfection of crystals, and their
organization in a superstructure, with all these parameters controlled by the
crystallization/processing conditions. Crystallization during polymer melt-processing often
occurs in presence of shear forces and at rapid-cooling conditions, with the resulting structures
expected being different from the morphology obtained by crystallization during slow cooling
and in absence of mechanical forces. In order to be able to tailor the structure and, consequently,
properties, the crystallization behavior at such processing-relevant cooling conditions and in
presence of shear conditions needs to be known.

Research of crystallization of PA 11 under processing-relevant conditions is limited. Few
works provided initial information about the cooling-rate/supercooling dependence of the
crystallization kinetics and the crystal polymorphism.’®%71* However, a correlation between
the supercooling of the melt and nucleation-controlled formation of specific morphologies has
not been evaluated. Furthermore, quantitative information about the kinetics of homogeneous
crystal nucleation is not available neither, being, among others, important for predicting the
long-term behavior of this polymer at ambient temperature, that is, at a temperature slightly
below the glass transition temperature. Knowledge about shear-induced crystallization of PA
11 is completely absent, disabling tailoring of processing routes towards adjustment of specific
semicrystalline morphologies when developing during cooling an oriented melt.
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3. AIMS AND STRATEGIES

Knowledge and understanding of the relationship between processing-condition-controlled
crystallization and the resulting structure is of importance in determining ultimate polymer
properties, however, is lacking for PA 11. The aim of this work is therefore to investigate the
effect of processing-relevant cooling rates and shear conditions on the crystal nucleation and
crystallization on one side and on the resulting semicrystalline morphology on the other side.
A comprehensive overview about nucleation and crystallization pathways on solidification the
quiescent and sheared melt of this important bio-based polymer will be provided.

To achieve the aim of the work, crystallization of the quiescent melt at different processing-
relevant cooling rates will be analyzed. A sophisticated technique is required for such
investigation, which is FSC. This method allows cooling the polymer at rates up to 100,000 K/s
which is needed to evaluate the kinetics of homogeneous crystal nucleation in PA 11 at high
melt-supercooling. Analysis of the temperature dependence of the nucleation rate is performed
using Tammann's two-stage crystal nuclei development method. In addition, details of FSC
instrumentation from point of view of assuring an optimum experimental setup are explored.
Based on the gained knowledge about the nucleation and crystallization kinetics, a correlation
with the structure formed at specific conditions will be established. Film samples will be
prepared at various cooling conditions using different cooling media, and semicrystalline
morphologies of such film samples will be inspected using POM, XRD, and AFM.

The effect of shear on the melt-crystallization and the morphology of PA 11 will be
examined using a parallel-plate rheometer. Different shear rates for a fixed shear time will be
applied to the samples, and the sheared melt will be crystallized at a selected temperature. Then,
the crystallization kinetics will be followed by the evolution of the complex viscosity, to
determine the critical conditions for flow-induced crystallization, followed by analysis of
semicrystalline morphologies when the melt was sheared at different conditions. The concept
of the specific work of flow will be applied here for the first time to PA 11, to propose the
relationship between the shear conditions, the crystallization kinetics, and the final morphology.

Finally, the thermal stability and nucleation efficacy of self-nuclei based on molten crystals,
formerly formed from both the quiescent and oriented melt, will be analyzed. It is an attempt
to gain quantitative information about stability and nucleation efficacy of two types of shear-
induced precursors; point-like and shish-like nuclei, using hot-stage microscopy. The results
are expected to improve the understanding of memory effects in repeated processing.

In summary, with the knowledge and information of nucleation and crystallization under
processing-relevant conditions, it is ultimately expected to contribute for better understanding
and prediction of structure formation in polymer melt-processing of PA 11. Furthermore, as an
additional benefit of this work, experimental tools and special-designed experiments can be
applied for similar analyses of the polymers.
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4. RESULTS AND DISCUSSION

The results and discussion part in this cumulative dissertation are presented as a series of
research publications, introduced in short below, based on Graphical abstracts.

4.1 Experimental analysis of lateral thermal inhomogeneity of a specific

chip-calorimeter sensor

Katalee Jariyavidyanont!, Amir Abdelaziz?, René Androsch!, Christoph Schick?

1

Interdisciplinary Center for Transfer-oriented Research in Natural Sciences (IWE TFN),
Martin Luther University Halle-Wittenberg, 06099 Halle/Saale, Germany.

University of Rostock, Institute of Physics and Competence Center CALOR, Albert-
Einstein-Str. 23-24, 18059 Rostock, Germany.

Kazan Federal University, 18 Kremlyovskaya Street, Kazan 420008, Russian Federation.

Thermochimica Acta 2019, 674, 95-99.

Research highlights

1.

Quantitative information about crystal nucleation and crystallization at high supercooling of
the melt requires the use of fast scanning chip calorimetry (FSC).

2. In-situ thermo-optical position-resolved analysis of melting of indium, isotropization of the
80CB liquid crystal, and melting of PLLA suggests an inhomogeneous temperature
distribution of the chip sensor UFS 1 due to existence of distinct hot- and cold-spots on the
sensor heating area.

3. The central area of the sensor is recommended for placing samples, if precise measurement
of transition temperatures is needed.

Graphical abstract

Flash DSC 1™

Static temperature
distribution of the
UFS 1 chip sensor
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ARTICLE INFO ABSTRACT

Keywords:

Fast scanning chip calorimetry (FSC)
Temperature distribution

Indium melting

Crystallization

Melting and isotropization

Fast scanning calorimetry (FSC) requires reliable temperature measurements and knowledge about the tem-
perature distribution in the chip calorimeter sensor. Analysis of the melting temperature of indium placed at
different positions on the sensor and thermo-optical analysis of the isotropization of 4,4’-octyloxy cyanobiphenyl
(80CB) liquid crystal allow estimation of the lateral temperature distribution of chip calorimeter sensors. The
chip sensor UFS 1 (Flash DSC1™, Mettler Toledo, Switzerland) was chosen as an example but the procedures
described also hold for other sensors. The data revealed on one side existence of distinct hot- and cold-spots and
on the other side an area with a rather homogeneous temperature distribution. The latter, central area of the
sensor is recommended for placing samples if precise measurement of transition temperatures are anticipated.
The observed inhomogeneous temperature distribution over the total sensor area is confirmed by thermo-optical
analysis of melting of poly (i-lactic acid) and crystallization of isotactic polypropylene, emphasizing the need for

careful sample preparation/positioning in typical fast scanning chip calorimeter analyses.

1. Introduction

Fast scanning calorimetry (FSC) is an analytical tool for calorimetry-
based thermal analysis of materials at conditions which cannot be
achieved by conventional differential scanning calorimetry (DSC) [1].
These include in particular high cooling and heating rates, recording of
heat-flow rate data at high sampling rate and with minimal instru-
mental lag, or the possibility of analysis of tiniest amount of samples.
Such conditions are realized by chip-calorimeters, which were devel-
oped starting around the mid 1990ies [2,3], and which nowadays are
available with a large variety of sizes and corresponding performance
levels [4]. In case of the commercial Flash DSC1™, Mettler-Toledo
(Switzerland) [5], which employs the Xensor Integration XI-400 chip
(Mettler-Toledo UFS 1™) [4], operated in power-compensation differ-
ential mode, it is possible to heat and cool samples at rates up to few
thousand K/s. The sensor time constant is around few milliseconds,
allowing analysis of the kinetics of phase transitions with half-transition
times of as low as about 10 ms [5]. Such performance is possible due to
the low addenda heat capacity of the chip sensor, with heaters and
thermometers integrated into a thin membrane, produced by MEMS.
Typically, in case of the UFS 1 sensor, the sample mass is in between 10
and few hundred ng. However, there are much smaller and therefore

faster sensors available, requiring then samples of sub-ng mass, per-
mitting calorimetric analyses at rates of temperature change up to 10°
K/s [6,71.

Reliable FSC measurements require detailed knowledge of the in-
strument characteristics including calibration procedures and sample-
size effects. Information regarding the design, performance, and
thermal lag, as well as initial, provider-side performed temperature
calibration for the above-introduced UFS 1 sensor are available in the
literature [8-11]. Of particular importance is the measurement of the
temperature, as it is required as a rule in thermal analysis techniques. In
a more general description of FSC instrumentation, details about tem-
perature calibration are provided with emphasis placed on selection of
calibrants, correction of thermal lags, temperature gradients in direc-
tion of the sample thickness as well as the lateral temperature profile in
membrane-based calorimeters [12].

Thermal gradients in sample-thickness direction, from the bottom
side of the sample, which is in contact with the sensor membrane
containing the heaters and thermometers, to the upper surface of the
sample, being surrounded by the gas acting a cooling medium, may
span a temperature range of few Kelvin. This in particular is true for
polymers, which exhibit a low thermal conductivity. In temperature-
scanning experiments such large gradient typically is appreciated since
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thermal effects/transitions inherently often are rather broad due to
structural inhomogeneity, however, since even at constant membrane
temperature the sample is cooled on the upper surface by the sur-
rounding gas a distinct static thermal gradient is observed [13-15].

Regarding the lateral temperature distribution on the sensor it was
reported early [13] that even the heated area is small in chip calori-
meters, the active sensor area is not homogeneously heated, in parti-
cular if containing two or even more resistive heater stripes. This was
proven for specific sensors by infrared thermography and analytical
modeling [16,17], and by watching the nematic—isotropic transition of
the liquid crystal 80CB [13], also used for temperature calibration of
DSC instruments [18,19]. If the sensor is covered with a metal layer for
the purpose of temperature homogenization, then local temperature
differences at different sensor positions may be minimized [20,9].
However, since such additional metal layer adds to the addenda heat
capacity of the sensor such a layer is counter-productive for achieving
high scan rates. In contrast, for uncoated sensors, lateral temperature
differences may reach 10K, requiring then special care regarding pla-
cement of samples [8,13,21]. In particular, placing the sample on top of
a heater, or outside of the heated area, is not recommended [12].

For the rather large commercial Mettler-Toledo UFS 1 XI-400 chip
sensor detailed information about the lateral temperature distribution
are not yet available. For this reason, several experimental approaches
are introduced in the present study, which ultimately permits providing
a recommendation about safe placement/positioning of samples if
temperature-wise highly accurate data are needed.

2. Experimental
2.1. Materials

The temperature distribution of the Mettler-Toledo UFS 1 chip
sensor was point-wise analyzed by placing Indium with a mass of
around 1 ng at different positions on the heated area of the sensor, to
subsequently be melted at rates of 10, 100, and 1000 K/s. We employed
Indium from the Mettler-Toledo DSC-calibration set.

In a further experiment, the entire heatable area of the sensor was
covered with the liquid crystalline material 80CB (4,4’-octylox-
ycyanobiphenyl) (C2;H,sNO) from Merck KGaA (Germany) [22,23].
First, a thin film with a thickness of about 5 um was prepared on a hot-
stage, followed by cutting using scalpel/stereomicroscope, to fit the
lateral dimension of the chip sensor. For evaluation of the static tem-
perature distribution on the sensor, the isotropization of the nematic
liquid crystalline phase at about 82°C was followed on stepwise in-
crease of the programmed temperature using an optical microscope.

The knowledge of the lateral temperature-distribution of the hea-
table area of the sensor, gained by the analysis of phase-transition
temperatures of Indium and 80CB-liquid crystals, ultimately was con-
firmed employing typical polymer samples. We used an extrusion-grade
poly (i-lactic acid) (PLLA) homopolymer from Sulzer Chemtec Ltd.
(Switzerland) for analysis of the position-dependent melting tempera-
ture, and a highly pure extrusion-grade isotactic polypropylene (iPP)
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Fig. 1. Photograph of the Mettler-Toledo UFS
1 chip sensor, including the positioning of
Indium for analysis of their apparent melting
temperature. The spot size corresponds ap-
proximately the size of the sample (left). The
set of measured melting temperatures, ob-
tained on heating at 1000 K/s, was used to
generate a contour plot using Origin 2015
(right).

() Bej aumeradwa |

HC300BF from Borealis (Austria). The latter material contained a nu-
cleating agent, added to assure reproducible crystallization in cooling
experiments. The two polymer samples were subject of earlier crystal-
lization studies [24-27], with more material-details reported therein. In
both cases, PLLA and iPP, sample preparation included cutting thin
sections with a thickness of about 10 um using a Slee microtome, fol-
lowed by definition of the lateral sample size with a scalpel and ste-
reomicroscope.

2.2. Instrumentation

We used a Flash DSC 1 chip calorimeter from Mettler-Toledo
(Switzerland), operated with the sample support temperature set to
30 °C. Sensors were conditioned and temperature-corrected according
to the operating instructions of the instrument provider. Main reason
for setting the sample-support temperature to 30 °C is non-required sub-
ambient temperature operation, and the opportunity to use an external
chip holder. The external chip holder (Functional Materials Rostock
e.V., Germany) was connected to the FSC by wire-extension of the
electrical pin-connectors of the main device. The advantage of the ex-
ternal chip holder is the possibility to place it onto the sample stage of a
microscope, for in-situ observation of changes of structure of FSC
samples during heating and cooling. We employed a Kern OPN-184
reflection mode polarized-light optical microscope (POM) equipped
with a Leica camera for imaging.

3. Results and discussion

Fig. 1 shows at the left-hand side a photograph of the Mettler-To-
ledo UFS 1 chip sensor. The circular heatable area, symmetry wise, has
two mirror planes, and its diameter is 500 pm. The yellow spots indicate
the positioning of samples of Indium for analysis of their apparent
melting temperature. Note that at any time only a single Indium sample
was placed onto the sensor to (a) avoid disturbance of the individual
melting processes by the endothermic heat flow of neighbored particles
and (b) safely assign the recorded melting peak to a well-defined po-
sition on the sensor. Note furthermore that a single sample of Indium
was used for several measurements at different positions. However, to
assure that repeated melting and crystallization have no effect on the
measured melting temperature, samples were replaced after an arbi-
trary number of uses. The indium samples were placed and moved on
the sensor with the help of a 30 um soft coper wire. The size of each
yellow spot corresponds approximately the size of the sample. As such,
there was observed a set of measured, by the chip sensor thermopile,
apparent melting temperatures, obtained on heating at 1000 K/s, as a
function of the position of the sample on the sensor. The latter was
quantified by a virtual coordinative system, with its origin placed at the
center of the heatable area of the sensor, using polar coordinates. In the
example of Fig. 1, 88 positions of the indium sample were measured for
obtaining the temperature distribution in a single quadrant of the
sensor, which then allowed generation of a contour plot using the
Origin 2015 software (right) [28]. The differences in the observed
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Fig. 2. POM photographs of the Mettler-Toledo UFS 1 chip sensor covered with a layer of 4,4’-octyloxycyanobiphenyl (80CB). The images were taken during heating
the nematic liquid-crystalline phase to above the isotropization temperature at around 80 °C at a rate of 0.01 K/s, to be read line-wise from left to right and top to
bottom. The temperature-difference between neighbored images is 0.5 K. The slight asymmetry between top and bottom parts of the images is probably caused by a
thickness gradient of the sample.

melting temperatures are expressed as different colors (see scale bar to
the right). Red color indicates the position of samples of indium which
melted at the lowest recorded temperature, while melting of samples
placed in yellow, green, and blue colored areas apparently melted at
higher temperature. It is worth noting that the heating rate has an only
minor effect on the observations. The apparent-melting-temperature
distribution was measured using heating rates of 1, 10, 100, and
1000 K/s with only negligible heat-rate-caused thermal lags detected,
being of the order of magnitude of 1K in the analyzed heating-rate
range. Accordingly, the color map in Fig. 1 represents the approximate
static temperature distribution of the sensor at about 150 °C, when
using a sample support temperature of 30 °C. As such, the sensor con-
tains four strip-like heaters, assuring a rather homogeneous tempera-
ture field/band with a width of about 300 um parallel to the horizontal
mirror plane, in which the temperature deviation is lower than 5-7 K
compared to the temperature on top of the heaters. The green and blue
colored areas are significantly colder than the area of the central band,
with the apparent-melting temperature deviation being 10 + K com-
pared to the area on top of the heaters.

Fig. 2 shows a series of POM photographs of the UFS 1 chip sensor
covered with a thin layer of 80CB, taken during heating the nematic
liquid-crystalline phase to above the isotropization temperature at
around 80 °C at a rate of 0.01 K/s. The slow heating rate was chosen to
obtain the quasi-static temperature distribution and it does not allow to
collect meaningful heat flow rate curves. The images need to be read
line-wise from left to right, starting with the top row. The temperature-
difference between two neighbored images is 0.5 K. The temperatures
provided are the apparent temperatures measured by the thermopile,
which is part of the chip sensor. At a measured temperature of 77.5 °C,
the sample is liquid-crystalline, causing birefringence and bright ap-
pearance of the sample film between crossed polarizers (top left image).
With increasing temperature, starting at around 78.5 °C, part of the film
turns black/dark, if located on top of the heaters, indicating the tran-
sition of the nematic liquid crystal phase into the isotropic and non-
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birefringent melt. On further heating, the melting continues along the
horizontal mirror plane, leaving up to a temperature of about 80.5°C
not yet melted material in the top and bottom parts of the sensor. In
addition, the analysis of the 80CB melting behavior in Fig. 2 confirm
the existence of the cold point-like spots at the circumference of the
sensor (see blue colored areas in Fig. 1). Here, the sample remained in
the nematic liquid crystalline phase up to well above 84 °C.

According to the images recorded during isotropization of the M24
liquid crystalline phase on slow heating, there is an inhomogeneous
temperature distribution at the surface of the UFS 1 chip sensor when
heated to elevated temperature by its own heaters, similar as detected
by the analysis of the position-dependent apparent melting temperature
of indium (see Fig. 1). However, the absolute values of the local tem-
perature differences are largely different in the experiments of the
Figs. 1 and 2. Roughly, we observed that melting of indium occurs in a
temperature window larger than 10 K, dependent on the positioning of
the sample, while isotropization of the 80CB liquid crystal occurred
within a temperature range of 3K. We may speculate that the lower
temperature differences between different sensor areas in case of the
80CB sample is caused by the lower absolute temperature (80 °C versus
156°C in case of probing the temperature distribution by indium
melting) and by lateral heat conduction through the sample, causing
temperature homogenization.

In order to confirm the importance of the observation of an in-
homogeneous temperature distribution on the surface of the UFS 1 chip
sensor, typical polymer samples were analyzed regarding their melting
and crystallization behaviors. Fig. 3 shows a square-like sample of PLLA
with a thickness of about 10 um on the sensor, with a fine-spherulitic
semicrystalline morphology adjusted by crystal nucleation at 60 °C,
which is close to the glass transition, followed by growth of o’-crystals
at 90 °C. The sample was then heated at a rate of 1 K/s which first al-
lows conversion of the o’- into a-crystals and then final melting. The
images of Fig. 3 show that melting begins on top of the heaters, latest at
around 160°C, as there the sample turns black between crossed
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Fig. 3. POM photographs of the Mettler-Toledo UFS 1 chip sensor covered with a sample of PLLA with a thickness of about 10 pm. The images show the progress of
melting in the various areas of the sensor during heating the semicrystalline sample at a rate of 1 K/s from 156 °C (top left) to 170 °C (right bottom).

polarizers first. As heating is continued, melting proceeds along the
above described central band, with a clear delay in the central part of
the sensor (see images at 166 °C). Only at distinctly increased tem-
perature, stretching to 170 °C, or even higher, melting occurs in the top
and bottom parts of the sensor as well as on top of the cold spots at the
diagonals.

Since the morphology of a polymer depends on the cooling history/
crystallization pathway, and since crystallization on the FSC sensor may
proceed differently at different locations, the temperature distribution
on cooling is also of interest. For this reason, the temperature in-
homogeneity of the sensor was also measured in a cooling experiment,
assuring that the initial structural state of the sample is not depending

134 Temperature (°C)

—»

on its position on the membrane. Fig. 4 shows a set of POM images of
the sensor containing four samples of isotactic polypropylene located at
different position. The positions of these samples were selected such to
confirm the large temperature differences detected with the indium-
melting experiment of Fig. 1 and 80CB -isotropization experiment of
Fig. 2. The images in Fig. 4 show the progress of crystallization during
cooling the melt at a rate of 1 K/s, from 134 °C (top left) to 120 °C (right
bottom), with all four samples having the same initial structure before
begin of cooling. At 134 °C, all samples still are molten since appearing
featureless and not showing any birefringence. With decreasing tem-
perature, first, at 130 °C, the sample close to one of the cold spots (see
blue colored areas in the right part of Fig. 1), turns bright, indicating

130 128

126

124

122 120

Fig. 4. POM photographs of the Mettler-Toledo UFS 1 chip sensor with four samples of isotactic polypropylene located at different position. The images show the
progress of crystallization during cooling the melt at a rate of 1 K/s, from 134 °C (top left) to 120 °C (right bottom).
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crystallization. At 126 °C, the two samples at the horizontal mirror
plane show first formation of small spherulites, and only at an about 4 K
lower temperature, at 122 °C, the sample placed directly on top of one
of the heaters begins to crystallize. Worth emphasizing, the sample at
the center of the sensor apparently begins to crystallize, roughly, at an
about 4K higher temperature than the sample paced on top of the
heater, though not very far in position, and still well inside the heatable
area.

4. Summary

This note is aimed to provide guidelines for correct sample place-
ment on the UFS 1 chip sensor (Flash DSC 1, Mettler Toledo,
Switzerland). Beside requirements regarding thermal gradients normal
to the sensor caused by bad thermal contact between sample and chip
sensor membrane, samples being too thick, cooling of the upper sample
surface by the purge gas, etc., which are discussed in several publica-
tions, see e.g. [1] and references there in, lateral temperature in-
homogeneity in the chip must be considered too.

Four independent ways to determine the lateral temperature profile
in the active (heated) area of the chip sensor UFS 1 are discussed. (i)
Placing a tiny piece of a metal or another material with well-defined
melting temperature at different positions and measuring the apparent
melting temperature. The obtained data allow construction of a tem-
perature contour plot. (ii) Covering the sensor by a thin layer of a liquid
crystal and observing the liquid crystalline (birefringent) to isotropic
(non-birefringent) transition by polarized-light optical microscopy
(POM). (iii) Following the lateral distribution of the melting transition
of a semicrystalline polymer by POM. (iv) Observing the spatial de-
velopment of birefringence during crystallization of a fast crystallizing
polymer by POM. Method (i) is limited to continuous heating experi-
ments since the melting peak of the calibrant is evaluated. Essentially
the same holds for (iii) (heating) and (iv) (cooling) because (re)crys-
tallization of the sample during extended isothermal stages must be
avoided. In contrast, the nematic to isotropic transition of 80CB does
not show kinetics on the time scales of interest here. Consequently,
method (ii) is applicable on heating, on cooling and under isothermal
conditions. The latter allows investigation of the development of the
temperature profile with extended periods of time, e.g. several hours.

The obtained results are summarized as follows: All four methods
show a similar lateral temperature distribution in the chip sensor UFS 1
with hot spots on top of the heaters and cold spots at the periphery
where the electrical connections enter the heated region. Temperature
differences can reach 10K between hot and cold spots, depending on
the temperature difference between heated area and the ambient.
Fortunately, in the central part of the heated area, surrounded by the
heaters, all methods indicate an essentially flat temperature distribu-
tion with differences below 1 K. The lateral dimension of this area is
about 150 um and allows/suggests exclusive placement of the sample
there.

For reliable fast scanning calorimetry employing the sensor UFS 1,
the sample, fulfilling all other requirements, should be placed in the
central square area of 150 X 150 um? and should not extend on top of
the heaters (hot spots) and no sample should be placed near to the outer
edge of the active area where cold spots are located.
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Research highlights

1. Quiescent-melt crystallization of PA 11 at processing-relevant cooling conditions was
analyzed by FSC.

2. Different semicrystalline morphologies were generated by variation of nucleation pathways
using a special film-preparation setup.

3. The correlation between cooling conditions and resulting semicrystalline morphologies was
established.

4. A dual semicrystalline morphology was obtained when cooling the melt at rates between 20
and 200 K s,
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Nucleation-controlled dual semicrystalline
morphology of polyamide 11
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Abstract

Crystallization of polyamide 11 at low supercooling of the melt proceeds via heterogeneous nucleation and spherulitic growth
of lamellae, while at temperatures close to the glass transition homogeneous nucleation prevails, preventing spherulite
formation and leading to formation of a large number of nanometer-sized mesophase domains. It is shown that spherulitic and
non-spherulitic crystallization at low and high supercooling of the melt, respectively, can be enforced by tailoring the cooling
conditions, causing a twofold semicrystalline morphology at ambient temperature. Analysis of non-isothermal crystallization
as a function of the cooling rate, using fast scanning chip calorimetry, reveals that in the case of polyamide 11 such twofold
semicrystalline morphology is predicted when cooling at rates between about 20 and 200Ks~', since then two separate
crystallization events are observed. The prediction has been confirmed by preparation of films crystallized during ballistic
cooling at different rates which then were analyzed regarding their structure using optical microscopy, X-ray diffraction
and calorimetry. The study is completed by discussion of implications of twofold non-isothermal crystallization for structure
evolution in polymer processing, as well as by providing information that such behavior is not only typical for polyamide 11 but
also for isotactic polypropylene or poly(butylene terephthalate) as two further examples.

© 2018 Society of Chemical Industry

Keywords: polyamide 11; nucleation; crystallization; semicrystalline morphology; fast scanning chip calorimetry
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INTRODUCTION then slows down because of hindered molecular transport pro-
For numerous polymers it has been shown that crystallization ~ cesses. However, it was ShOWT) .that at low temperature, often
at low supercooling of the melt proceeds via a heterogeneous ~ 50~70K above the glass transition temperature T, the crystal-
nucleation mechanism, while at high melt supercooling, at lization rate increases again to pass through a further maximum
temperatures close to the glass transition, homogeneous nucle- €105 0 Ty. The assignment of the high- and low-temperature
ation prevails.'2 The low-temperature homogeneous nucleation crystallization-rate maxima to the maximum growth rate of het-
scheme may be realized in samples which do not contain hetero- erogeneously nucleated crystals and the maximum rate of homo-
geneous nucleation sites and which therefore do not crystallize at geneous nuclea't|on, r.erspictlvely, was Fhen futher. supported by
high temperature, as may be the case in nanometer-sized droplets analysis of nuclei densities' and by linking the kinetics of the relax-
finely dispersed If;lend components, thin films, etc.3~7 Regarding, ation of glasses with that of nuclei formation;'-'® regarding the
research about crystallization of polyamides (PAs), Mathot and latter it was shown that glass relaxation and homogeneous nucle-

- ;i . ; ation are coupled, thus occurring on a similar length scale and
co-workers performed pioneering experiments proving homo- . ) .
. P . ) independent of the presence of heterogeneous nucleation sites.
geneous nucleation in industrially relevant multicomponent

. 8-10 . ) Note that addition of heterogeneous nucleators into a given sys-
systems containing small droplets.®-'° Bulk samples, including

ority of ical f ; ) i tem only affects the kinetics of the high-temperature crystalliza-
the m‘ajc‘)rlty o 'technlcal ormulatlons/mdustr@I polymers, of’Fen tion process, being outpaced by homogeneous nucleation at low
contain impurities or purposely added nucleation agents, which

= > ) temperature with its kinetics often not changing."”~"°
promote crystallization at high temperature via heterogeneous Most important in the context of this study is the effect of the
nucleation.”"? In such samples, homogeneous nucleation at

nucleation mechanism on the development of the semicrystalline
low temperature can only be enforced by rapid cooling, bypass-

ing the temperature range of maximum growth rate without

]
space-filling growth of crystals originating from heterogeneous
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to the different nucleation mechanisms.'? In general, the crystal-
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morphology. Heterogeneous nucleation at high temperature, with
distances between neighboring nuclei of several micrometers
up to several hundred micrometers, typically leads to spherulitic
growth of lamellar crystals.?®2' In contrast, crystallization at low
temperature is connected with atremendous increase of the nuclei
density by several orders of magnitude,'> which then does not
allow distinct lateral growth of nuclei/crystals due to space and
mobility constraints, ultimately leading to a semicrystalline struc-
ture consisting of independently grown, small ordered domains
embedded in the amorphous matrix without forming a higher
order superstructure. Often, though not throughout, these small
domains exhibit a mesomorphic structure, which in the case of PA
6 was characterized such that the chains are straight and nearly
extended, and having equal distance to all neighbors, leading to a
hexagonal symmetry. In addition, a smectic periodicity along the
chain axis was proven with the detection of a meridional scattering
peak in fiber pattern analysis.??

Formation of such qualitatively different semicrystalline mor-
phologies, that is, laterally extended lamellae separated by amor-
phous structures within spherulites on one side and approximately
isometric domains distributed in an amorphous matrix on the
other side, controlled by the degree of supercooling of the melt
upon crystallization, has been proven for many polymers includ-
ing isotactic polypropylene (iPP),2-% poly(butylene terephtha-
late) (PBT),"® PA 6,227 PA 66,28 as well as PA 11,2° with the latter
being the subject of the present work.

It is worthwhile noting that application-relevant properties are
largely influenced by the different habit and arrangement of crys-
tals, even if the crystallinity is similar; for example, non-spherulitic
structures lead to higher ductility and reduced (visible) light scat-
tering, compared to a spherulitically crystallized counterpart,3°-3¢
justifying continuing research efforts for obtaining polymeric
materials with tailored structures and properties. Moreover, in
addition to effects related to the shearing of the melt, in indus-
trial melt-processing of polymers, in particular injection molding,
polymers may be subjected to a wide range cooling rates, often
reaching few hundred kelvins per second in the skin layer while
cooling slower in the central parts.3’-3° Such high cooling rate in
the skin may be sufficient to suppress crystal growth from het-
erogeneous nuclei, and related to the cooling-rate gradient along
the cross-section it then causes a gradient of the semicrystalline
morphology.3®-#

It was the aim of the work presented here to prove/disprove
the concept of obtaining a nucleation-controlled twofold
semicrystalline morphology by incomplete high-temperature
crystallization, leaving then crystallizable amorphous structure
for continuation of the crystallization process at lower tem-
perature via homogeneous nucleation. As a result of such a
nucleation pathway it is expected that isolated spherulites are
embedded in a semicrystalline matrix containing isometric crys-
tals. The study was performed using PA 11, as for this polymer
it was shown that in a relatively narrow temperature range at
around 110°C, the few heterogeneous nuclei are outpaced at
lower temperature by the rapidly increasing number of homo-
geneous nuclei with the consequences described above for
the semicrystalline structure. Considering industrial processing,
films were prepared by ballistic cooling of the melt at different
rates, which then were analyzed regarding their structure. The
crystallization history of the films was correlated with FSC cool-
ing curves, with the latter providing an accurate prediction of
cooling conditions needed to obtain a twofold semicrystalline
morphology.

EXPERIMENTAL

Material

A heat- and light-stabilized, natural PA 11 extrusion grade
Rilsan® BESNO TL from Arkema was used. The melt volume
index of the polymer is 1 cm3/(10 min) (235 °C, 2.16 kg),*? and the
number-average molar mass and polydispersity are 17.2 kg mol™’
and around 2, respectively;* further material data are available in
the literature.*? The material was delivered as pellet, and was used
as received for FSC analysis of non-isothermal crystallization.

Film samples with a thickness of 220 + 10 pm were prepared
using a Lot QD hydraulic hot-press equipped with a thin-film
maker accessory. The as-received pellets were first dried at 80 °C
for a period of 24 h before compression molding at a temperature
of 220 °C between thin Teflon layers. The Teflon-polymer-Teflon
sandwich was then cooled using various cooling media including
ice—water, room-temperature water, metal plates or ambient air,
to obtain films with different structures. To precisely monitor the
decrease of the temperature during cooling, a chromel-alumel
p-thermocouple from Omega with a wire diameter of 80pum
was placed with its front end inside the sample and connected
to a fast temperature—time logger (OM-DAQXL-1-EU), permit-
ting sampling of temperatures at a frequency up to 25Hz.
Temperature—time profiles were smoothed to allow calcula-
tion of the first derivative, that is, the cooling rate, which was then
plotted as a function of temperature.

Instrumentation
Fast scanning chip calorimetry
FSC was employed for obtaining information about temperatures
of crystallization as a function of the cooling rate, in order to iden-
tify the cooling-rate range in which multiple crystallization events
occur. We used a power-compensation Mettler-Toledo Flash DSC
1, operated in combination with a Huber TC100 intracooler. The
sample support temperature was kept constant at —90 °C and the
sample environment was purged with dry nitrogen gas using a
flow rate of 60 mL min~'. The empty sensor was conditioned and
temperature-corrected according to the instrument operating
instructions before wetting the heatable area of the sample fur-
nace with a thin layer of Wacker AK 60000 silicon oil, in order to
improve the thermal contact between the sensor membrane and
the sample. Specimens with a thickness of less than 15pm and
lateral width of about 50-100 pm were prepared and placed onto
the membrane. The mass of the samples, roughly, was between
50 and 200 ng and was estimated from the change of the absolute
sample heat capacity on complete vitrification of the supercooled
melt and its comparison with the expected mass-specific heat
capacity change of 0.38 Jg=' K144

The FSC cooling curves were evaluated regarding temperatures
and enthalpies of crystallization. The asymmetry of the heat
losses was obtained by recording the instrumental differential
heat-flow rate in the presence of the sample on sufficiently slow
cooling at a rate of 1Ks™". The curve was smoothed to remove
the small latent heat contribution of the crystallization event
of the material, and then subtracted from all curves recorded
at the various cooling rates. The temperature of crystallization
was defined as temperature of maximum heat-flow rate of the
various crystallization events, and the enthalpy of crystallization
was estimated by the peak area using a straight baseline for
peak integration. While determination of the parameters of the
observed fast low-temperature process was uncritical, tempera-
tures and enthalpies of the slow high-temperature process, which
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stretched over a rather wide temperature range, are considered as
estimates only.

Further valuable information about instrumentation and
application of FSC is available in the literature, authored by
Mathot and co-workers, recognizing early the need to implement
rapid-cooling polymer-crystallization research to advance/fit both
academic and also industrial needs.*~*

Differential scanning calorimetry

DSC was used for analysis of the crystallinity of films prepared
by cooling the melt at different rates. In particular it was the aim
to show that featureless appearance of rapidly cooled films in
polarized light optical microscopy is not caused by absence of
crystallization but due to the smallness of crystals. The measure-
ments were done with a calibrated Mettler-Toledo heat-flux DSC
1 attached to a Huber TC100 intracooler. Samples with a mass of
5 mg were encapsulated in small 20 pL aluminum pans and heated
from —20 to 220 °C at a rate of 10 Kmin~" while purging the fur-
nace with dry nitrogen gas at a rate of 60 mLmin~'. The crys-
tallinity of the samples was determined by normalizing the mea-
sured enthalpy of melting with the bulk enthalpy of melting of
189Jg~'.°° The reproducibility was confirmed by repeating the
measurement with a new sample taken from a different film of
identical thermal history. In addition, DSC was employed for mea-
surement of temperatures and enthalpies of crystallization at rates
between 2 Kmin~' (0.033Ks™") and 50 Kmin~' (0.833Ks™"), using
the as-received pellets.

X-ray diffraction

XRD was used to gain information about the prevailing crystal
polymorph in the various film samples of different thermal history.
The XRD analyses were performed with a URD 63 diffractometer,
using Ni-filtered Cu Ka radiation with a wavelength of 0.15418 nm,
and a scintillation counter for registration of the scattered X-rays.
Data were collected in transmission mode.

Polarized-light optical microscopy (POM)

The semicrystalline structure of the PA 11 film samples of dif-
ferent crystallization history at the micrometer length scale was
observed with a Leica DMRX optical microscope in transmission
mode using crossed polarizers. A Slee CUT 5062 rotary micro-
tome was employed to prepare thin sections with a thickness
of 10 pm, representing the cross-section of 220 um thick films.
The thin sections were embedded in low-viscosity Type A Cargille
immersion oil between glass cover slips, and imaged using a Motic
2300 CCD camera attached to the microscope. Annealing experi-
ments were performed using a Linkam THMS600 hot stage.

RESULTS AND DISCUSSION

FSC analysis of non-isothermal crystallization of PA 11

In Fig. 1 are plotted FSC scans of PA 11, recorded during cooling
of the melt at rates between 1000 and 10Ks~', and DSC scans
obtained on cooling the melt at 0.833Ks™ (50Kmin~') and
0.167 Ks~' (10 Kmin~). Cooling at rates lower than 30Ks~! leads
to a single crystallization event at around 150 °C (red curves). As
expected, the crystallization temperature decreases and the width
of the transition increases with increasing cooling rate. If samples
are cooled at rates between 30 and 100Ks™' (gray curves) then
the broad high-temperature crystallization process (dashed line)

1000
FSC T

a
0.05 mW 700
4 200
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Heat-flow rate (exo up)

— low-T crystallization only
— dual crystallization

— high-T crystallization only f\— 0.83
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Temperature (°C)

Figure 1. FSC curves recorded on cooling the melt at different rates
between 10 (bottom curve) and 1000K s~ (top curve), and DSC curves
obtained on cooling the melt at 0.833Ks~! (50Kmin~") and 0.167 Ks™'
(10 Kmin~"). Red, gray and blue coloring of curves is employed to distin-
guish cooling-rate ranges leading to high-temperature crystallization only,
occurrence of two crystallization events and low-temperature crystalliza-
tion only, respectively.

becomes superimposed by a sharp crystallization peak at temper-
atures lower than 100 °C (see arrow). It will be shown below that
the appearance of the distinct low-temperature crystallization
peak is coupled to incomplete high-temperature crystallization.
With increasing cooling rate, crystallization at high temperature
is increasingly suppressed and then the non-crystallized but
crystallizable material orders at lower temperature. If the cool-
ing rate is increased beyond 100-200Ks™' then crystallization
at temperatures higher than 100°C is not visible and only the
low-temperature crystallization process is detected (blue curves).
This crystallization event, however, also fades with increasing cool-
ing rate, and on cooling the melt at 1000Ks™" to below T4 only
negligible amount of the melt transforms into ordered structure.
Figure 2 provides quantitative information about temperatures
(top part) and enthalpies (bottom part) of crystallization, plot-
ted as a function of the cooling rate. Similar to Fig. 1, red, gray
and blue coloring of data is employed to distinguish cooling-rate
ranges leading to high-temperature crystallization only, occur-
rence of two crystallization events and low-temperature crys-
tallization only, respectively. Most important is the observation
that the low-temperature crystallization process on increasing
the cooling rate beyond about 30Ks™' is at the expense of
the high-temperature crystallization process (see downward- and
upward-directed arrows in the plot of transition enthalpies). At low
cooling rate, as realized in DSC experiments, the enthalpy of crys-
tallization is close to 50 J g~'. Cooling faster than 30 Ks~', however,
does not allow completion of the high-temperature crystallization
process, as is indicated with the sharp down-drop of the transition
enthalpy. As the enthalpy of the high-temperature crystallization
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Figure 2. Temperature (top part) and enthalpy of crystallization of PA 11 as
afunction of the cooling rate. Data were obtained from FSC (>10 Ks~') and
DSC cooling experiments (<0.833Ks™'). DSC data are averages of three
independent measurements, with the standard deviation being similar to
the data-point size. FSC experiments were performed five times, in order
to prove reproducibility. Red, gray and blue coloring of data is employed to
distinguish cooling-rate ranges leading to high-temperature crystallization
only, occurrence of two crystallization events and low-temperature crystal-
lization only, respectively.

process decreases, the enthalpy of the low-temperature transition
increases, at least if the cooling rate is lower than 100-200Ks™";
on cooling faster than 200K s™" also the low-temperature transi-
tion becomes suppressed. It is worth noting that the crystallinity
of PA 11 is almost independent of the cooling rate below the crit-
ical value of a few hundred kelvins per second, which is in accord
with a prior study of crystallization under rapid cooling conditions
using a combination of FSC and XRD, performed by Mathot and
co-workers.”!

For morphological studies, film samples of different thermal
history were prepared, attempting to mimic the cooling condi-
tions which lead to the three different crystallization scenarios. By
variation of the target temperature and the heat-transfer condi-
tions in ballistic cooling experiments, indeed, it was possible to
adjust cooling conditions as indicated with the boxed numbers 1
to 4 in Figs 1 and 2. However, before discussion of the semicrys-
talline morphology of films of different cooling history, we may
emphasize with the FSC cooling scans in Fig. 3 that observation of
two separate crystallization events during cooling is not a specific
observation holding only for PA 11 but that it must be considered
as a general phenomenon in non-isothermal crystallization of
polymers if the cooling rate is high enough to hinder comple-
tion of the heterogeneously nucleated crystallization process at
high temperature, and if the cooling rate is still low enough to
allow formation and growth of homogeneous nuclei to crystals at
lower temperature. In the case of iPP the high-temperature crys-
tallization process cannot complete if the cooling rate exceeds
50-100Ks™', which then causes rapid formation of a mesophase
around room temperature.®>~>* Similarly, for PBT a critical cooling
rate for suppression of the high-temperature crystallization

= iPP
o e
> 100 K/s
(0]
®
=
o
& PBT
3
I 100 K/s
| | 1 1 | | |
0 25 50 75 100 125 150

Temperature (°C)

Figure 3. FSC curves obtained on cooling iPP, PA 11 and PBT at rates which
lead to two crystallization events. Data obtained for iPP and PBT were taken
from Poel et al.*® and Androsch et al.,'® respectively. Note that scaling of
the heat-flow rate axis is different for the individual curves.

process of about 30Ks™' has been detected, causing then
crystallization below 100°C;'**° a further example is available
in the literature, describing the crystallization behavior of PA 12,5

Morphology of films of different cooling history

Films of different thermal history were prepared by compression
molding, followed by ballistic cooling of the melt at different
rates. Figure 4 shows with the gray data points and curves the
temperature dependence of the cooling rate of different films,
calculated from the experimentally observed temperature-time
profiles; before differentiation, the temperature—time profiles
were smoothed using a fast Fourier transform filter, as is custom
in signal processing.>” For all samples there is a decrease in the
cooling rate on the approach of the target temperature according
to Newton’s law of cooling.>® For the slowest cooled sample (i) the
cooling rate in the temperature range relevant for crystallization,
that is, between about 160 and 50 °C, is less than 5 Ks™', permit-
ting crystallization at rather low supercooling of the melt close to
150 °C. Due to the large amount of heat released during the phase
transformation, the cooling rate shows a minimum at the crystal-
lization temperature. However, even if it were impossible to detect
the transition temperature during cooling of the films with the
embedded thermocouple, the FSC data of Figs 1 and 2 would pro-
vide such information, as is demonstrated with the red and blue
data points and curves, representing crystallization temperatures
associated with the high- and low-temperature crystallization pro-
cesses, respectively. With regard to the film-cooling experiment
(i), these data need to be read such that cooling at a rate of 5 Ks™’
leads to crystallization at 140-150 °C, perfectly agreeing with the
crystallization temperature detected with the thermocouplein the
film sample. At this low rate, no further crystallization events were
detected. Faster cooling at rates between about 10 and 100Ks™",
as realized with the films (ii) and (iii), in contrast, does not allow
completion of the high-temperature crystallization process at tem-
peratures defined by the intersection with the FSC data shown in
red. Therefore a low-temperature crystallization event is predicted
with the blue FSC data points and also experimentally confirmed
with the local minimum in the cooling-rate profile. Only if the
cooling rate exceeds about 100Ks™', then the high-temperature
crystallization process is fully suppressed and the melt transforms
partially to an ordered phase at about 75 °C, close to T,.
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Figure 4. Cooling rate as a function of temperature during ballistic cooling
of compression-molded films of PA 11 (gray data points and curves). Films
associated with the curves labeled 1 to 4 were prepared using air, metal
blocks pre-conditioned at 35 °C, metal blocks pre-conditioned at 25 °Cand
ice—water, respectively, as quenching media. The red squares and blue
circles represent peak temperatures of crystallization of PA 11, measured
as a function of cooling rate using FSC (see Fig. 2).

Figure 5 shows POM micrographs of the center part of the
cross-section of the films of PA 11 of different cooling history, as
shown with the cooling-rate profiles in Fig. 4. First of all, it may
be noted that the film-thickness direction is parallel to the long,
vertical edge of the images, representing a distance of about
130 um, that is, almost two-thirds of the total thickness. Further-
more we may emphasize that the structures shown are represen-
tative for all regions of the cross-section, that is, there was no
gradient structure observed. For slowly cooled PA 11 (left image
labeled 1), which crystallized at about 150 °C, there is detected
a space-filling spherulitic superstructure, with the spherulite size
being 10-20 pm, being in accord with the literature;®° at slow cool-
ing there is sufficient time to grow spherulitic structures from the
few heterogeneous nuclei until space filling stops further growth.
If the cooling rate is increased to 10-50Ks™', as achieved with
the cooling experiment 2 (see Fig. 4), then the spherulite size is
reduced to values lower than 5 pm which is caused by insufficient
time for growth of spherulites out of the most active heteroge-
neous nuclei and the increased number of activated heteroge-
neous nuclei when decreasing the crystallization temperature to
about 130 °C (see Fig. 4); however, spherulitic crystallization seems
incomplete in some parts of the film, pointing to the beginning of
deterioration of the high-temperature crystallization process and
causing continuation of crystallization at lower temperature (see
cooling-rate minimum around 100 °C in curve 2 of Fig. 4). Incom-
pletion of the high-temperature crystallization process is obvious
if the cooling rate is further increased to around 100Ks™" (curve
3 in Fig. 4) since then the POM micrograph shows only isolated
spherulites with a size of 2-4 um surrounded by non-spherulitic
structure, and since both the cooling-rate profile in Fig. 4 and the
FSC scans of Fig. 1 reveal negligible high-temperature crystalliza-
tion. In that case a dual semicrystalline morphology is observed
with spherulitically grown lamellar crystals on one side, and crys-
tals formed at low temperature from homogeneous nuclei. Finally,
if the cooling rate is further increased to values well above 100 K s™'
(see curve 4 in Fig.4) then solidification of the melt occurs at

around 75 °C, with the crystals then arranged such that there can-
not be observed a characteristic birefringence pattern in POM, that
is, with the crystals not forming a higher-order superstructure as
is the case with the coordinated, radial growth starting from few
heterogeneous nuclei.

Proof of presence of non-spherulitic ordered structures
Featureless POM micrographs, as shown with the right image in
Fig. 5, typically are indicative for completely amorphous samples.
In order to provide information that a semicrystalline morphol-
ogy is evident even in such case of a featureless appearance
in POM, DSC and XRD analyses were performed, as well as a
specific high-temperature annealing experiment, explained with
Fig. 6. The main idea behind the annealing experiment is the
assumption that the amorphous glassy structure formed on
rapid cooling will crystallize upon heating the material to above
Tg- Similarly, it could be expected that the isolated spherulites
evident in image 3 of Fig.5 continue to grow if the sample is
heated to temperatures above 130°C, that is, to a temperature
where the high-temperature crystallization process is occurring.
The left-hand image in Fig. 6 is a soft zoom of image 3 in Fig. 5,
showing the isolated spherulites with a diameter of 2-3 um,
which formed within the high-temperature crystallization pro-
cess. With the inset text in the top left corner is emphasized the
question as to whether the black surrounding is a fully amorphous
phase or containing crystals. The sample was then heated to
150°C, that is, to well above Tg, and annealed for a period of
5 min. After cooling to ambient temperature the image shown
to the right was captured. Obviously, heating the initial film to
above T does not affect the morphology, as the spherulites do
not continue to grow, clearly evidencing that the surrounding
featureless structure is not a single devitrified amorphous phase
but rather contains small crystals which likely even immobilize
their local amorphous surrounding; note that it was found early
that the presence of crystals in PA 11 leads to formation of a rigid
amorphous fraction,®? similar as in PA 6.%%* As such it is clear
that annealing even well above T, does not cause a change of the
morphology at the micrometer length scale.

Further evidence that all films shown in Fig. 5, regardless their
largely different morphology, exhibit similar level of crystallinity
is provided with the DSC heating scans in the right plot of
Fig. 7. The labeling of curves at their right-hand side is in accord
with that of the cooling-rate profiles in Fig.4 and image desig-
nation in Fig. 5. Independent of the largely different crystalliza-
tion history, all samples show a melting peak close to 190°C,
which is attributed to crystal reorganization during rather slow
heating at 10 Kmin~'. Typically, polymer crystals melt around
10 K above the temperature of their formation (see for example
recent crystal-reorganization studies performed on poly(ethylene
terephthalate),5> PBT®® or PA 6°7); however, they tend to reorganize
by melting which is followed by fast melt-recrystallization, occur-
ring on a sub-second time scale.®® Reorganization may in partic-
ular be evident if the zero-entropy production melting tempera-
ture of crystals of low metastability is well below the equilibrium
melting temperature, leaving then after melting of the crystals a
highly unstable melt. However, most important regarding the DSC
curves in Fig. 7 is the observation that the enthalpy of melting of
all films is around 50J g~', which corresponds to a crystallinity of
around 26% when using a bulk enthalpy of melting of 189J g~ for
normalization.>® In more clear words, the fully spherulitic structure
obtained after rather slow cooling of the melt at a rate of 1-5 Ks™!
and the non-spherulitic structure obtained after fast cooling of the
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Figure 5. POM micrographs of the cross-section of films of PA 11 of different cooling history, as shown with the cooling-rate profiles in Fig. 4. The
film-thickness direction is parallel to the long, vertical edge of the images, as is indicated with the double arrow in image 3.

before annealing

after annealing

Figure 6. POM micrographs of part of the cross-section of a PA 11 film
which was prepared by ballistic cooling at a rate close to 100Ks™" (see
cooling-rate profile 3 in Fig. 4), before annealing (left image) and after
annealing for 5 min at 150 °C (right image).

melt at 100-500Ks~", shown with the left and right images in
Fig. 5, exhibit similar crystallinity.

The observation of independence of the enthalpy of melting,
that is, of the crystallinity, of the cooling history seems in contra-
diction with the transition enthalpies shown in the bottom part of
Fig. 2. There (in Fig. 2) for the fastest cooled film 4, a total transition
enthalpy of at best 20-25Jg~' may be predicted. The crystallinity
mismatch is explained with the temperature dependence of the
cooling rate in the film-preparation experiment. For film 4, the
cooling rate at high temperature was sufficient (about 200K s™") to
suppress high-temperature crystallization; however, this was then
much slower in the temperature range of the low-temperature
crystallization process (down to about 50Ks™' close to Tg) com-
pared to the constant cooling rate in the FSC device. It is therefore
important to note that the transition enthalpies measured on
linear cooling by FSC do not necessarily represent maximum
achievable values. These can only be obtained within isothermal
crystallization experiments, which, indeed, confirmed that the
maximum achievable crystallinity is almost independent of the
crystallization temperature in the case of PA 11.%°

Despite similar enthalpy-based crystallinity of the films of largely
different semicrystalline morphology, the XRD patterns in the left
plot of Fig.7 reveal that the crystals forming in the high- and
low-temperature crystallization processes, as indicated with the
red and blue coloring of curves, respectively, have different sym-
metry and perfection. Crystallization at rather high temperature
close to 150 °C (red curve, cooling regime 1) leads to formation
of the triclinic a-crystal polymorph, as is identified with the two
characteristic peaks at 20 around 20.4° and 22.5°, providing infor-
mation about the unit cell dimension in cross-chain direction.
Note that the angular position of these peaks, that is of the dimen-
sions of the basal plane of the unit cell, defining the perfection and
stability of crystals,”® depends on the crystallization temperature;

crystallization at higher temperature would increase the distance
between peaks, indicating an increased anisotropy in cross-chain
direction, while crystallization at lower temperature leads to a
decrease of their distance. For PA 11 it was found by systematic
analysis of the XRD patterns of samples of well-defined isothermal
crystallization history, using FSC for sample preparation, that
these peaks are merged if the crystallization temperature is lower
than 110 °C.? In that case only rotational symmetry of the chains
is evident, defining it as a mesophase, being a phenomenon hold-
ing for many PAs when rapidly cooled or crystallized at high melt
supercooling.”'~73 Such a situation is evident for film 4 (blue curve)
which was rapidly cooled at a rate higher than 100K s™", with the
crystallization peak temperature observed at around 75 °C. For
films 2 and 3, which crystallized at both high and low tempera-
tures, a mixture of both crystal types is expected, which, however,
are not clearly identifiable in the corresponding X-ray patterns
in Fig. 7, perhaps caused by line-broadening due to small crystal
size. Since the XRD patterns of rapidly cooled PAs containing the
mesophase only show a rather broad and halo-like peak, repre-
senting the lateral distance between chains, in Fig. 7 also the scat-
tering curve of a fully amorphous sample is included,® for demon-
stration that the films 2—-4 indeed contain ordered structures.

CONCLUSIONS

Melt crystallization of PA 11 is initiated by heterogeneous nuclei
at temperatures higher than about 120 °C, while homogeneous
nucleation prevails at lower crystallization temperatures.?® Related
to the largely different nuclei density, different semicrystalline
morphologies develop above and below the crossover tem-
perature. The rather low number of heterogeneous nuclei on
high-temperature crystallization allows extended lateral growth of
crystals forming spherulites if the sample stays for sufficiently long
time near the temperature of maximum growth rate. Due to the
much larger number of homogeneous nuclei developing below
about 120 °C, crystals remain small and cannot form a high-order
superstructure. While isothermal crystallization in the high-
and low-temperature nucleation schemes can be completed by
appropriate extending the crystallization time, in non-isothermal
crystallization processes the slow, high-temperature spherulitic
crystallization may not be completed if the cooling rate is too fast.
In such a case, in the remaining amorphous phase crystalline struc-
tures can still form at lower temperature, since there the nucleation
rate is drastically increased. In calorimetry, when cooling at rates
between 20 and 200Ks™', two crystallization events/peaks
are then detected, suggesting a twofold crystallization. It was
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Figure 7. XRD patterns (left) and DSC heating scans (right) of PA 11 films of different thermal history as described with the cooling-rate profiles of Fig. 4.
Red and blue colored curves, labeled 1 and 4, respectively, indicate exclusive crystallization in the high- and low-temperature range, respectively. The XRD
curve of fully amorphous PA 11 (gray), measured in an independent study,®’ is included for illustration that films 2—4 contain ordered structures.

successfully proven that then a dual semicrystalline morphol-
ogy is developing, containing spherulitically grown lamella at
high temperature and non-spherulitically distributed mesophase
domains, formed at lower temperature. More precisely, (i) cooling
the melt slower than 20Ks™" leads to a space-filled spherulitic
structure, (i) cooling at a rate between 20 and 200K s~ leads to a
dual semicrystalline morphology, (iii) cooling faster than 100K s’
causes formation of a fully non-spherulitic structure and (iv) cool-
ing at rates above 1000 K s~" eventually yields fully non-crystalline
amorphous states.

While the cooling-rate range to observe a dual semicrystalline
morphology seems rather narrow, covering only one order of mag-
nitude, observation of such structures is common in polymer pro-
cessing. In injection molding, cooling-rate gradients from several
hundred kelvins per second in the skin layer to values less than
1 Ks™"in the core are typical, causing then solidification at differ-
ent temperatures in the various layers across the thickness, and
formation of a correspondingly wide spectrum of morphologies,
from amorphous to completely non-spherulitic semicrystalline to
space-filled spherulitic semicrystalline, and all intermediate stages
in between.
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Research highlights

1. The thermal stability of self-seed based on spherulitically grown lamellar crystals was
analyzed using hot-stage microscopy.

2. The presence of self-seed causes acceleration of crystallization and formation of a finer
spherulitic structure.

3. The self-seed was stable up to about 10 K higher than the melting temperature of the lamellar
crystals.
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Self-nucleation of crystallization of polyamide 11 (PA 11) has been studied by thermo-optical microscopy.
Spherulitically arranged lamellar crystals with a melting peak temperature of 187 °C formed via heterogeneous
nucleation on slow cooling the equilibrium melt and subsequent reorganization on slow heating. As a function of
the maximum temperature of the melt after their complete melting, subsequent non-isothermal crystallization
accelerates, caused by presence of self-nuclei. The number of self-nuclei decreases with increasing temperature
of the melt and approaches zero at a temperature about 13 K higher than the melting temperature of the initially

present crystals. Crystallization of the melt containing self-seed leads to formation of a distinctly finer spherulitic
morphology than melt-crystallization in absence of self-seed at identical conditions.

1. Introduction

Crystallization of polymers requires nucleation to overcome the
energy barrier for the creation of a stable interface between the melt
and the crystal nucleus. Nucleation mechanisms include homogeneous
and heterogeneous nucleation, associated with stochastic formation of
crystal nuclei in the bulk or nucleation at existing surfaces or other
heterogeneities, respectively. At low supercooling of the melt, typically
heterogeneous nucleation is dominant while homogeneous nucleation
prevails at high supercooling of the melt, at temperatures around the
glass transition [1-4]. A special case of crystal nucleation is so-called
self-nucleation which is a term denoted to nucleation at remnants of
crystals of the own species, also called self-seed [4-6]. Such self-seed
may be evident in the melt when crystals do not adopt the structure of
the relaxed melt after their melting. In presence of self-seed, crystal-
lization on subsequent slow cooling occurs faster than in case of their
absence, and due to the higher number of nuclei, typically, a finer su-
perstructure develops [6-8]. Self-nucleation on cooling may not be
confused with melting and melt-recrystallization which is a term de-
noting a process involving melting of crystals of low stability and fast
recrystallization of the unstable but also not completely disordered melt
at identical or higher temperature [9-12]. Rather than, self-seed gen-
eration is a process connected with global melting of crystals though
not yielding a melt of maximum entropy in the formerly ordered vo-
lume. Often, the temperature-ranges in which melting and melt-re-
crystallization on one side and in which self-seed survival on the other
side are evident, are denoted as domain IIl and domain II self-

* Corresponding author.
E-mail address: rene.androsch@iw.uni-halle.de (R. Androsch).
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nucleation-temperature ranges, respectively [6-8].

Self-seed experiments typically are performed such to obtain first a
relaxed melt by heating the polymer to above the equilibrium melting
temperature, followed by formation of a semicrystalline reference-state,
typically by slow cooling, yielding a spherulitic superstructure of
crystal lamellae. Subsequently, these crystals are heated to different
temperatures above their melting point. Potential self-seed left is then
analyzed by monitoring the crystallization temperature on cooling as a
function of the maximum temperature of the melt prior cooling.
Typically, the self-seed concentration decreases with increasing max-
imum temperature of the melt [6-8].

Self-nucleation was observed in various polyamides (PA) including
PA 66 [13] and PA 6 [14-17], however, is not reported yet for PA 11.
For this reason, in the present work an attempt is made to provide in-
formation whether self-nucleation is evident also in PA 11. However, in
advance to earlier reports about self-seeding, it is our long-term goal to
prove/disprove a link between the initial semicrystalline morphology
before melting of crystals on one side and the self-seed concentration on
the other side. PA 11 is polymorphic, that is, as a function of the
crystallization conditions different crystal forms develop. Typically, at
rather low supercooling of the melt, triclinic a-crystals of lamellar
shape grow spherulitically while at high supercooling of the melt a
pseudo-hexagonal nodular mesophase forms, likely related to different
mechanisms of crystal nucleation at high and low temperatures
[18-21]. The temperature ranges of pre-dominant heterogeneous and
homogenous crystal nucleation of PA 11 have been identified by fast
scanning chip calorimetry (FSC), with main conceptual ideas about
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both instrumentation [22,23] and polymer crystallization physics/nu-
cleation mechanisms [24,25] provided by Christoph Schick, to whom
this work and special issue is dedicated. Clearly, his contributions di-
rected to the development/improvement of FSC and his ideas in the
fields of formation, reorganization and melting of polymer crystals, and
of relaxation phenomena in polymer glasses inspired our own research
for many years, including the self-nucleation work presented here. In
this initial PA-11-self-nucleation study, we provide first information
that self-nuclei indeed can be produced in PA 11, however, with em-
phasis placed on crystal lamellae formed via heterogeneous nucleation
at rather low supercooling of the melt.

2. Experimental
2.1. Material and preparation

We employed a high-viscosity, heat- and light-stabilized, natural-
color PA 11 extrusion grade Rilsan BESNO TL from Arkema with a melt
volume index of 1 cm® (10 min) ™! (235 °C, 2.16 kg) [26]. The number-
average molar mass and polydispersity were 17.2kg mol™ and around
2.0, respectively [27]. The material was available in form of pellets,
used to prepare sections with a thickness of 10 um on a Slee microtome
equipped with a tungsten carbide knife. These sections were later on
used for preparation of spherulitically grown lamellar crystals.

Thermochimica Acta 677 (2019) 139-143
2.2. Instrumentation

2.2.1. Polarized-light optical microscopy (POM)

Self-nucleation experiments were done by hot-stage microscopy
employing a Linkam THMS 600 hot-stage and a polarized-light Leica
DMRX microscope operated in transmission mode. Images were taken
with a Motic CCD camera, and for analysis of the progress of crystal-
lization on cooling the NIH ImageJ software [28] (Version 1.46 r) was
used.

2.2.2. Differential scanning calorimetry (DSC)

DSC was used for obtaining information about the melting tem-
perature and approximate crystallinity of PA 11 crystallized on cooling
at 20 K min~'. We employed a calibrated Mettler-Toledo heat-flux DSC
1 operated in combination with a Huber TC 100 intracooler. The fur-
nace was purged with nitrogen at a flow rate of 60 mL min ™", and the
sample was encapsulated in a small 20-pL aluminum pan. For calcula-
tion of the crystallinity, a value of the bulk enthalpy of melting of 189 J
g~ ! was used [29].

2.2.3. Atomic force microscopy (AFM)

Analysis of the nanometer-scale structure of the PA 11 sample
crystallized on slow cooling at a rate of 20 K min ™' was performed with
a Dimension FASTSCAN (Bruker-Nano, USA) operated in peak force
tapping mode. We used silicon nitride sensors SCANASYST-FLUID +

T . /

255G

Spherulites, lamellae

Microscopy

Fig. 1. Temperature-time protocol for analysis of self-nuclea-
tion in PA 11 using hot-stage POM. The gray horizontal lines

230°C, 3 min denoted Tp, o and T 4 indicate the approximate position of the
equilibrium melting temperature and glass transition tem-
T perature, respectively. Note that linear cooling at 20 K min ™"
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(Bruker, USA) with a nominal spring constant of 0.7N m~! and tip
radius of 2 nm, and the set point was 0.02 V A section with a thickness
of 50 um, cut from a pellet, was placed on a round coverslip, heated to
230 °C, and then slowly cooled to 45 °C at a rate of 20 K min~ ' using a
Linkam THMS 600 hot-stage. Note that the surface of the samples was
uncovered during crystallization.

3. Results and discussion

Fig. 1 shows the temperature-time protocol used for analysis of self-
nucleation in PA 11 using hot-stage POM. First, semicrystalline PA 11
samples containing lamellae and spherulites were prepared by cooling
the equilibrium melt from 230 to 25°C at 20K min~'. Then these
samples were heated at 20 K min ! to different maximum temperatures
(Tmax) above the melting temperature (Ty,), in order to evaluate sur-
vival of self-seed as a function of the temperature difference ATsy (=
Tmax - Tm)- In the following, the term “superheating” (SH) denotes the
particular melt state at temperatures above Ty,,. Survival of self-seed in
molten samples was evaluated by analysis of the kinetics of non-iso-
thermal crystallization and of the POM structure, with the latter pro-
viding information about the nuclei density.

The left part of Fig. 2 shows POM and AFM images illustrating the
structure of PA 11 melt-crystallized on cooling at 20K min~" at both
the micrometer- and nanometer-length scales. The top left POM image
reveals space-filling spherulitic crystal growth with a maximum size of
spherulites of around 20 pm. Spherulite formation is also detected by
AFM (see top right image), confirming their size. The bottom two

Thermochimica Acta 677 (2019) 139-143

images show the expected lamellar morphology of the crystals, grown
parallel to the radius of the spherulites, with their thickness being
5-10 nm.

The right part of Fig. 2 shows in the upper part a DSC cooling scan
(blue), which was recorded during the formation of the reference
structure (see left images), before performing the self-nucleation ex-
periments. As such, cooling the equilibrium melt from 230 °C to 25 °C at
a rate of 20 K min~" leads to crystallization at a temperature slightly
lower than 160 °C, yielding a crystallinity of close to 30%. The red
curve represents the subsequently recorded DSC heating scan, for
gaining information about the melting temperature of crystals. The
heating rate was 20K min~"', with such slow heating allowing re-
organization of the initially formed crystals, as indicated by the typical
double melting behavior. As recently proven on the examples of poly
(butylene terephthalate) (PBT) [11] or PA 66 [30], crystal re-
organization is kinetically controlled involving melting of unstable
crystals and fast melt-recrystallization producing crystals of higher
stability. The maximum stability depends on the heating rate, which in
case of heating at 20 K min "~ yields a melting temperature of close to
187 °C. Referring to Fig. 1, the superheating-term AT gy is indicated
with the horizontal double arrow.

Fig. 3 shows the POM microstructure of PA 11 crystallized from the
melt containing different amount of self-seed, with the self-seed con-
centration controlled by the maximum temperature of melt Tp.x (see
Fig. 1), before cooling at 20 K min ~ . The maximum temperature of the
melt is indicated in each image and was varied from 194 to 200 °C,
corresponding to a superheating of the melt ATy above the melting

Fig. 3. Microstructure of PA 11 formed on non-isothermal melt-crystallization at 20 K min~*. The maximum temperature of the melt (Tyay, See Fig. 1) is shown in
each image, and the melt-residence time was 3 min. The top left image shows the initial structure before heating, obtained on cooling the equilibrium melt from

230°C at 20K min .
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Fig. 4. Normalized crystallinity as a function of temperature as measured by
the light intensity of POM images collected during cooling PA 11 from different
maximum temperatures of the melt. Normalization is based on the intensity
values obtained at 175°C (0) and 145°C (1). In an additional crystallization
experiment, explained below with Fig. 5, the equilibrium melt was subject to an
additional annealing step at 195 °C (small green pentagon symbols).

peak temperature of 187 °C of 7 to 13 K, respectively. Note that lower
superheating did not allow complete melting of crystals but only partial
melting and melt-recrystallization, with such conditions excluded in the
present study. In other words, complete melting of all crystals is con-
sidered being pre-requisite for analysis of self-nucleation.

The images of Fig. 3 reveal information that distinct self-nucleation
is observed in PA 11. The top left image was obtained on a sample
crystallized on cooling the melt which before was heated to above the
equilibrium melting temperature and which therefore does not contain
self-nuclei, representing the reference state defined with the images in
Fig. 2. The nuclei density is rather low and the spherulites corre-
spondingly large. However, if after complete melting of crystals with a
melting peak temperature of 187 °C the melt is not heated to above
198°C then a distinctly finer spherulitic morphology is detected, in-
dicating an increased number of self-seed nuclei. With increasing su-
perheating of the melt (ATsy), the self-seed concentration obviously
decreases as the spherulite size systematically increases when heating
the melt to increasingly higher temperature.

The increase of the self-seed concentration does not only lead to a
different semicrystalline morphology, as demonstrated by Fig. 3, but
also causes an increase of the overall crystallization rate. Fig. 4 shows
the evolution of an equivalent of the crystallinity of PA 11 as a function
of temperature, as measured by the light intensity of POM images. With
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decreasing maximum temperature of the melt, Ty, Or superheating
above the melting temperature, ATsy, the crystallization temperature
systematically increases. However, consistent with the investigation of
the resulting microstructure (Fig. 3), acceleration of crystallization is
only observed if ATsy is lower than 13K (see gray circles and black
squares in Fig. 4). At such high superheating of the melt, obviously, all
crystal remnants/self-seed are melted or not effective anymore to en-
hance crystallization on subsequent cooling.

To confirm the above observations, an additional crystallization
experiment was designed to rule out that the fine spherulitic mor-
phology observed at low superheating of the melt above T, is caused by
different, non-self-seed type crystal nuclei. Note that classical theories
of nucleation and crystallization also predict increased nuclei density
with increasing supercooling of the melt to below the equilibrium
melting temperature T, o since the critical nucleus size is decreasing
with decreasing temperature [4,31]. Fig. 5 shows in the top part tem-
perature-time profiles for analysis of the effect of a high-temperature
annealing step at 195°C on non-isothermal melt-crystallization. As-
suming that equilibration of the melt is assured by heating semi-
crystalline PA 11 to 230 °C, with the additional annealing step at 195 °C
on cooling it may be confirmed that there is no formation of super-
critical-size nuclei in the relaxed though supercooled melt. Such nuclei
then also could cause such fine-spherulitic structures as obtained after
heating semicrystalline PA 11 to temperatures only slightly higher than
the melting temperature of crystals. However, the POM images shown
in the lower part of Fig. 5 demonstrate that (a) all self-seed is destroyed
upon heating to 230°C, and (b) that annealing the supercooled but
initially equilibrated melt at 195 °C for a period 3 min does not lead to
formation of additional crystal nuclei, compared to those forming on
continuous cooling. For comparison, the inset in the right micrograph
shows again the structure which was obtained after heating the re-
ference sample to a maximum temperature of 195 °C, leaving self-seed
after melting of the crystals at 187 °C. In agreement with the analysis of
the semicrystalline morphology/POM structure, the crystallization ki-
netics is also unaffected by the additional melt-annealing step, as shown
with the green pentagon symbols in Fig. 4.

4. Conclusions

With this communication, we provided first evidence of self-nu-
cleation of crystallization in the specific case of PA 11. In case of
spherulitically grown lamellar crystals melting at a temperature close to

230 °C, 3 min 230°C, 3 min

T
Q s
= 20 K/min Reorganization and
= Melting at 20 K/min
o
w
a
§
|-..

Tm.o
195 °C, 3 min

Fig. 5. Top: Temperature-time profiles for analysis of the ef-
fect of a high-temperature annealing step at 195°C on non-
isothermal melt-crystallization. Bottom: POM-images obtained
after cooling the equilibrium melt of PA 11 at a rate of 20K
min !, without (left image) and with (right image) an addi-
tional annealing step at 195 °C. The inset in the right image
shows the structure obtained after cooling the melt at 20K
min !, using self-seed which survived heating to 195 °C. The
symbols in the top right corner of each image provide a link

20 K/mi
fonpy the crystallization kinetics shown in Fig. 4.
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190 °C, self-seed is stable up to a temperature of 200 °C for the selected
residence time of three minutes. With decreasing maximum tempera-
ture of the melt above the melting temperature of the initially present
crystals, the self-seed concentration increases. Consequently, on sub-
sequent non-isothermal melt-crystallization, crystallization is faster and
the spherulitic superstructure is distinctly finer, compared to the
structure after crystallization of the relaxed melt not containing self-
seed.

We consider the data and results presented here as a pre-requisite
for an in-depth study about the effect of the initial semicrystalline
morphology on the stability of self-seed. As far as we are aware, such
investigation is still lacking which also may be attributed to the need of
using sophisticated tools like fast scanning chip calorimetry to (a)
prepare crystals of largely different stability and morphology, and (b)
allow their complete melting without prior reorganization/stabiliza-
tion. Main ideas regarding such research evolved through the long-
lasting collaboration with Christoph Schick, as documented e.g. in
[12,32], focusing on the topic of fast melt-recrystallization of the un-
stable but self-seed containing melt of poly (i-lactic acid).
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Research highlights

1. The kinetics of melt-recrystallization and the stability of self-nuclei of PA 11 initially
containing either nodular or lamellar crystals was investigated by FSC, POM, and AFM.

2. A nodular mesophase with a high surface-to-volume ratio, formed from a large number of
nuclei, on one side, and spherulitically grown lamellae, on the other side, were prepared on
FSC sensors.

3. The higher survival-potential and melt-recrystallization rate of self-nuclei in PA 11 initially
containing the nodular mesophase is caused by the strong coupling of the nodules to the
surrounding amorphous structure and their larger numbery.
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Self-nuclei supported recrystallization of the crystal-free melt of polyamide 11 (PA 11) of qualitatively different
initial semicrystalline morphology, either containing nodular crystals or spherulitically grown lamellar crystals,
has been investigated by fast scanning chip calorimetry, optical microscopy and atomic force microscopy. Melt-
recrystallization of PA 11 initially containing a large number of nodules of high surface-to-volume ratio and
strong coupling to the surrounding amorphous structure, as confirmed with the detection of significant amount
of rigid amorphous fraction, is distinctly faster than melt-recrystallization of PA 11 initially containing lamellae
and spherulites, caused by a lower number of self-nuclei in the latter system. Moreover, the temperature range of
survival of self-nuclei above the respective melting temperature of nodular and lamellar crystals is larger for PA
11 initially containing nodules. The melt-residence time, within the assessable time-range before onset of melt-
recrystallization, has no effect on the self-nuclei number. Enhanced self-nucleation in PA 11 containing nodules,
compared to spherulitically crystallized PA 11, is suggested being caused by the distinctly larger initial number of
individually grown crystals. A possible effect of the rigid amorphous fraction, forming during nodular crystal-
lization, on hindering relaxation of the melt is discussed.

1. Introduction

Polyamide 11 (PA 11) is a bio-based engineering thermoplastic
produced from short-term renewable castor oil. It shows good chemical
resistance, excellent impact and abrasion properties, and low moisture
absorption compared to PA 6 or PA 66 [1-3]. In addition, it is charac-
terized by a balanced thermal and mechanical behavior. For these rea-
sons, PA 11 is used for various high-performance engineering
applications such as flexible tubes or pipelines in offshore oilfields,
hydraulic/pneumatic hoses, cable sheathing, automotive tubing, for
sport goods, and for applications in the medical area [1-3].

PA 11 is a semicrystalline polymer with a maximum crystallinity of
about 40% [4]. It exhibits different crystal structures controlled by the
crystallization conditions [4-9]. Melt-crystallization of PA 11 on cooling
slower than about 300 K/s leads to development of pseudo-hexagonal
8-crystals at low supercooling of the melt [8] which reversibly trans-
form into triclinic a-crystals at the Brill-transition temperature of about
100°C [10-12]. The equilibrium melting temperature (Ty) of the
a-crystals is reported being 203 [4] or 220°C [13], and the bulk
enthalpy of fusion is between 189 and 244J/g [4,13,14]. The

* Corresponding author.
E-mail address: rene.androsch@iw.uni-halle.de (R. Androsch).
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8/a-crystals which form via heterogeneous nucleation at low super-
cooling of the melt typically exhibit a chain folded lamellar morphology
and are organized within spherulites [8,15]. In contrast, fast cooling of
the melt at rates between 200 and 500 K/s leads to non-spherulitic
growth of pseudo-hexagonal &'-crystals of nodular shape [8], initially
classified as a hexagonal smectic mesomorphic form [5]; for this reason,
in the present paper, &-crystals are also termed mesophase. Based on
detailed analyses of the crystallization kinetics and nuclei density it is
assumed that the mesophase forms via homogeneous nucleation [8,
16-18]. Crystallization is suppressed when quenching the melt with a
rate higher than about 500 K/s [8] to below the glass transition tem-
perature (Tg) of about 45°C [13]. Analysis of the rate of isothermal
crystallization reveals a bimodal temperature-dependence associated
with a transition from heterogeneous nucleation at low supercooling of
the melt to homogeneous nucleation at high supercooling [8,9]. Two
crystallization-rate maxima are observed at around 120 and 65 °C [9],
with the high-temperature maximum depending on the presence of
heterogeneous nucleators [9,19]. Within the wide spectrum of crystal-
lizable polymers, PA 11 may be classified as intermediate-fast crystal-
lizing, with the minimum crystallization half-time being of the order of
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magnitude of 0.1s.

Besides homogeneous and heterogeneous nucleation, there is a spe-
cial nucleation process called self-nucleation [20-22]. When crystals are
heated to above their melting temperature (Tp) but to below Tp o,
incomplete isotropization of the melt may occur. In such a case, rem-
nants of crystals are preserved in the melt, serving as self-seed and
accelerate subsequent crystallization. Alternatively, melt-memory ef-
fects have been associated with the time-dependent change of the
entanglement density after crystal melting [23,24]. Worth noting that
melt-recrystallization may also occur on heating which then often is
called crystal reorganization [25-28], as long as the melt is in a super-
cooled state. However, self-nucleation experiments are commonly per-
formed on cooling, often using differential scanning calorimetry (DSC)
and polarized-light optical microscopy (POM) [21,22,29,30].

Earlier studies proved that self-nucleation is evident also in poly-
amides including PA 6 [31-33], PA 1212 [34], and PA 11 [35].
Self-nucleation in PA 11 initially containing spherulitically grown
lamellar crystals was detected by the changed kinetics of non-isothermal
melt-recrystallization using a thermo-optical microscopic technique
[35]. The initial structure was heated to different maximum tempera-
tures (Tiayx) between Tp, and Tr 0, and subsequently self-nucleation was
analyzed by monitoring the crystallization temperature (T,) on cooling
as a function of T,y In addition, self-nuclei were identified by evalu-
ation of the nuclei/spherulite density after melt-recrystallization using
POM. In presence of self-nuclei, T, shifted to higher temperature with
decreasing Tmax. Simultaneously, the POM microstructure confirmed the
presence of self-nuclei in the melt since a larger number of smaller
spherulites after recrystallization was observed, compared to the struc-
ture obtained after crystallization of a fully relaxed melt. The number of
self-nuclei decreased with increasing temperature of the melt and
approached zero at a temperature about 10K higher than Ty, of the
initial structure. It is important noting that T;,, was obtained on heating
at 20 K/min, implying that the initial structure may have been subject of
crystal reorganization, being a general phenomenon limiting the
establishment of correlations between initially present structures and
high-temperature behaviors.

To our knowledge, the effect of different initial structure of a given
polymer on the self-nuclei-concentration and -stability was hardly
investigated. A dedicated study focused on the correlation of the initial
crystallinity of a model ethylene 1-butene copolymer with 2.2 mol%
ethyl branches with the self-nucleation behavior. A critical crystallinity
level to observe a melt-memory effect on subsequent crystallization was
determined. Moreover, a lower crystallinity threshold was identified
when crystals formed on fast cooling rather than by slow crystallization.
It was suggested that fast cooling allowed trapping of knots and loops
around the crystals causing a lowering of the crystallinity threshold for

Spherulites and

Nodular mesophase
lamellar crystals

g
$

Temperature

amorphous semicrystalline

Time

Fig. 1. Temperature-time profiles for preparation of PA 11 containing nodular
mesophase (left) and spherulitically grown lamellar crystals (right).
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self-nucleation [36].

Many polymers including PA 11 develop different semicrystalline
morphologies as a function of the crystallization conditions and the
nucleation path [18,37]. We assume that the semicrystalline
morphology including the fraction, size, shape, and surface structure of
crystals, as well as presence of non-equilibrium melt influence the
concentration and stability of self-nuclei, and therefore the structure
after melt-recrystallization. In this work, we intend to provide new
insight about such link. Therefore, self-nucleation in PA 11 of different
initial structure, as achieved by crystallization along different nucle-
ation pathways, is analyzed in the present work. Due to the limitation of
scanning rates in a DSC, fast scanning chip calorimetry (FSC) was used to
prepare two qualitative different semicrystalline morphologies.
Folded-chain lamellae in a spherulitic superstructure on one side, and
mesomorphic nodules on the other side were formed via heterogeneous
and homogeneous nucleation, respectively, and then the kinetics of
isothermal and non-isothermal melt-recrystallization was analyzed as a
function of Tnyax. The presence of self-nuclei based on those initial
semicrystalline morphologies was confirmed by the final structure after
recrystallization by means of both optical and atomic force microscopy
(AFM).

2. Experimental
2.1. Material

Bio-based natural PA 11 Rilsan® BESNO-TL from Arkema was used.
It is an extrusion grade of high viscosity containing heat and light sta-
bilizers. The melt volume index is 1 cm®/10 min (235 °C, 2.16 kg) [38],
and the molar mass and polydispersity are about 17.2kg/mol and 2,
respectively [39]. The material was delivered in the form of pellets.

2.2. Instrumentation

2.2.1. Fast scanning chip calorimetry (FSC)

FSC was used to investigate the kinetics of melt-recrystallization and
the stability of self-nuclei. In addition, FSC served for preparation of
samples of different initial semicrystalline morphology. A power
compensation Mettler-Toledo Flash DSC 1 connected to a Huber TC 100
intracooler was employed in this work. The furnace was purged with dry
nitrogen gas at a flow rate of 60 mL/min and the sample-support tem-
perature was set constant at —90°C. The empty UFS 1 sensor was
conditioned and temperature-corrected according to the instrument
operating instructions before placing the sample onto the chip mem-
brane. Samples for FSC analysis were prepared from the as-received
granules using a Slee rotary microtome CUT 4062 equipped with a
tungsten carbide knife to obtain thin sections with a thickness of about
10 pm. The sections were subsequently reduced in their lateral size to
50-100 pm under a stereomicroscope using a scalpel for analysis of the
kinetics of isothermal melt-recrystallization. Samples with a larger
lateral width of 100-150 pm were prepared for analysis of the kinetics of
non-isothermal melt-recrystallization, as these larger samples were also
used for observation of the final structure after recrystallization by mi-
croscopy, both POM and AFM.

2.2.2. Polarized-light optical microscopy (POM)

The semicrystalline morphology of FSC samples at the micrometer
length-scale, before and after melt-recrystallization, was observed by a
reflection-mode Kern OPN-184 polarized-light optical microscope, with
the sample located between crossed polarizers. The images were taken
with an imaging source digital camera DFK 33UX252.

2.3. Atomic force microscopy (AFM)

Analysis of the nanometer length-scale structures of FSC samples
before and after melt-recrystallization was performed with a Dimension
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Fig. 2. AFM height-images of PA 11 containing either a nodular mesophase
(left) or lamellar crystals (right).

FASTSCAN (Bruker-Nano, USA) operated in peak force tapping mode.
Silicon nitride sensors SCANASYST-FLUID+ (Bruker, USA) with a
nominal spring constant of 0.7 N/m and a tip radius of 2 nm were used,
and the set point was 0.02 V. Prior AFM analysis, the chip membrane
hosting the samples was separated from the surrounding ceramic frame
of the UFS 1 sensor and placed on a glass slide using double-sided tape,
in order to allow the cantilever and tip approaching the sample surface.

3. Results and discussion

3.1. Semicrystalline morphology of PA 11 crystallized along different
nucleation pathways

Fig. 1 shows the temperature-time profile for preparation of PA 11
containing nodular mesophase (left) and spherulitically grown lamellar
crystals (right). In the case of preparation of nodular mesophase do-
mains, the melt was quenched with a cooling rate of 1000 K/s to below
T, to obtain a fully amorphous sample. Then, the amorphous phase was
heated with a rate of 100 K/s to permit formation of the nodular mes-
ophase by cold-crystallization at about 60°C. In order to illustrate
structure formation on heating, the heating ramp is schematically
superimposed with an FSC heating scan showing cold-crystallization at a
temperature slightly higher than Ty, followed by melting at rather low
temperature. Spherulitically grown lamellae were prepared by
isothermal crystallization at low supercooling of the melt at a temper-
ature of 150 °C. Subsequent heating reveals that the crystals formed at
150 °C exhibit higher thermal stability than the mesophase domains as
indicated with the schematically shown melting peak at a higher

Polymer 184 (2019) 121864

temperature than in case of the mesophase.

The different semicrystalline morphologies were confirmed by AFM.
Fig. 2 shows AFM height-images of PA 11 containing either nodular
mesophase formed during isothermal cold-crystallization at 60 °C for
10s (left), or spherulitically grown lamellar crystals developed by
isothermal crystallization at 150°C for 15s (right). The mesophase
nodules exhibit a size of 10-20 nm and are not arranged in a high-order
superstructure, confirming their individual appearance/growth from
numerous nuclei and a homogeneous nucleation mechanism as observed
for many polymers including isotactic polypropylene [40], poly
(butylene terephthalate) [41], PA 6 [42], or PA 66 [43]. Crystallization
at 150 °C, in contrast, led to growth of lath-like lamellae with a thickness
of about 10 nm and a length of several hundred nanometers.

3.2. Experimental protocol for analysis of the kinetics of melt-
recrystallization and the stability of self-nuclei

Fig. 3 shows temperature-time profiles for analysis of the kinetics of
isothermal (left) and non-isothermal melt-recrystallization (right).
Regarding the isothermal experiments, the samples of different initial
structure were heated at 100K/s to different Ty.x between their
respective Ty, and Ty o, with the low heating rate selected to minimize
thermal lag effects. For convenience, in order to benchmark Tpax in
relation to Tp,, we introduced a new quantity ATsy (= Tmax - Tm), With
SH standing for “superheating”. In the present work, nodular and
lamellar crystals melt between 160 and 170 °C, with the only slightly
higher value in case of lamellar crystals caused by distinct mesophase-
reorganization during slow heating at 100 K/s. Important to note,
reorganization of the mesophase on slow heating involves a transition
into 8/a-crystals, however, does not affect the shape and superstructure,
that is, the nodular morphology is preserved [8]. After heating, the melt
was held at each Ty for different time between 0.01 and 10,000s, to
allow melt-recrystallization before quenching to below T, and analysis
of the progress of melt-recrystallization by evaluation of the crystallinity
on subsequent heating at 100 K/s. The kinetics of melt-recrystallization
is considered depending on the number of self-nuclei, thus providing
information about their stability when varying Tax-

The measurement scheme for analysis of the kinetics of non-
isothermal melt-recrystallization is shown on the right side of Fig. 3.
The samples of different initial structure were heated at 100K/s to
different Tpayx, kept there for 0.01 s, which is short enough to suppress
crystallization, and then slowly cooled at 10K/s to below T,. The
cooling scans were evaluated regarding the crystallization-peak tem-
perature, which is expected to increase with increasing amount of self-

Isothermal Non-isothermal
melt-recrystallization melt-recrystallization
Tm.o
@ 0.01...10,000 s 001s
5 T, 1,
"("6 A TSH : e ATSH v -
o T
o . = Analysis Analysis
E © 8 heating scan cooling scan
L g Z 100K 10 Kis
Ty
initial structure initial structure final structure
Time

Fig. 3. Temperature-time profile for analysis of the kinetics of isothermal (left) and non-isothermal melt-recrystallization (right).
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Fig. 4. Sets of FSC heating scans, heat-flow rate as a function of temperature, collected before (front curve) and after annealing the melt of PA 11 initially containing
nodular mesophase (left) or lamellae and spherulites (right) for different periods of time up to 10,000 s at 172 °C (Tmax) (see circles at the front curves).

nuclei. In addition, after cooling, the final structure was analyzed at
room temperature by POM.

3.3. Kinetics of isothermal melt-recrystallization and stability of self-
nuclei

Fig. 4, as an example, shows sets of FSC heating curves, heat-flow
rate as a function of temperature, collected after annealing the melt of
PA 11 which initially contained the nodular mesophase (left) or lamellar
crystals and spherulites (right) for different time. In each set of data, the
front black curve shows the melting behavior of the initial but reor-
ganized crystals, either nodules or spherulitically grown lamellae, with
the black vertical arrow indicating Tr,. The temperature of annealing the
melt, that is Tpax, was 172 °C, indicated with blue or red circles and
arrows at the temperature axis, and the annealing time was between
0.01 and 10,000s. The numbers 1, 2, and 3 at selected curves indicate
cold-crystallization, melting of crystals formed during heating by cold-
crystallization and subsequent reorganization, and melting of crystals
formed during annealing the melt by melt-recrystallization, respec-
tively. Gray and blue/red coloring of curves is employed to distinguish
annealing-time ranges before and during melt-recrystallization,
respectively.

Regarding the data set shown to the left in Fig. 4, heating of initially
fully amorphous PA 11 at a rate of 100 K/s leads to formation of the
nodular mesophase at around 60°C, with the corresponding cold-
crystallization peak labeled ‘1°. The mesophase reorganizes during
further heating to crystals, which finally melt in this particular experi-
ment between 160 and 170 °C (see peak labeled ‘2"). If the crystal-free
melt is subject of isothermal annealing at 172 °C (see blue circle at the
front curve, or arrow at the temperature axis) for different time up to
about 100s, then subsequently recorded heating curves (gray), after
prior freezing the structural state by fast cooling to below Ty, indicate
absence of crystallization at the annealing temperature. An additional
peak, labeled ‘3’, representing melting of crystals formed during
annealing the melt, is detected if the annealing time exceeds 100 s (blue
curves). This peak increases in area with increasing annealing time, and
allows quantification of the kinetics of melt-recrystallization. Simulta-
neously, with increasing fraction of crystals forming at 172°C, cold-
crystallization during subsequent heating is reduced.

In the case of the sample containing lamellar crystals, with the cor-
responding data set shown to the right in Fig. 4, the front curve obtained
from the non-annealed sample shows two melting peaks due to reor-
ganization of the initially at 150°C formed lamellae. The high-
temperature melting peak is detected close to 170°C, and further
heating to 172°C leads to complete melting, as the subsequently

1 ToulC)

170 —m—

171 —e— i)
172 =~ =A-
175 9~ =0
Nodules Lamellae

Enthalpy-based rel. crystallinity

-1 0 1 2 3 4
Log Annealing time (s)

Fig. 5. Normalized enthalpy-based relative crystallinity as a function of the
time of annealing/melt-recrystallization of PA 11 initially containing nodular
mesophase (blue, filled symbols, solid lines) or lamellar crystals and spherulites
(red, open symbols, dashed lines). The different symbols represent data ob-
tained at different annealing temperatures, as indicated in the legend. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

recorded heating scans confirm absence of crystals after freezing the
structure by cooling to below T,. Consequently there is observed cold-
crystallization, and melting of crystals, formed from the mesophase, at
163°C (see gray curves). A single melting peak is observed at any
annealing time shorter than 100 s, and melt-recrystallization only starts
on annealing longer than 300s (red curves), as indicated with the
observation of the melting peak at higher temperature.

Qualitative inspection of the example-data sets of Fig. 4 immediately
provides important information that the initial semicrystalline
morphology of PA 11 significantly affects the kinetics of melt-
recrystallization at identical annealing temperature of the melt.
Despite the temperature difference between Tpax and Ty, is larger in case
of presence of nodular crystals (ATsyg = 9K), melt-recrystallization is
distinctly faster than in case of the system initially containing lamellae
and spherulites where ATgy equals only 3 K.

Quantitatively, data sets as exemplarily shown in Fig. 4 were eval-
uated regarding the evolution of the crystallinity during the time of
annealing the melt at Ty, by measuring the area under the peak
labeled ‘3’ in Fig. 4. Fig. 5 shows normalized relative crystallinities of PA
11 initially containing nodular mesophase (blue, filled symbols, solid
lines) or lamellar crystals and spherulites (red, open symbols, dashed
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Fig. 6. Half-time of crystallization of the relaxed melt of PA 11 (black squares
and inset) and of melt-recrystallization of PA 11 initially containing nodular
mesophase (blue circles) or lamellae and spherulites (red triangles) as a func-
tion of temperature. The inset shows characteristic melt-crystallization times in
a wider temperature range, taken from the literature [9], with the rectangle in
the top right corner indicating the temperature window of
melt-recrystallization experiments in the present work. The blue and red ver-
tical arrows at the temperature axis mark temperatures of melting of nodular
and lamellar crystals, respectively. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

lines) as a function of the time of annealing/melt-recrystallization. The
annealing process was performed at different Ty of 170, 171, 172, and
175 °C, represented by squares, circles, triangles, and diamond symbols,
respectively. Note that Tpyax of 170 °C was too low to completely melt all
lamellar crystals, that is, for that sample and condition data are not
available. Normalization was done by dividing all transition enthalpies
by the maximum obtained value of the respective sample, which con-
tained either nodules or lamellae. In the case of PA 11 initially con-
taining the nodular mesophase, melt-recrystallization at 7K
superheating (Tmax = 170 °C) (filled blue squares), started after about
5s. With increasing ATsy and Tnyax, the onset of the melt-
recrystallization process shifts to longer time, such that at
Tmax = 175 °C melt-recrystallization only started after around 1000s
(blue diamond symbols). Most important, however, is the observation
that melt-recrystallization of PA 11 initially containing lamellar crystals
and spherulites is distinctly slower than in PA 11 initially containing
nodular crystals. For example, melt-recrystallization of PA 11 initially
containing nodules at 171 °C begins after about 10 s, while in case of the
sample initially containing lamellae and spherulites a dwell time of
about 100s is needed to allow melt-crystallization (see blue and red
circles). The kinetics of melt-recrystallization of PA 11 initially con-
taining either nodular or lamellar crystals only becomes similar at
Tmax = 175 °C (diamond symbols), indicating identical structures of the
melt.

Fig. 6 shows half-times of primary crystallization of the relaxed melt
of PA 11 (black squares) and of melt-recrystallization of PA 11 initially
containing nodular mesophase (blue circles) or lamellar crystals and
spherulites (red triangles), all as a function of temperature. The blue and
red vertical arrows at the temperature axis indicate the melting tem-
peratures of nodular and lamellar crystals at the given heating rate of
100K/s, respectively, defining the low-temperature limit of melt-
recrystallization experiments. The inset shows characteristic melt-
crystallization times in a wider temperature range, collected in a
different study [9], with the rectangle in the top right corner showing
the temperature window of melt-recrystallization experiments in the
present work. The data reveal that melt-recrystallization of the sample
initially containing the nodular mesophase is significantly faster than
crystallization of the relaxed melt. For example, at 170 °C, that is, at a
superheating of the melt of 7K above the melting temperature of the
nodular crystals, the half-time of melt-recrystallization is around 70s
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Fig. 7. Crystallization peak temperatures of PA 11 initially containing nodular
mesophase (blue circles) or lamellae and spherulites (red triangles) as a func-
tion of the maximum temperature of the melt. The gray horizontal line repre-
sents the crystallization peak temperature of the relaxed melt, and the vertical
arrows in the upper part indicate temperatures of melting of nodular and
lamellar crystals at the used heating rate of 100 K/s. Crystallization tempera-
tures were obtained on cooling the melt at 10 K/s. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

while it is around 600s in case of melt-crystallization. In contrast,
melt-recrystallization of the sample initially containing lamellae and
spherulites at 171 °C, which corresponds a superheating of 2K, is only
slightly faster than the crystallization of the relaxed melt. As expected,
with increasing crystallization temperature in the analyzed temperature
range, the half-times of crystallization increase, however, with the
temperature-dependence/slope being different for the various samples.
Most important, the crystallization half-times of all samples become
similar if the crystallization temperature exceeds 175 °C, though the
nodular sample still seems crystallizing slightly faster at this tempera-
ture, compared to samples containing lamellae and spherulites.

3.4. Non-isothermal melt-recrystallization of PA 11 of different initial
structure

The effects of the initial semicrystalline morphology of PA 11 and
superheating the melt to different maximum temperatures after com-
plete melting of all crystals on non-isothermal melt-recrystallization
were evaluated by analysis of the temperature of crystallization on
cooling the melt at a rate of 10 K/s. In these experiments, samples with a
larger lateral size than in case of analysis of the kinetics of isothermal
melt-recrystallization, described above, were used for the purpose of
subsequent POM imaging. Due to the larger sample size, and corre-
spondingly changed instrumental thermal lag [44,45], slightly increased
melting temperatures of about 168 °C and 172 °C were obtained for the
systems containing nodular and lamellar crystals, respectively,
compared to the samples used for isothermal experiments. Fig. 7 shows
crystallization temperatures of PA 11 initially containing either the
nodular mesophase (blue circles) or lamellar crystals and spherulites
(red triangles) as a function of the maximum temperature of the melt.
Non-isothermal crystallization of the relaxed melt, when cooled from
220 °C at the same rate of 10 K/s, is detected at 130 °C, represented with
the gray horizontal line; detailed analyses of the dependence of the
crystallization temperature on the cooling rate are reported elsewhere
[8,46]. The melting-peak temperatures of nodular and lamellar crystals
are indicated with the blue and red vertical arrows and dashed lines,
respectively. The data of Fig. 7 show that non-isothermal mel-
t-recrystallization of PA 11 initially containing nodular or lamellar
crystals occurs at higher temperature than in case of crystallization of
the relaxed melt when the maximum temperature after complete
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melt-crystallization

Fig. 8. POM micrographs of the structure of PA 11 formed on non-isothermal melt-recrystallization on cooling at 10 K/s. The maximum temperature of the melt is
indicated in each image. The samples initially contained nodular crystals, which melted on heating at 100 K/s. The melt-residence time before cooling was 0.01 s. The
arrow indicates the reading-sequence of images when evaluating the effect of increasing maximum temperature of the melt before cooling.

Fig. 9. POM micrographs of the structure of PA 11 formed on non-isothermal melt-recrystallization on cooling at 10 K/s. The maximum temperature of the melt is
indicated in each image. The samples initially contained lamellar crystals and spherulites, which melted on heating at 100 K/s. The melt-residence time before
cooling was 0.01 s. The arrow indicates the reading-sequence of images when evaluating the effect of increasing maximum temperature of the melt before cooling.

melting of the nodules and lamellae does not exceed 183 and 179 °C,
respectively. In other words, distinct self-nucleation effects on
non-isothermal crystallization during cooling are observed in a tem-
perature window between Ty, and Ty+15 K for PA 11 initially con-
taining nodules and Tp, and Tym+7 K for PA 11 initially containing
lamella and spherulites. These temperature ranges are emphasized with
the blue and red horizontal double arrows at the temperature axis.
Within these temperature ranges, the crystallization temperatures in-
crease with decreasing superheating ATgy or Tmax, to reach for the
samples initially containing nodular or lamellar crystals maximum
values 13 and 9K higher than observed in case of melt-crystallization,
respectively. As already observed in isothermal melt-recrystallization
experiments (see Fig. 6), initial presence of nodular crystals leads to
larger effects than initial presence of lamellae and spherulites, regarding
both the width of the temperature range of self-nuclei survival as well as
the absolute number of self-nuclei, with the latter assumed being pro-
portional to the increase of the crystallization temperature. Note that
observation of further data points at rather low superheating of the melt
above T, was impossible since only partial melting, paralleled by
melt-recrystallization, occurred. Such conditions were excluded in this
work.

3.5. POM structure of non-isothermally melt-recrystallized PA 11 of
different initial morphology

Figs. 8 and 9 show POM micrographs of FSC samples of PA 11 which
were non-isothermally melt-recrystallized on cooling at a rate of 10 K/s.
Fig. 8 shows images of a sample which contained nodular crystals, while
Fig. 9 shows images of a sample which initially contained lamellae and
spherulites. The various images in each Figure provide information
about the effect of the maximum temperature of the melt before cooling
and melt-recrystallization, with Tpax shown in each image. The arrow in
the top left micrograph of each Figure indicates the reading-sequence
when evaluating the effect of increasing Tpax. As such, Figs. 8 and 9
complete the two data sets of Fig. 7, in which the corresponding
dependence of the crystallization temperature on Tpax Was shown.

As a reference, the bottom-right image in Figs. 8 and 9 represents the
structure after crystallization of the relaxed melt, free of self-nuclei.
Rather large spherulites/domains of crystals of identical orientation
with a size of the order of magnitude of 10 pm are visible, which is
typical for PA 11. However, consistent with the results of Fig. 7, low
superheating of the melt above the respective melting temperature of
nodules and lamellae, before melt-recrystallization during cooling,
causes the formation of a much finer structure due to the presence of
self-nuclei. Parallel to the observation of a decrease of the crystallization
temperature with increasing T in Fig. 7, the POM images reveal
complete absence and destruction of self-nuclei at around 184 °C and
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Fig. 10. Thermal protocol for analysis of the effect of
the time of annealing the melt of PA 11 on the
number of self-nuclei (top part). POM micrographs of
the structure of PA 11 formed on non-isothermal
melt-recrystallization on cooling at 10K/s, after
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exposing the melt to different annealing time of 0.01,
0.1, 1, and 10s (bottom part, from left to right,
respectively). The performed example-experiment
was done employing PA 11 initially containing nod-
ules, which melted at 168 °C at the selected heating
rate of 100 K/s; Tyax Was 177 °C.

Time

180°C for the systems initially containing nodules and lamellae,
respectively. Even the gradual decrease of the number of self-nuclei with
increasing maximum temperature of the melt is detected by systematic
coarsening of the POM structure.

3.6. Effect of melt-residence time on number of self-nuclei

Analyses of the kinetics of melt-recrystallization as a function of the
maximum temperature of the melt after complete melting of either
nodules or lamellae proved consistently that the stability limit of the
most stable self-nuclei is about 12-15K and less than 8K above the
respective melting temperature of the various crystals, respectively. A
large fraction of self-nuclei, however, disappears already below the
maximum stability-limit, as is indicated with the continuous slowing
down of the crystallization rate and coarsening of the POM structure
with increasing Tpax. Information about the effect of the melt-residence
time on the number of self-nuclei is not gained from the experiments
described above. Prior work about self-nucleation in iPP and PCL [21,
30] suggested that there is an only minor effect of time such that the
number of self-nuclei slightly reduces on long-term annealing of the melt
at the time scale of minutes and hours. For PA 11 of the present study, a
thermal protocol as shown in the upper part of Fig. 10 was used to
exemplarily evaluate the effect of time of annealing the melt containing
self-nuclei. The specific pre-selected sample initially contained nodules
which melted on heating at 100 K/s at 168 °C (see blue vertical arrow in
Fig. 7). A superheating of 9K, or T,y of 177 °C was chosen, assuring
presence of a high number of self-nuclei (see circled blue data point in
Fig. 7). The melt was then annealed for different periods of time of 0.01,
0.1, 1, and 10 s before melt-recrystallization on cooling at 10 K/s. It is
important noting that an extension of the annealing time would allow
isothermal melt-recrystallization, beginning after about 100 s (see gray
circle in Fig. 10), limiting the time-range for analysis of the nuclei
number. After cooling the melt at 10 K/s to room temperature, the POM
structure was evaluated permitting conclusions whether the
melt-residence time affects the nuclei number, shown in the lower part
of Fig. 10. The images taken after annealing the melt at 177 °C for 0.01,
0.1, 1, and 10s before cooling (from left to right) are indifferent and
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demonstrate that the number of self-nuclei obviously is not a function of
the annealing time. Additional analysis of the crystallization-peak
temperature revealed a value of 142°C, independent on the
melt-residence time. As such, it is concluded that the number of
self-nuclei is mainly controlled by the temperature, and that the
temperature-controlled destruction of self-nuclei proceeds at a time
scale faster than 0.01s.

3.7. Crystal morphology of melt-recrystallized PA 11 initially containing
nodules or lamellae and spherulites

The AFM images of Fig. 2 provided information that cold-
crystallization around 60°C led to formation of nodules while
isothermal melt-crystallization at 150 °C yielded formation of lamellae
and spherulites. The observation of such qualitatively different crystal
morphologies is caused by different mechanisms of crystal nucleation
and the much higher nuclei density when crystallizing PA 11 at high
supercooling of the melt. Regardless of the different initial crystal
morphology, melt-recrystallization is faster than melt-crystallization at
identical conditions, at least when the melt of initially semicrystalline
PA 11 was not heated to above a critical temperature. In case of PA 11
initially containing lamellae and spherulites, the concentration of self-
nuclei is distinctly higher than the density of nuclei which led to for-
mation of the initial structure. This observation is in agreement with
early self-nucleation studies [21,22], and confirms that intra-spherulitic
structural features in the initial structure act as nucleation points on
melt-recrystallization, as demonstrated by specific self-nucleation ex-
periments on isotactic polystyrene [47].

For the system initially containing nodules, though the melt-
recrystallization rate due to presence of self-nuclei between Ty, and Tp,
+ 12 K is higher than the rate of melt-crystallization, we observed that
the self-nuclei concentration is much lower than the initial number of
nodules/homogeneous crystal nuclei. This conclusion is derived from
the detection of spherulitic structures/birefringent domains in POM
after melt-recrystallization in presence of self-nuclei (see Fig. 8, POM
images after exposing the melt to temperatures between 178 and
180 °C), but not before, in the initial state (see Fig. 5 in Ref. [46]). To
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Fig. 11. AFM height images of PA 11 melt-recrystallized in presence of self-
nuclei. The left image was taken on a sample which initially contained nod-
ules, while the right image was taken on a sample which initially con-
tained lamellae.

confirm the lower number of self-nuclei compared to the number of
nuclei which led to the initial structure shown to the left of Fig. 2, AFM
imaging after melt-recrystallization was performed.

Fig. 11 shows with the left image the morphology of melt-
recrystallized PA 11 which initially contained nodules, and with the
right image, for comparison, the morphology of melt-recrystallized PA
11 which initially contained lamellae. For the system initially containing
lamellae and spherulites, qualitatively similar structures are observed
before and after melt-crystallization in presence of self-nuclei (see right
images in Figs. 2 and 11). In case of the initially nodular sample, due to
the destruction of numerous homogeneous nuclei present at the cold-
crystallization temperature of 60°C on melting the nodules, after
melt-recrystallization crystals of lamellar shape are observed. These
lamellae are much shorter than on crystallization of the relaxed melt but
form clusters, or small spherulite-like structures, detectable by POM.

4. Conclusions

Self-nuclei supported recrystallization of the crystal-free melt of PA
11 of qualitatively different initial semicrystalline morphology, either
containing nodular crystals or spherulitically grown lamellar crystals,
has been investigated for the first time. Nodular crystals were formed at
high supercooling of the relaxed melt from a large number of homoge-
nous crystal nuclei while spherulites and lamellae were formed at low
supercooling of the melt from a much lower number of heterogeneous
nuclei. Though the temperatures of crystallization the relaxed melt to
obtain samples of different semicrystalline morphology, that is, nodules
grown from a large number of homogeneous nuclei and lamellae and
spherulites grown from few heterogeneous nuclei, were largely different
(60°C and 150 °C, respectively), heating at 100 K/s allowed reorgani-
zation of both nodules and lamellae leading to similar melting temper-
atures without changing the semicrystalline morphology in terms of the
crystal shape and surface-to-volume ratio. As such it was possible to
analyze the melt-recrystallization behavior of PA 11 crystals of similar
melting temperature but different habit and superstructure, grown from
a largely different number of primary crystal nuclei.

The study of the melt-recrystallization behavior included the anal-
ysis of its kinetics, and the determination of the stability and number of
self-nuclei. At identical difference between the melting temperature of
nodules and lamellae on one side and melt-annealing temperature on the
other side, melt-recrystallization of PA 11 initially containing nodules is
much faster than melt-recrystallization of PA 11 initially containing
lamellae and spherulites. This observation proves a distinct signature/
memory of the initial semicrystalline morphology on melt-
recrystallization such that the initially higher number of indepen-
dently grown nodules, compared to spherulitically grown lamellae,
leads to a higher number of self-nuclei. Besides the higher number of
nodular crystals compared to lamellae, which we consider being the
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main reason for enhanced self-nucleation, we furthermore suggest that
enhanced coupling of nodular crystals with the surrounding amorphous
phase contributes to the experimental observation. The small nodular
crystals exhibit a much larger specific crystal surface area than laterally
extended lamellae, which obviously stabilize crystal remnants and
hinder fast isotropization of the melt. Strong covalent coupling of the
initial nodular mesophase to the amorphous surrounding is detected by
a large rigid amorphous fraction [48], though information whether
reorganization during heating leads to a change of the surface structure
is not yet available.

Compared to the number of primary homogenous crystal nuclei on
initial formation of nodules from the relaxed melt, the number of self-
nuclei after their melting is lower, as proven by their growth to short
lamellae and formation of domains visible in optical microscopy, which
only is possible if nuclei are sufficiently distant. In turn, the number of
self-nuclei in PA 11 initially containing lamellae and spherulites is
higher than the number of heterogeneous nuclei which led to the initial
formation of the spherulitic semicrystalline morphology, that is, intra-
spherulitic structural features serve as self-nuclei.
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4.5 Kinetics of homogeneous crystal nucleation of polyamide 11 near the
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Research highlights

1. The rate of homogeneous crystal nucleation of PA 11 was analyzed using FSC and
Tammann's two-stage crystal nuclei development method.

2. The critical cooling rates for suppressing crystallization and nucleation are around 1000 and
30,000 K s7!, respectively.

3. Crystal nucleation is fastest at around 60 °C and begins after few milliseconds, which is
about one order of magnitude shorter than the time of first observation of crystals or
mesophase.

Graphical abstract

Bio-based PA 11

Crystallization
& time

A
(%DE@

Nucleation time

Results and discussion | 50



L)

Check for
updates

Received: 6 July 2020
DOI: 10.1002/pcr2.10149

Revised: 3 August 2020 Accepted: 3 August 2020

FULL PAPER

Polymer
Crystali?z?tion WILEY

Kinetics of homogeneous crystal nucleation of polyamide
11 near the glass transition temperature

Katalee Jariyavidyanont®
René Androsch?

Linterdisciplinary Center for Transfer-oriented
Research in Natural Sciences, Martin Luther
University Halle-Wittenberg, Halle/Saale,
Germany

?Institute of Physics, University of Rostock,
Rostock, Germany

3Department of Physical Chemistry, Kazan
Federal University, Kazan, Russia

Correspondence

Katalee Jariyavidyanont and René Androsch,
Interdisciplinary Center for Transfer-oriented
Research in Natural Sciences, Martin Luther
University Halle-Wittenberg, 06099 Halle/
Saale, Germany.

Email: katalee jariyavidyanont@iw.uni-halle.de
(K. J.) and rene.androsch@iw.uni-halle.de (R. A.)

Funding information

European Social Fund; Ministry of Education
and Science of the Russian Federation, Grant/
Award Number: 14.Y26.31.0019

1 | INTRODUCTION

Evgeny Zhuravlev? | Christoph Schick®® |

Abstract

In this work, the kinetics of formation of homogeneous crystal nuclei of polyamide
11 (PA 11) near the glass transition temperature (Tg), which is slightly above ambient
temperature, has been analyzed using fast scanning chip calorimetry (FSC), employing
Tammann's two-stage crystal nuclei development method with non-isothermal and
isothermal nucleation and growth stages. The critical cooling rate above which for-
mation of an ordered phase (crystals or mesophase) is suppressed is around 1000 K/
s. Formation of nuclei, in contrast, can only be prevented by cooling the melt faster
than about 30,000 K/s to far below T,. The temperature of fastest formation of crys-
tal nuclei is about 10-15 K higher than T, with first detection of nuclei within less
than a millisecond. As such, the onset-time of nuclei formation is about one order of
magnitude shorter than the time of first observation of crystals/mesophase. Further-
more, annealing experiments performed below T, revealed glass-crystallization, with
the stability of the formed ordered phase limited to temperatures near Tg. Since rapid
cooling and solidification of the melt of PA 11 at low temperatures often occurs in
processing of this material, this work provides new insights into processing-
controlled structure formation, eventually being beneficial for tailoring the property

profile.

KEYWORDS

crystal nucleation, crystallization, fast scanning chip calorimetry, polyamide 11

PA 11 is a semicrystalline polymer with its property profile con-

trolled by the semicrystalline morphology, including crystallinity, and

Polyamide 11 (PA 11) is an environment-friendly polymer since it is
derived from short-term renewable castor oil. It has been commercial-
ized more than 70 years ago under the trade name RILSAN and nowa-
days various grades are available to the markets for a wide range of
applications.*? It shows excellent impact resistance at room temperature
as well as at very low temperature up to —40 °C, good dimensional
stability due to low-moisture absorption, and good chemical and
abrasion resistance.® Thus, it is used for high-performance engineer-
ing applications such as in off- and on-shore oil and gas industries,
automotive industry, for electrical and electronic components, tubing

and coatings.®

structure, size, shape, and higher order organization of crystals. These
parameters of the morphology depend on the crystallization condi-
tions, particularly the supercooling of the melt before crystallization.
Typically, crystallization at low and high supercooling of the melt pro-
ceeds via heterogeneous and homogeneous nucleation, respectively,
with drastic consequences on morphology and properties.*® For
many polymers including PA 11, it has been shown that crystallization
at low supercooling of the melt allows for spherulitic growth of lamel-
lae due to the rather low number of heterogeneous nuclei. In contrast,
at high supercooling of the melt, the large number of homogeneous

nuclei often causes formation of non-isothermal crystals.” Quantitative

Polymer Crystallization. 2020;e10149.
https://doi.org/10.1002/pcr2.10149

51| Results and discussion

wileyonlinelibrary.com/journal/pcr2

© 2020 Wiley Periodicals LLC | 10of 8



JARIYAVIDYANONT ET AL.

22| WILE Y—crystatiization
information about temperature ranges of predominant heterogeneous
and homogeneous nucleation was gained by fast scanning chip calorim-
etry (FSC).*°* Similar as for many other crystallizable polymers, such
as isotactic polypropylene (iPP),*%**5 poly(e-caprolactone) (PCL),*
polyamide 66 (PA 66),)”*® or poly(butylene terephthalate) (PBT),*72*
FSC revealed a bimodal temperature-dependence of the overall
crystallization rate indicative of different nucleation mechanisms, in
particular if FSC is combined with microscopy.??~2* However, quanti-
tative data about the kinetics of homogeneous nucleation cannot be
gained by simple analysis of crystallization rates requiring more
sophisticated approaches like Tammann's two-stage nuclei develop-
ment method.?>2% The reason is the impossibility of direct detection
of nuclei. Tammann's nuclei development method implies formation
of homogeneous nuclei at high supercooling of the melt, or in the
glass, and their development to crystals at higher temperatures. This
scheme, so far, has been applied for analysis of the kinetics of nuclei
formation of PCL,*?” poly(L-lactic acid) (PLLA),267%° poly(ethylene
terephthalate) (PET),3! poly(butylene isophthalate) (PBI),*2%3 polyam-
ide 66 (PA 66),34%° or polyamide 6 (PA 6).%° For PA 11, data are not
available.

Regarding crystallization of PA 11, it was found that at low super-
cooling of the melt pseudohexagonal §-crystals form, which reversibly
transform into stable triclinic a-crystals at the Brill transition tempera-
ture of about 100 °C.3”~#° |n contrast, metastable pseudohexagonal
&°-crystals are obtained at high supercooling of the melt.** As men-
tioned above, the crystallization rate of PA 11 shows a bimodal
temperature-dependence with a cross-over temperature between the
two nucleation mechanisms at about 110 °C and high- and low-
temperature crystallization rate maxima, corresponding to characteris-
tic crystallization times of about 1 and 0.05s, at around 120 and
65 °C, respectively.® In case of non-isothermal crystallization, high-
temperature crystallization fades on cooling faster than few 10 K/s,
allowing for low-temperature mesophase formation (5 -crystals) if the
cooling rate does not exceed 600 K/s.*? It should be noted that the
cross-over temperature and high-temperature maximum of the crys-
tallization rate, as well as the cooling rate at which high-temperature
crystallization diminishes, depend on heterogeneous nucleating agents
or additives; the above-reported values hold for the specific PA
11 grade used in the present work. If the cooling rate is faster than
about 1000 K/s, the melt completely vitrifies at the glass transition
temperature (T,) of around 45 °C.

Information about possible nuclei formation on cooling faster
than 1000 K/s is not available. However, a cold-crystallization peak is
typically observed when heating the glassy and crystal-free sample to
above Tg,**** indicative of nuclei formation during prior cooling
and/or annealing the glass, which is not quantified yet. Such thermal
profiles, that is, fast cooling of the melt followed by annealing the
glass slightly below Ty is often observed in industrial processing of this
material, for example injection molding. Here, depending on the com-
ponent geometry/wall thickness and molding parameters, cooling

rates up to several 100K/s may be observed,* "

perhaps
suppressing crystallization but permitting formation of nuclei which

might grow to crystals over long time, causing, for example, aging/

change of properties.*®*° Classical enthalpy relaxation of the glass
has been treated in a separate study** and crystal formation below Tg
has been proven for another representative of the polyamide family,
namely PA 6.3¢

Therefore, in this work, we attempt obtaining rates of homoge-
neous nucleation for PA 11 at temperatures near T, by using
Tammann's nuclei development method. In the first part, non-isothermal
experiments are described, serving for determination of critical
cooling and heating rates for suppressing both formation of nuclei and
crystals. In the second part, isothermal experiments are presented for
observation of nucleation rates at temperatures around T, We
employed two different fast scanning chip calorimeters, for per-
forming scanning experiments covering rates of temperature change
from 10 to 100,000 K/s.

2 | EXPERIMENTAL

21 | Material

Bio-based PA 11 RILSAN BESNO-TL (Arkema, France) was used in
this work. It is a natural grade containing heat and light stabilizers, and
lubricant, and is designed for processing by extrusion.>® The melt-flow
volume index, mass-average molar mass, and polydispersity are
1 cm®/10 min (235 °C, 2.16 kg),*° 17.2 kg/mol, and 2,°* respectively.

2.2 | Fast scanning chip calorimetry

Non-isothermal and isothermal experiments for analysis of critical
cooling and heating rates for nuclei formation, and of the crystal
nucleation rate of PA 11 were performed using a fast scanning chip
calorimeter Flash DSC 1 (Mettler-Toledo, Switzerland) and a home-
made super-fast scanning nano-calorimeter (Functional Materials Ros-
tock e.V., Germany).

The Flash DSC 1, using a UFS 1 chip sensor, was connected to a
Huber TC100 intracooler. The furnace was purged with nitrogen gas
at a flow rate of 40 ml/min to avoid sample degradation. The sensor
was conditioned and temperature-corrected according to the instru-
ment operating instructions before loading a specimen. The as-
received pellets were prepared using a Slee rotary microtome to
obtain thin sections with a thickness about 10 pm, and afterwards a
scalpel and a stereomicroscope were used to cut the thin sections to
obtain smaller specimens with a lateral size of about 50-100 pm and
a typical mass between 10 and 100 ng. Before loading a specimen on
the central part of the heatable area of the chip sensor where a homo-
geneous temperature profile is expected,®? a thin layer of silicon oil
was applied. This was followed by adding a thin gold leaf to reduce
the effects of shrinkage and expansion of the specimen during
repeated cooling and heating.>® Furthermore, the use of the gold leaf
facilitated easy removal of the specimen; therefore, the chip sensor
was used for several specimens. The Mettler-Toledo Flash DSC 1 was
employed for analyses using heating rates up to 10,000 K/s.
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Super-fast scanning nano-calorimetry using a thin film chip sensor
X1-395 (Xensor Integration, Netherlands) was employed in this work
for higher scanning rates between 10,000 and 100,000 K/s. Details of
the device and data treatment are reported elsewhere.>**> A small
piece of the polymer was manually cut from the pellet and placed
directly onto the heatable area of the sensor. The masses of the sam-
ples were about 2 and 15 ng.

In addition, the kinetics of isothermal melt-crystallization of PA
11 at different temperature was investigated using the Flash DSC
1. The sample was melted by heating to 220 °C, held at this tempera-
ture for 0.5 s, and then cooled at a rate of 1000 K/s to crystallization
temperatures between 50 and 150 °C. Peak-time of crystallization
was collected from the crystallization-induced exothermic heat flow
overtime. Detection of exothermic heat flow on crystallization at tem-
peratures higher than 150 °C was difficult, therefore another
approach to obtain information about crystallization kinetics was per-
formed. The isothermal crystallization process was interrupted at
predefined crystallization times, and then the fraction of formed crys-
tals by their enthalpies of cold-crystallization and melting during sub-
sequent heating was evaluated. The half-time of crystallization was

estimated from the time needed to reach 50% relative crystallinity.

3 | RESULTS AND DISCUSSION
3.1 | Non-isothermal nucleation and crystallization
experiments

Non-isothermal experiments were performed for obtaining critical
cooling and heating rates for suppressing formation of crystals and
nuclei, following the procedure described in Reference 16. The
temperature-time profile is shown in Figure 1. The specimen was
heated to 220 °C, which is above the equilibrium melting temperature
(Tmo) of PA 11,°%%7 and equilibrated at this temperature for 0.5 s.
Then, the melt was cooled at different rates between 10 and
100,000 K/s to below Tg, and subsequently the sample was heated at
a fixed rate between 100 and 30,000 K/s. Enthalpies of cold-

[T _N f f

L 5 Analysis of enthalpies of

=1 Cooling rates R

= cold-crystallization and

i batwesn melting at a fixed rate

g 10-100000 - Ka between 100-30,000 K/s

g A

L Tg

Time

FIGURE 1 Temperature-time profile for obtaining critical cooling

and heating rates for suppressing crystal and nuclei formation
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crystallization and melting were analyzed from the heating scans in
order to detect nuclei and crystal formation. Worth noting, similar
experiments have been performed on different classes of materials
including metallic glasses.>®

Figure 2 shows an example of FSC curves in apparent heat capac-
ity units (mW/[K/s] = mJ/K) obtained during heating PA 11 at differ-
ent rates of 5000 (top), 3000 (middle), and 1000 K/s (bottom), after
cooling the melt at rates given in the legend. Curves associated to
prior cooling between 10 and 100 K/s, 200 and 1000 K/s, and 2000
and 10,000 K/s are presented in red, green, and blue color, respec-
tively. Regarding the experiment employing a heating rate of
1000 K/s (bottom set of curves), the heating scan of the sample
quenched at 10,000 K/s (bold blue curve) shows a glass transition
step at around 45 °C, a cold-crystallization peak at around 80 °C, and
a single endothermic peak associated to melting of crystals formed
during cold-crystallization at around 160 °C. The cold-crystallization
enthalpy reduces on lowering the cooling rate, while the enthalpy of
melting increases, indicating formation of crystals during cooling. The
cold-crystallization peak disappears if the melt is cooled at rates lower
than 200 K/s (red curves), and the endothermic peak on further
heating is caused by melting of crystals formed during cooling.

Note that the shift of the melting-peak temperature to higher
temperature on cooling at rates lower than 40 K/s (thin red curves)
presumably/likely is caused by the increased crystallization tempera-
ture during cooling. With increasing heating rate (center and top sets
of curves), the area of the cold-crystallization peak decreases due to
reduced crystal growth and perhaps reduced number of nuclei for-
ming during heating. It should be noted that the cold-crystallization
and melting peaks become broader and shift to higher temperatures,
compared to the heating scans obtained using a rate of 1000 K/s,
because of instrumental thermal lag and/or the kinetics of melt-

ing.11>% Again, the data of Figure 2 represent an example only, since

Previous Heating rate
- cooling rate 5000 Kis
5 | e
g 10...100
8 200...1000
© 2000...10,000 3000 K/s
(M)
=
a—r
&
© 1000 K/s
% 0.1 pdiK
<

*endo

1 1 1 1 1 1

0 50 100 150 200 250
Temperature (°C)

FIGURE 2 Apparent heat capacity as a function of temperature,
obtained during heating PA 11 at rates of 5000 (top), 3000 (middle),
and 1000 K/s (bottom), after cooling at different rates (Mettler-
Toledo Flash DSC 1)
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even higher cooling and heating rates up to 100,000 and 30,000 K/s,
respectively, were applied to the samples using the super-fast nano-
chip calorimeter, discussed below.

Figure 3 shows the total change of enthalpy (top part) and
enthalpy of cold-crystallization (bottom part), obtained during heating
PA 11 at rates between 100 and 50,000 K/s, as a function of the rate
of prior cooling. The data collected by the Flash DSC 1 and the
nanochip calorimeter are presented by filled and open symbols,
respectively. The total enthalpy change (filled and open squares) is
equivalent to the enthalpy of crystallization during cooling and was
obtained by integrating the FSC heating-curves covering the cold-
crystallization and melting peaks. As expected, the total enthalpy
change is independent on the heating rate. Crystallization at low sup-
ercooling of the melt at rates between 10 and 100 K/s leads to forma-
tion of crystals during cooling via heterogeneous nucleation®®4? and
cold-crystallization on heating is not observed. On increasing the
cooling rate (see gray arrow), melt-crystallization is gradually
suppressed. Simultaneously, the enthalpy of cold-crystallization
increases due to presence of increasing number of nuclei, which were
not able to grow to crystals during cooling, regardless the heating rate
(see black arrow). Formation of crystals during cooling, finally, is
absent if the melt is cooled faster than 1000 K/s.

While the total change of enthalpy provides information about
crystal formation during cooling, analysis of cold-crystallization per-
mits gaining insight about nuclei formation. Heating of PA 11 slower
than 50,000 to 100,000 K/s reveals a cold-crystallization peak as soon
as crystallization is suppressed in the preceding cooling scan, starting
at around 200 K/s. Heating faster than 50,000 K/s does not allow
crystal growth, and cold-crystallization is therefore not observed,
regardless presence of nuclei. If the heating rate is between 10,000

and 30,000 K/s, then with increasing cooling rate the cold-crystalliza-
tion enthalpy first increases (up to a cooling rate of 1000 K/s) due to
incomplete crystallization during cooling. Then, the cold-crystallization
enthalpy decreases to almost zero at a cooling rate of about
50,000 K/s, due to the lowering of the number of nuclei forming dur-
ing cooling. Note that there is detected minor cold-crystallization even
on cooling faster than 50,000 K/s presumably due to presence of few
heterogeneous nuclei (see for example open orange circles and dash
line). Most important, the decrease of the cold-crystallization enthalpy
when increasing the cooling rate from 1000 to 50,000 K/s reflects
the kinetics of non-isothermal nuclei formation during cooling. In
other words, cooling of PA 11 at rates as high as several 10,000 K/s
still allows formation of homogeneous nuclei, increasing in number
with decreasing cooling rate. If the heating rate is lower than
10,000 K/s, then the downturn of the enthalpy of cold-crystallization
for samples cooled faster than 1000 K/s is much less pronounced and
eventually completely absent (see e.g., data sets obtained at heating
rates lower than 3000 K/s). The reason of this observation, we
assume, is continued formation of homogeneous nuclei and crystal
growth from both homogeneous and heterogeneous nuclei during
rather slow heating. Note that we observed that with decreasing
heating rate the cold-crystallization enthalpy increases to reach a
maximum value of —40J/g, which compares with the maximum
enthalpy of crystallization of about +40 J/g after slow cooling.
Summarizing the data of Figure 3, it is concluded that the critical
rates of cooling, below which crystallization on one side and homoge-
neous nucleation on the other side occur, are about 1000 and
30,000 K/s, respectively. In contrast, crystallization on heating even is
allowed at higher rates than 1000 K/s due to nuclei formation below

the cold-crystallization temperature. Crystallization on cooling faster
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than 1000 K/s is suppressed since only heterogeneous nuclei can
grow to crystals, which must be formed/present already at tempera-
tures above the temperature of maximum crystal growth rate.

3.2 | Isothermal nucleation and crystallization
experiments

Isothermal crystallization experiments were performed for analysis of
the temperature-dependence of the characteristic time of crystal
nucleation. Figure 4 shows the temperature-time protocol of the
experiments. The melt was rapidly transferred from 220 °C to the
annealing temperature using a cooling rate of 100,000 K/s to assure
that there is no formation of both crystals and nuclei during cooling.
Annealing was performed at temperatures between 17 and 77 °C,
every 5 K, and the annealing time was between 0.1 ms and, depending
on the annealing temperature, 200, 600, and 1000 s. After annealing,
the sample was heated at a fixed rate of 20,000 K/s. Selection of the
heating rate of 20,000 K/s is based on the FSC data shown in
Figure 5, illustrating the effect of heating rate on nuclei formation dur-
ing heating. Samples cooled at 100,000 K/s do not contain a detect-
able number of homogeneous crystal nuclei and consequently on
heating at sufficiently high rate of 20,000 or 30,000 K/s, negligible
cold-crystallization is detected. Slower heating at 10,000 K/s, in con-
trast, permits significant cold-crystallization on heating (see black cur-
ves in the corresponding data sets). Furthermore, the data prove
that heating at 20,000 K/s is sufficiently fast to prevent additional
nucleation during heating but still slow enough to allow crystalliza-
tion, being a precondition for analysis of the nucleation rate
according to Figure 4. The curves at 20,000 and 30,000 K/s confirm
another precondition of the experiment, namely that the number of
heterogeneous nuclei present in the particular sample is significantly
smaller than the number of homogeneous nuclei. Otherwise, the
cold-crystallization enthalpy would not tend to zero for the fastest

BT _‘\ /’

100,000 K/s Analysis of e_nihglpies of
cold-crystallization and
melting at a fixed rate

between 10,000-30,000 K/s

Temperature

Annealing conditions:
17,77 °C
0.0001...1000 s

Time

FIGURE 4 Temperature-time profile for analysis of the
nucleation rate as a function of temperature. The horizontal dash lines
indicate the approximate position of T and T o
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cooling rates. Finally, we preferred using a heating rate of 20,000
instead of 30,000 K/s since in the latter case crystal growth is more
limited.

Figure 6 shows an example of FSC curves obtained during heating
PA 11 at a rate of 20,000 K/s, after annealing for different times as
indicated in the legend, at temperatures between 17 and 77 °C (top
to bottom). Regarding the annealing experiment at 17 °C (top set of
curves), zero annealing time (black curve) only shows negligible cold-
crystallization and melting, perhaps due to presence of few heteroge-
neous nuclei. However, such negligible concentration of nuclei will
not significantly influence the main results. For annealing times less
than 1 s (gray curves), additional cold-crystallization and melting are
not detected but an enthalpy recovery peak due to annealing of glassy
PA 11, gradually increasing in size with annealing time. The cold-
crystallization and the melting peaks slightly increase further in area if
the annealing time is longer than 1 s (red curves). However, if the
annealing time exceeds 6 s (blue curves), then the enthalpy recovery
peak becomes superimposed by an additional sharp peak, presumably
related to melting of small crystals formed at the annealing tempera-
ture, increasing in size and apparently shifting to higher temperature
with annealing time. Melting of these tiny crystals leaves self-nuclei,
which then recrystallize on further heating, causing exothermic heat
flow and subsequent melting. Note that we did not observe in case of
PA 11 such a distinct separation of enthalpy relaxation, crystal nucle-
ation, and growth in the glassy state as observed, for example, in case
of PA 6 or PCL*4¢

With increasing annealing temperature, the low-temperature
melting peak associated to melting of crystals formed during annealing
obviously increases in size and shifts to higher temperature for a given
annealing time. This result is expected since the melting temperature
is controlled by the crystal size, which depends on the crystallization

Heating rate
Previous
Fard cooling rate (K/s) 10,000 K/s
? 600
& | | 1000...800¢
(&
] 10,000...40,000
S | 50,000...10,0000 20400 KIS
=
-
=
5
S 30,000 Kis
=d 0.005 pJ/K
*endo
1 1 1 L 1 1 1 1
-50 0 580 100 150 200 250 300

Temperature (°C)

FIGURE 5 Apparent heat capacity as a function of temperature,
obtained during heating PA 11 at rates of 10,000 (top), 20,000
(middle) and 30,000 K/s (bottom), after cooling at different rates as
indicated in the legend. The data were collected using the chip
nanocalorimeter
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temperature. For a given annealing temperature, the low-temperature
melting peak increases in temperature with annealing time due to the
larger number of crystals (superposition of an endothermic and an
exothermic peak, finally determining the peak shape) and/or the
increase of their stability. In case melting at Ty is not observed, as it is
true for short annealing times, subsequent cold-crystallization indi-
cates isothermal formation of nuclei. If there is observed a low-
temperature endothermic melting event slightly above Ty, then it is
contiguously followed by an exothermic peak caused by recrystalliza-
tion of the melt. Worthwhile noting that endothermic melting and
exothermic recrystallization overlap such that analysis of enthalpy of
cold-crystallization/melt-recrystallization is complicated. Exothermic
cold-crystallization or melt-recrystallization finally is followed by a
broad endothermic melting event of the crystals formed by recrystalli-
zation at around 175 °C.

The FSC heating curves of Figure 6 were quantitatively evaluated
regarding the total change of enthalpy the and cold-crystallization
enthalpy, shown with the top and bottom data sets in Figure 7,
respectively, as a function of the annealing time. However, in this plot
only data are considered for which the exothermic event during

*endo Annealing time (s)
— [} — 1...6
— <1 — 10...1000
Annealing
temperature (°C) |
17 | A

Apparent heat capacity

0.005 pJiK
Heating rate 20,000 K/s

1 L 1 i | |

0 50 100 150 200 250

Temperature (°C)

FIGURE 6 Apparent heat capacity as a function of temperature,
obtained during heating PA 11 at a fixed rate of 20,000 K/s, after
annealing between 17 and 77 °C (top to bottom) for different times.
The dash-vertical line indicates T, as reported in the literature.>®

heating is unambiguously identified as cold-crystallization but not
melt-recrystallization superimposed to prior low-temperature melting.

The latter is true for annealing experiments performed at temper-
atures lower than 47 °C. It is observed for the shown annealing condi-
tions that the enthalpy of cold-crystallization begins to increase at a
shorter annealing time than in case of the total change of enthalpy.
For example, considering the data collected after annealing at 77 °C
(blue stars), isothermal formation of nuclei starts at about 1 ms which
causes on heating cold-crystallization. When the cold-crystallization
enthalpy approaches its maximum value after annealing for about
40 ms, the total enthalpy change gradually increases, illustrating for-
mation of crystals at the annealing temperature. The number of crys-
tals increases if the annealing is continued, and as a result, cold-
crystallization correspondingly reduces to vanish after annealing for
about 0.1 s. In other words, after 0.1 s all nuclei grew to crystals dur-
ing annealing, and the observed further increase of the crystallinity is
related to secondary crystallization. Decreasing the annealing temper-
ature allows for formation of a larger number of nuclei, as indicated
with the higher maximum cold-crystallization enthalpy, beginning at
even slightly shorter time than 1 ms. The trend does not hold for the
annealing experiment at 47 °C (red circles) which, probably, is related
to a dramatically reduced molecular mobility when approaching T,
slowing down nucleation.

As a summary of the data of Figure 7, Figure 8 presents charac-
teristic times of nucleation and crystallization of PA 11 as a function
of temperature, indicated by red, and black/gray symbols, respec-
tively. The characteristic crystallization times reveal a bimodal
temperature-distribution associated to predominant heterogeneous
(gray diamonds) and homogeneous (black squares) crystal nucleation
at high and low temperatures, respectively. Characteristic times of
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FIGURE 7 Enthalpy of cold-crystallization (bottom sets of data)

and total enthalpy change (top sets of data), covering low-
temperature melting, cold-crystallization or melt-recrystallization, and
high-temperature melting, depending on the annealing temperature
and time. The data were collected from the heating curves recorded
at a fixed rate of 20,000 K/s
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FIGURE 8 Characteristic time of
nucleation (red symbols) and
crystallization (black squares and gray
diamonds) as a function of temperature.
The data were evaluated from FSC
heating scans recorded at rates of 20,000
(circles) and 30,000 K/s (triangles). The
approximate position of Ty is indicated
with the vertical dashed line
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crystal nucleation were evaluated from FSC heating scans recorded at
rates of 20,000 (circles) and 30,000 K/s (triangles) (see also Figure 4,
red line), leading to similar results, as expected.

The data reveal that nucleation is fastest at around 60 °C, that
is, at a temperature about 10-15 K higher than T. This generally
expected behavior is also observed for other polymers such as PCL
or PA 66 and other nonpolymeric materials, which similarly show the
maximum rate of homogeneous nucleation at a temperature slightly
above Tg."o The onset-time of nucleation, representing the begin of
nucleation, is shown by the red-opened symbols and is about one
order of magnitude shorter than the crystallization peak- or half-
times. The gray-filled red-bordered symbols represent the time of
the begin of crystallization, being close to the characteristic times of
crystallization, proving the reliability of the data analysis performed
here. Regarding the annealing experiments performed below Tg, only
onset-times of nucleation are considered, due to above-described
difficulties in data evaluation. Nevertheless, these glass-annealing
experiments clearly proved nucleation and crystallization in the glass
of PA 11.

4 | CONCLUSIONS

Crystallization and solidification of polymers including PA 11 in indus-
trial processing often occurs at rapid cooling conditions, for example,
in the skin layer of injection moldings. At such conditions, crystalliza-
tion of PA 11 proceeds via homogeneous crystal nucleation leading to
formation of a nodular mesophase surrounded by a rigid amorphous
fraction. While morphological features of PA 11 processed at such
conditions are well investigated, details about the kinetics of homoge-
neous crystal nucleation are not known. Such details, however, are

50 100 150 200

Temperature (°C)

needed, for example, for judging the thermodynamic stability of fully
vitrified PA 11, prepared on quenching the melt. Since the melt of PA
11 vitrifies at a temperature slightly above ambient, the glass is then
highly unstable, being subject of enthalpy relaxation, crystal nucle-
ation, and even crystal growth. As such, in the present work, the time
scale of crystal nucleation at temperatures around the T is quantified,
employing two different FSC, complementing each other regarding
available scanning rate ranges from 10 to 100,000 K/s, and
Tammann's two-stage nuclei development method. At a glance, crys-
tal formation is suppressed when cooling the melt of PA 11 faster
than 1000 K/s to below Tg, while crystal nucleation only becomes
absent when cooling faster than 30,000 K/s. The temperature of
fastest crystal nuclei formation is about 10-15 K higher than Tg, with
first detection of nuclei within less than one millisecond. Annealing
experiments performed below T, revealed glass-crystallization, occur-
ring at a timescale of few 100 s at room temperature. This result
clearly proves that immediately after fast vitrification of the melt of
PA 11, the sample is far from being metastable. In a broader context,
the results agree with the observation on low molecular glass formers
that nucleation and crystal growth at such deep supercooling is proba-
bly more controlled by local R-relaxation processes than by the

a-relaxation (glass transition).61~*
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Research highlights

1. Shear-induced crystallization of PA 11 was studied using a parallel-plate rheometer and the
semicrystalline morphology of the sheared disk was investigated by POM, XRD and AFM.

2. The sheared samples showed a gradient structure along the radius, from the center to the
edge, including spherulites like in quiescent-melt crystallization, finer spherulites due to a
larger number of nuclei generated by shear, and fibrillar structures, also induced by shear.

3. The critical shear rates, above which shear-induced formation of additional point-like and
thread-like nuclei occur, are around 1 and 5-6 s!, respectively.

4. The critical specific work of flow for PA 11 is higher than in the case of PA 66, suggested
to be attributed to the different chemical structure affecting the molecular-segment
orientability and relaxation times.
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Abstract

Shear-induced formation of crystal nuclei in polyamide 11 (PA 11) was studied using a conventional parallel-plate rheometer.
Crystallization of PA 11 after shearing the melt at different rates for 60 s was followed by the evolution of the complex viscos-
ity. The sheared samples showed in an optical microscope a gradient structure along the radius, due to the increasing shear
rate from the center to the edge. The critical shear rate for shear-induced formation of nuclei was identified at the position
where a distinct change of the semicrystalline superstructure is observed, being at around 1 to 2 s~!. Below this threshold,
a space-filled spherulitic superstructure developed as in quiescent-melt crystallization. Above this value, after shearing at
rates between 1 and 5 s™!, an increased number of point-like nuclei was detected, connected with formation of randomly
oriented crystals. Shearing the melt at even higher rates led to a further increase of the nuclei number and growth of crystals
oriented such that the chain axis is in parallel to the direction of flow. In addition, optical microscopy confirmed formation
of long fibrillar structures after shearing at such condition. The critical specific work of flow of PA 11 was calculated to
allow a comparison with that of polyamide 66 (PA 66). This comparison showed that in the case of PA 11 more work for
shear-induced formation of nuclei is needed than in the case of PA 66, discussed in terms of the chemical structure of the
repeat unit in the chains.

Keywords Polyamide 11 - Shear-induced nucleation/crystallization - Crystallization - Specific work of flow -
Semicrystalline morphology

Introduction with its repeating unit consisting of a rather long sequence

of ten methylene groups and an amide group. PA 11 is a

Polyamide 11 (PA 11), produced by Arkema (trade name
Rilsan®), is a bio-based polymer which is synthesized by
polycondensation of w-aminoundecanoic acid, extracted
from castor oil (Genas 1962). It is an aliphatic polyamide
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crystallizable polymer exhibiting a rather low maximum
crystallinity of less than 40% (Zhang et al. 2000). Due to its
good chemical resistance, excellent impact properties, and
good dimensional stability, it is considered a high-perfor-
mance engineering polymer used in versatile applications
such as automotive components, on-shore and off-shore oil
pipelines, electronic components, gears, connectors, coat-
ing material, and diverse medical applications (Kohan 1995;
Bello and Wood 2005; Halim et al. 2013). The properties,
tailored for each of those applications, strongly depend on
the semicrystalline structure, including fraction, size, shape,
orientation, and perfection of crystals (Tordjeman et al.
2001; Azzurri et al. 2003; Dencheva et al. 2007; Kolesov
et al. 2014). These parameters, in turn, are controlled by the
crystallization and processing conditions (Jariyavidyanont
et al. 2019).

Regarding quiescent-melt crystallization of PA 11 at pro-
cessing-relevant cooling rates, the melt completely vitrifies

@ Springer
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below the glass transition temperature (7,) of about 45 °C
on quenching at rates faster than about 1000 K s~! (Mollova
et al. 2013; Jariyavidyanont et al. 2019), while cooling at
lower rates allows crystallization/ordering. Formation of
mesomorphic pseudohexagonal &'-crystals is obtained at
high supercooling of the melt slightly above 7, on cool-
ing at rates between 200 and 500 K s~! (Schmidt and Stu-
art 1958; Rhoades et al. 2016). At such conditions, many
crystal nuclei are active, hindering their lateral growth to
lamellae and formation of spherulites. Instead, small ordered
domains/nodules develop (Mollova et al. 2013; Schick and
Androsch 2018). Cooling slower than 200 K s~! increas-
ingly leads to high-temperature spherulitic crystallization
of the melt, replacing the low-temperature ordering process.
Finally, cooling at rates lower than 30 K s~! permits for
the formation of a space-filled spherulitic structure by the
growth of few nuclei at high temperature to lamellar pseu-
dohexagonal d-crystals (Mollova et al. 2013; Jariyavidy-
anont et al. 2019). These crystals convert reversibly on
cooling to ambient temperature to triclinic a-crystals at the
Brill-transition temperature at around 100 °C (Brill 1942;
Pepin et al. 2016).

In polymer-manufacturing processes, crystallization often
takes place in a non-quiescent highly supercooled melt due
to high cooling rates and simultaneous presence of normal
and shear forces/stress, causing deformation and/or orien-
tation of the molecules (Somani et al. 2005; Ogino et al.
2006). Crystallization of PA 11 during injection molding
and the resulting semicrystalline morphology were ana-
lyzed and correlated to the cooling-rate profile in the vari-
ous regions of the molded part (Jariyavidyanont et al. 2018).
Fast cooling at a rate of few hundred K s! was predicted
in the skin layer by simulation, and optical microscopy and
X-ray analysis revealed formation of non-spherulitically
grown a-crystals of low perfection. Toward the core, with
increasing distance from the skin, the cooling rate decreased,
allowing for formation of a spherulitic structure containing
more perfect a-crystals.

An intermediate zone between the skin and core regions,
often called a shear zone, is generally was observed as a
result of shearing the melt during the filling process. Shear
rates of the order of magnitude of 10 s~! may be evident for
a short period of time of around 1 s before crystallization,
as simulated for a specific molding of isotactic polypropyl-
ene (Gohn et al. 2018). As a consequence, nucleation and
crystallization are enhanced, as detected by an increase of
the nuclei density, leading to a fine-spherulitic or non-spher-
ulitic structure (Koscher and Fulchiron 2002; Janeschitz-
Kriegl et al. 2003; Pantani et al. 2010; De Santis et al. 2016;
Spoerer et al. 2020), due to the lower energy barrier for the
formation of crystal nuclei (Coppola et al. 2001; Koscher
and Fulchiron 2002; Lellinger et al. 2003). If the shear flow
is strong enough (Hadinata et al. 2006; Mykhaylyk et al.

@ Springer

2008; Seo et al. 2018; Refaa et al. 2018; Igbal et al. 2019),
even oriented superstructures may form, like shish-kebab
morphologies or aligned spherulites (Keller and Machin
1967; Zhang et al. 2005).

Regarding quantitative data on shear-induced crystalliza-
tion of PA 11, we are aware of only a single study performed
on branched molecules (Acierno and Puyvelde 2005). As
far as we know, there exists no information about critical
shearing conditions of PA 11 to promote shear-induced
formation of nuclei, therefore being subject of the present
work. Crystallization of PA 11 is followed via evolution of
the complex viscosity collected during isothermal crystal-
lization after shearing the melt at different rates, using a
parallel-plate rheometer. The critical shear rate, defined as
minimum shear rate applied to the sample to induce/enhance
crystallization, was investigated and, after its compilation
into a specific work of flow (W), compared with results of
a similar study performed on polyamide 66 (PA 66) (Seo
et al. 2018). The specific work of flow (Janeschitz-Kriegl
et al. 2003) is calculated according to Eq. 1 and considers
besides the shear rate () also the effects of shear time ()
and viscosity of the melt (#), depending on temperature and
time of shear, on nuclei formation:

W= / (T i 0

Furthermore, besides correlating the shearing conditions
with the kinetics of crystallization/nuclei formation, struc-
tural data including degree of crystallinity, crystal structure,
and micrometer-scale superstructure were analyzed using
differential scanning calorimetry (DSC), wide-angle X-ray
scattering (WAXS), and polarized-light optical microscopy
(POM), for interpretation of the effect of shear-induced crys-
tallization on structure.

Experimental
Material and preparation

High-viscosity bio-based Rilsan® BESNO-TL PA 11, an
extrusion grade containing heat and light stabilizers, was
obtained from Arkema. The melt volume-flow rate, mass-
average molar mass, and polydispersity are 1 cm® (10 min)~!
(235 °C, 2.16 kg) (Arkema 2020), 17.2 kg mol~!, and 2,
respectively (Fornes and Paul 2004). The material, deliv-
ered in the form of pellets, was dried at 80 °C for about
12 h before film compression molding. A pre-pressed film
with a thickness of about 800 pm was prepared by a Carver
laboratory manual press at 220 °C using a maximum load of
2 t and then cut to obtain a circular disk with a diameter of
about 16 mm for subsequent rheological analysis.
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Rheological analysis

Shear-induced crystallization of PA 11 was investigated by
using a Thermo Scientific HAAKE Rheostress6000 rheom-
eter equipped with a closed temperature-controlled chamber
and a 20-mm-diameter parallel-plate geometry setup. The
chamber, purged with nitrogen gas at 20 mL min~!, was
heated to 220 °C, equilibrated at this temperature for a few
minutes, before adjusting the position of the upper shaft/
plate by zero-gap setting. A 16-mm-diameter sample disk
with a thickness of about 800 pm was placed between the
metal plates and equilibrated at 220 °C for 1 min. After that,
the upper metal-plate was slowly lowered to the pre-defined
gap distance of 500 pm, and the excess melt was trimmed
from the outer edges of the plates. Note that the selected gap
distance of 500 pm was set according to the ISO 6721-10
standard, with the recommendation of the ratio 2r/h to be
between 10 and 50 (r and 4 are the radius and gap distance,
respectively) (Mezger 2006). Otherwise, if it is outside of
the recommended range, there is risk of inhomogeneous
deformation, secondary flow effects, transient behavior, and
edge failure.

The shear and crystallization experiments were performed
according to the protocol shown in Fig. 1. After trimming,
the melt was kept at 220 °C for additional 2 min and then
ballistically cooled at a rate of about 15-20 K min~! to the
shear temperature of 190 °C. Different shear rates, up to 10
s~!, were applied to the sample for 60 s in all experiments.
Note that the shear rate depends on the location in the disk,
linearly increasing with the radius (Mezger 2006). In the fol-
lowing, shear rate information refers to the maximum shear
rate at the edge of the plate (r = 10 mm). After the shear
step, the sample was cooled at a rate of 10 K min~' to 180
°C and isothermally crystallized at this temperature for 1 h,
allowing for completion of primary crystallization. The crys-
tallization kinetics was monitored by the time dependence

cooling rate: 15-20 K min-'
oscillatory frequency: 3 rad s™'
6 Tm of 220~ deformation amplitude: 0.05 %
- ]
o shear
=] T 190 Ao
© crystallization
& T.riso
o
5
= Tyr45
microscopy, WAXS

Time

Fig.1 Temperature and shear protocol for analysis of shear-induced
crystallization of PA 11

of the complex viscosity, measured using an oscillatory fre-
quency and deformation amplitude of 3 rad s™! and 0.05%,
respectively. For morphological and crystallinity analyses,
Kapton® polyimide films, used as a non-adhesive layer, were
glued on both metal plates before zero-gap setting. Shear
and crystallization experiments for a given shear condition
typically were performed at least two times (often up to four
times) when using Kapton, being the preferred setup since
allowing subsequent structure analysis. Since there was
often observed a difference between program shear rate and
true shear rate, error bars could not be obtained rather than
an increased number of different shear-rate data. Experi-
ments without using Kapton were performed only once, just
for comparison with data obtained using Kapton-setup.

Differential scanning calorimetry

DSC was employed to investigate the crystallinity of a non-
sheared sample and a sample crystallized after shearing the
melt at a rate of about 7.6 s™'. The samples with a mass of
5-10 mg were taken near the center and edge of the disks
and subsequently placed into 20 pL aluminum pans. A heat-
flux Mettler-Toledo DSC 1 in combination with a TC100
intracooler was used. The furnace was purged with nitrogen
gas at a flow rate of 60 mL min~'. The calibration of the
instrument was checked by measurement of the temperature
and enthalpy of melting of an indium standard. The crys-
tallinity was estimated from the enthalpy of melting dur-
ing heating using a rate of 20 K min~", with its calculation
based on a value of the bulk enthalpy of melting of 189 J g~
(Zhang et al. 2000).

Polarized-light optical microscopy

The microstructure of non-sheared and sheared PA 11, after
completion of the crystallization step and cooling to room
temperature, was analyzed by POM. Thin sections with
a thickness of about 10 pm were prepared using a Slee-
CUT-5062 rotary microtome. The sections were cut along
the radius of the disks, from the center through the edge, that
is, perpendicular to the flow direction. Then, thin sections
were embedded in immersion oil between glass coverslips
and observed with a Leica DMRX optical microscope in
transmission mode using crossed polarizers. The images
were captured by a Motic 2300 CCD camera attached to
the microscope.

Wide-angle X-ray scattering
WAXS was used to investigate the crystal structure and ori-
entation as a function of the radial position in the disks from

the edge to the center. The analysis was performed at room
temperature in transmission mode employing a Bruker D8

@ Springer

Results and discussion | 62



Rheologica Acta

Discover X-ray diffractometer, equipped with an area detec-
tor, and using Cu K radiation. The diameter of the circular
beam was 0.5 mm and the exposure time was 30 min. The
sample-to-detector distance was 149.7 mm.

Results and discussion

Figure 2 shows the evolution of the complex viscosity of PA
11 collected during isothermal crystallization at 180 °C for 1
h (see the red segment in Fig. 1). The data of the upper plot
were obtained from the samples placed between the metal
plates without using Kapton® films. The shear rates, as given
in the legend, represent average values over the total shear
time of 60 s. The bottom sets of data were obtained from the
experiments using Kapton® films. In this case, the onset time
of crystallization/increase of the viscosity is slightly delayed
if compared to the data observed in experiments without
using Kapton® (top data), as described below. Furthermore,
in the lower plot, the upper plateau of the viscosity curves
is not shown due to lack of reproducibility when samples
exhibit high viscosity due to presence of crystals, in case
of using Kapton® film. However, crystallization onset times
are reproducible, since at this stage of the crystallization
step, the viscosity is low, not leading to detrimental effects
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Fig.2 Viscosity as a function of crystallization time of PA 11
obtained during isothermal crystallization at 180 °C, after shearing
the melt at different rates for 60 s. The data of the lower plot were
collected using Kapton® films for easy removal of the sample from
the instrument after crystallization
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of the Kapton® films. Quiescent-melt crystallization of the
samples, regardless of the use of Kapton® films, begins after
about 1000 s (see black squares), being in agreement with
former DSC studies of the crystallization rate (Mollova et al.
2013; Rhoades et al. 2016). When shearing the melt, crystal-
lization shifts to increasingly shorter time with increasing
shear rate (see gray arrows), caused by an increase of nuclei
density.

Figure 3 shows crystallization onset times as a function
of shear rate of PA 11, with black squares and red stars
referring to data measured either with or without Kapton®,
respectively. Crystallization onset times are defined as
intersection of the extrapolated baseline and the estimated
highest-slope tangent line of the viscosity curves of Fig. 2.
The onset times of crystallization of non-sheared samples
are indicated with the corresponding black and red dashed
lines, respectively. Regarding non-sheared samples, we
observed a slightly lower onset time of crystallization when
using Kapton®. In detail, in case of not using Kapton® as
a spacer/anti-adhesive, the onset time of crystallization is
about 1050 s, while it is about 950 s when using Kapton®,
perhaps caused by a nucleating effect of the Kapton® film
(Gadzinowska and Piorkowska 2003). The trend of slightly
faster crystallization in case of the Kapton®-setup seems to
be preserved also in experiments in which samples are sub-
jected to shear despite occasional uncertainties in determina-
tion of the crystallization onset time. However, the observed
negligible difference of the crystallization rate in case of the
two experimental setups has no influence on the discussion
of the effect of shear on crystallization.

In fact, regardless of the use of Kapton® films, the crys-
tallization time distinctly decreases on shearing the melt at
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Fig.3 Crystallization onset times as a function of shear rate of PA 11
samples prepared with and without using Kapton® films (black sym-
bols and red stars, respectively). The crystallization onset times of
non-sheared samples are indicated with the corresponding black and
red dashed lines, respectively
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rates higher than about 0.5 s~! due to formation of additional
crystal nuclei. A critical shear rate of around 0.8 to 1 s™! is
determined from the intersection of the extrapolated crystal-
lization onset time of the non-sheared samples, and linear
fit of onset times observed well above the shear rates where
the downturn of the crystallization onset time occurs (Seo
etal. 2018)

Figure 4 presents a photograph (left) and POM image
(right) of a disk prepared using a shear rate of 7.6 s~!. The
images were taken at room temperature after completion
of crystallization at 180 °C for 1 h. The inner part of the
disk in the photograph, where low shear rates are evident,
is opaque. In contrast, at large distance from the center, the
film appears translucent, with a rather sharp transition from
opaque to translucent at a specific radius-value. The change
of the optical appearance is interpreted in terms of a criti-
cal shear rate, above which crystallization occurs in a dif-
ferent mode. As will be shown below, the crystallinity is
independent of the position in the samples, and therefore,
the different optical appearance is assumed to be caused by
different crystal size and/or superstructure. The POM image
at the right-hand side of Fig. 4 additionally reveals with the
observed Maltese cross the information that there is orienta-
tion of either macromolecules in the amorphous phase and/
or of crystals, with the latter described below.

Figure 5 shows micrographs of PA 11 samples taken at
room temperature, after shearing the melt at different rates
and subsequent isothermal crystallization at 180 °C for 1 h.
The samples were cut along the radius, from the center to the
edge of the disks. Therefore, the flow direction is perpendic-
ular to the cut sections. Higher-magnification micrographs
of the sample near the edge of non-sheared and sheared PA
11 (7.6 s71) are shown to the right in the figure, with the top
and bottom images, respectively.

Regarding the images illustrating the structure from the
center to the edge (left), the non-sheared sample is shown
at the top, while the other images represent the structure

Fig.4 Photograph (left) and
POM image (right) of a PA 11
disk crystallized at 180 °C for

1 h after shearing the melt at
7.6 s~ for 60 s, taken at room
temperature. The orientation of
the polarizers is shown at the
top right of the POM image

of samples subjected to shear flow before crystallization,
with the shear rates indicated at the right-hand side of each
thin section. The non-sheared sample shows a space-filled
spherulitic structure, with the diameter of the spherulites
being 20-30 pm (see also right top image), regardless of
the position in the disk. In contrast, the sheared PA 11 sam-
ples show a gradient structure from the center to the edge
due to the increasing shear rates. A critical shear rate for
shear-induced formation of nuclei is specified at the position
where a distinct change of the semicrystalline superstructure
is observed, indicated by yellow circles. The POM micro-
graphs of Fig. 5 confirm consistently in all experiments
involving different maximum shear rate the increased nuclei
number when the shear rate exceeds about 1 s~!. Worth not-
ing, shearing the melt at a rate above the critical value leads
to a tremendous increase of point-like nuclei as well as for-
mation of aligned nuclei as revealed with the bottom-right
image.

DSC first-heating scans, measured with a rate of 20 K
min~!, of non-sheared (black) and sheared PA 11 at the
center (blue) and edge area (red) of the disks are shown
in Fig. 6. The purpose of the experiment was to prove the
presence of crystals in the edge region of the sheared sam-
ple, since POM cannot provide this information (see Fig. 4).
However, the melting-peak temperatures and crystallinities
of both samples (sheared and non-sheared) and even at dif-
ferent positions (center and edge area) are similar, being
about 190 °C and 35%, respectively, regardless of the largely
different semicrystalline morphology (see the edge struc-
tures in the top and bottom thin sections in Fig. 5). Identical
melting temperatures are expected since both samples were
crystallized at the same temperature of 180 °C until comple-
tion of the crystallization process.

Figure 7 presents at the top a POM image of a sample
sheared at 7.6 s™! for 60 s including information of sam-
pling WAXS patterns as a function of the radius of the
disk from the edge (red circle) to the center (blue circle).
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Fig.5 POM images of PA 11
sections showing the structure
from the center to the edge per-
pendicular to the flow direction,
captured at room temperature
after shearing the melt at dif-
ferent rates for a constant shear
time of 60 s at 190 °C and
subsequent isothermal crystal-
lization for 1 h at 180 °C (left).
The two images to the right
show the structure in the center
layer near the edge of non-
sheared (top right) and sheared
PA 11 (bottom right) at higher
magnification

One-dimensional WAXS patterns taken at corresponding
positions are shown with the bottom plot in Fig. 7. The
scattering patterns collected at the edge and center of the
non-sheared sample are indicated with the dashed lines. All
samples show three scattering peaks at about 7.4, 20.3, and
23.4 degrees related to the (001), (100), and (010/110) lat-
tice planes, respectively, of the triclinic a-crystals present
(Slichter 1959; Kim et al. 1985). As such, the X-ray data
consistently confirm that crystallization at 180 °C leads to
formation of a-crystals of similar perfection, with the latter
indicated by the constant positions of the 100 and 010/110
peaks, regardless of prior shearing.

Figure 8, at the top, shows two-dimensional WAXS pat-
terns in the angular range of the 001 peak of sheared PA

> [ 20 (kg *endo
©
3 y=7.6s", edge
]
($]
]
.QEJ y=7.6s", center
=
o
8 zero shear, edge
a
<
100 120 140 160 180 200 220

Temperature (°C)

Fig. 6 DSC first-heating scans of non-sheared (black) and sheared PA
11 (blue and red), recorded at 20 K min~". The red dashed line rep-
resents a repetition scan, with the sample taken from a different disk
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Fig.7 POM image (top) showing the WAXS-analysis positions from
the edge (red) to the center (blue) of the disk, corresponding to dif-
ferent shear rates from 7.6 to 0 s™!, respectively. In the bottom part of
the figure are shown WAXS curves taken at the various disk positions
with the corresponding shear rates indicated on the right-hand side of
the curves. The scattering patterns collected at the edge and center of
the non-sheared sample are indicated with the dashed lines
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11 (7.6 s! for 60 s) taken at different distances from the
edge (red) to the center of the disk (blue) (see also the POM
image in the top part of Fig. 7), while in the bottom plot
are shown azimuthal scans of the intensity of the 001 peak.
The two-dimensional WAXS patterns served for detection of
the crystal orientation along the radius of the sheared disk.
Within the analyzed sample plane, the data reveal crystal
orientation near the edge, while in the inner part of the disk
crystals are randomly oriented. The crystal orientation is
clearly detected with the incomplete arc-like Debye-Scherrer
ring in the pattern taken at distances lower than 2 mm from
the edge. Quantitative information is provided with the azi-
muthal scans in the bottom plot of Fig. 8, demonstrating,
though only weak, increasing crystal orientation toward
the edge. Worth noting, despite no crystal orientation was
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Fig.8 Two-dimensional scattering patterns in the angular range
of the 001-scattering peak of the sheared sample at different posi-
tions from the edge to the center of the disk, representing different
shear rates (top). The vertical arrow on the right-hand side indicates
the flow direction (FD). Scattering intensity as a function of the azi-
muthal angle at the scattering angle of the 001 peak of the various
sample positions (bottom). The data of the non-sheared sample at the
edge and center of the disk are presented with the dashed-thin lines.
The flow direction (FD) is shown with the arrows at the 90 and 270°
positions

detected in the inner part of the disk, the POM image of
Fig. 4 (right) revealed with the Maltese cross orientation of
molecules which might be related to amorphous-phase ori-
entation, often observed in injection molding or compression
molding of amorphous polymers (Rudolph 2009; Meister
2020).

Figure 9 shows POM images of the inner structure of the
sheared disk used for WAXS analysis (see Fig. 7). The top
image reveals the gradient structure along the radius as dis-
cussed above with Fig. 5, while the bottom image shows the
structure along the flow direction near the edge, as indicated
with the yellow frame in the top image. The yellow circle in
the top image emphasizes the radius-position above which
there is observed shear-induced crystallization. Note that the
observed critical shear rate of 3 s! of this particular sample
is slightly higher than for the samples of Fig. 5, with the mis-
match illustrating the uncertainty of the performed experi-
ments. A rough estimation of an average critical shear rate of
all samples regardless of the maximum shear rate at the edge
reveals a value of 1.4 + 0.95 s™!. Again, below this value,
there is observed quiescent-like crystallization, while above
this value, shear-induced nucleation occurs. If the shear rate
is lower than about 5 to 7 s™', then still spherulitic crystal-
lization is detected, however, with the number of spherulites
distinctly increased compared to the center of the disk. In
contrast, as demonstrated in the lower image of Fig. 9, at the
edge, a qualitatively different morphology evolved, charac-
terized by the presence of long fiber-like objects parallel to
the direction of the flow, presumably shish-like structures.
Strikingly, only in this part of the sample preferred crystal
orientation was measured by WAXS (see Fig. 8).

Regardless of the different morphological features
observed as a function of the radius in the sheared disk,

Flow directibn
-

Fig.9 POM images of sheared PA 11, showing the structure from
the center to the edge of the disk (top) and at the edge area (bottom).
The direction of flow is perpendicular to the shown section in the top
image, while it is indicated with the arrow in the bottom image. The
yellow rectangle in the top image illustrates the location represented
with the lower image, and the yellow circle indicates the critical shear
rate above which the nuclei density increases toward the edge
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Fig. 10 Crystallization onset time as a function of specific work of
flow of PA 11 (red symbols) and PA 66 (black symbols). The data
of PA 66 were adapted with permission from Seo et al. 2018, Mac-
romolecules 51, 4269-4279. Copyright 2020 American Chemical
Society

shearing at rates larger about 1 s~ for 60 s leads to an accel-
eration of the crystallization process. To accommodate the
shearing time, and to permit a comparison with PA 66,
crystallization onset times were plotted as a function of the
specific work of flow in Fig. 10.

For PA 11 (red symbols), the specific work of flow was
calculated from Eq. 1, with the viscosity determined as an
average value during the shearing step of the experiments,
as proposed in the literature (Mykhaylyk et al. 2008). Infor-
mation about the specific work of flow of PA 66 (black
symbols) was gained from the literature (Seo et al. 2018).
The PA 11 samples, collected in this work with (filled sym-
bols) and without using Kapton® films (open-star symbols),
show a critical specific work of flow of around 1 MPa (see
red arrow marked W*). In contrast, the critical value above
which shear-induced nucleation occurs in PA 66 is only
about 0.05 MPa (see black arrow), which is distinctly lower
than observed for PA 11. In other words, PA 11 requires
more work/energy to generate crystal nuclei by shear. We
assume that the higher critical specific work of flow is
related to the structure of the repeat unit in the chains, that
is, the longer aliphatic sequence in PA 11 and lower hydro-
gen bond density, as these parameters probably affect relaxa-
tion times, being important for the stability of shear-induced
formed nuclei. The molar mass of both polymers used for
the investigations is very similar (17.2 and 22.3 kg mol ™"
for PA 11 and PA 66, respectively), with both grades having
a polydispersity of 2. As such, the different critical specific
works of flow cannot be explained by different chain lengths.
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Conclusions

In polymer-manufacturing processes such as extrusion or
injection molding, crystallization may be induced by nor-
mal and shear forces/stress, causing deformation and/or ori-
entation of the molecules in the melt. These features play
an important role for shear-induced crystallization imply-
ing a possibility to control or tailor the final structure and
eventually the properties. Therefore, in the present work,
shear-induced formation of nuclei of PA 11 was analyzed
using a conventional parallel-plate rheometer. Crystalliza-
tion of PA 11 after shearing the melt at different rates for
60 s was followed by the evolution of the viscosity. The
critical shear rate and specific work of flow above which
shear-induced nucleation occurs are around 1-2 s~! and 1
MPa, respectively.

Optical microscopy revealed the gradient structure of the
sheared disks along the radius, from the center to the edge,
identifying ranges of quiescent-like spherulitic crystalli-
zation, spherulitic crystallization starting from additional
point-like nuclei which were generated by shear, and shear-
induced formation of fibrillar structures. WAXS analysis
revealed the presence of oriented crystals only in the range
of fibrillar crystallization.

This study quantifies for the first time shear-induced crys-
tal nucleation in PA 11 and allows an initial comparison
with PA 66. In case of PA 11, the critical specific work of
flow is much larger than in case of PA 66, which must be
attributed to the different chemical structure, presumably
affecting the orientability of molecular segments in the melt
and relaxation times. Regarding these parameters, informa-
tion is not yet available, suggesting further research efforts
for explaining the different behaviors of polymers belonging
to the polyamide family.
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Research highlights

1. The thermal stability and nucleation efficacy of shear-induced point-like and shish-like
precursors located in a single sample spot were analyzed using hot-stage microscopy.

2. The stabilities of both shish-like and point-like nuclei are similar, showing dissolution near
the equilibrium melting temperature at about 205 °C.

3. Recrystallization of the shish-like nuclei is faster, in maximum about two order of
magnitude, than that of the point-like precursors, because of a) a larger size of the shish-like
precursors, b) a more perfect chain conformation serving as a substrate for crystallization,
and perhaps c) a higher local orientation of the surrounding melt which reduces the activation
energy for crystallization.
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ABSTRACT: The different thermal stabilities of shear-induced pointlike and
shishlike crystallization precursors of polyamide 11, generated in a parallel-plate
rheometer and coexisting in the same sample, were quantified by hot-stage
microscopy, by performing self-seed crystallization experiments. Crystals
formed at low supercooling of the melt from these different types of precursors
melt at about the same temperature. Annealing of the melt at different
temperatures for a predefined time revealed dissolution/disordering of these
precursors at 10—15 K higher temperature, near the equilibrium melting point.
Despite their similar thermal stabilities, pointlike and shishlike crystallization
precursors exhibit distinctly different nucleation efficacies. Under identical
crystallization conditions, shishlike precursors cause faster crystallization than pointlike crystal nuclei. The faster crystallization of the
shishlike nuclei can be explained, for example, by (a) the larger size of the shishlike precursors, providing numerous nucleation sites;
(b) the more perfect chain conformation at the shish surface, which serves as a substrate for crystallization; or perhaps (c) the higher
local orientation of the surrounding melt compared with molecular segments near pointlike nuclei, reducing the activation energy for
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In polymer processing, the melt is subjected to shear flow,
often causing deformation and orientation of macro-
molecules, promoting an increase in the density of nuclei due
to a reduction of the energy barrier for their formation. This
leads to faster crystallization and a change of the semicrystalline
morphology compared with the structure formed during
quiescent-melt crystallization," ™ thus affecting the final proper-
ties.%”

As a function of the shearing conditions (i.e., the time and rate
of shearing the melt at a specific temperature), beyond pre-
existing heterogeneous nuclei, pointlike crystal nuclei, row
nuclei, or shishlike nuclei may additionally form and enhance the
crystallization process.”” Only a few studies have reported about
the thermal stabilities and nucleation efficacies of the different
shear-induced nuclei. It was found that remnants of shish-based
crystals survive at higher temperatures in the melt than both self-
seed from the kebab lamellar crystals and crystals formed by
crystallization of the relaxed melt, °~'° even if subjected to long-
term annea.ling.”“’16 Furthermore, shear-induced nuclei show
higher efficacy than nuclei formed from the relaxed melt, though
a distinction between different shear-induced nuclei (shishlike
vs pointlike nuclei) was not possible by calorimetry.'*!”
Application of hot-stage polarized-light optical microscopy
(POM) suggested that threadlike shishes are more effective than
pointlike nuclei for accelerating crystallization.'>'® However, a
direct comparison of the stabilities and nucleation efficacies of
shear-induced pointlike and shishlike nuclei is not available yet.

© XXXX American Chemical Society
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Therefore, in advance to prior studies, the crystallization
behaviors of pointlike versus shishlike precursors are assessed
in this study by hot-stage optical microscopy. With the presence
of both types of nuclei in a single sample, it is possible to subject
them to identical thermal histories, allowing straightforward
comparative evaluation of their stabilities and nucleation
efficacies.

In order to obtain the desired information, in this work these
qualitatively different types of nuclei were generated in
polyamide 11 (PA 11) using a parallel-plate rheometer."
Pointlike crystal nuclei are observed when the melt is sheared at
rates higher than about 1 s™" for 60 s, while fibrillar or shishlike
structures form when the shear rate and stress are higher than 5—
6 57" and 0.065 MPa, respectively. However, the replacement of
pointlike nuclei by shishlike structure is gradual, thus allowing
their simultaneous observation in a certain range of shear
conditions.

In this work, a molten disk of PA 11 with a radius of 10 mm
and a thickness of 0.5 mm was sheared in a Thermo Scientific
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flow direction

Figure 1. Sheared disk of PA 11 showing the flow direction (black arrow) and sampling position to obtain specimens containing crystals based on
shishlike and pointlike nuclei (edge of the disk) (left). The POM images to the right present the structure of such a specimen at low magnification,
showing crystals grown from shishlike and pointlike nuclei (left) and, at higher magnification, shish-kebab (right, top) and pointlike structures (right,

bottom). From ref 19. CC BY 4.0.

HAAKE RheoStress6000 rheometer at 7.6 s™* for 60's at 190 °C
before subsequent isothermal crystallization at 180 °C for 1 h.
Figure 1 shows in the left part such a sheared disk with the flow
direction indicated by the black arrow. For analysis of the
structure as a function of the shear rate, a thin section was taken
along the radius as indicated by the yellow arrow. A gradient
structure develops as a result of the increasing shear rate, from
zero in the center of the disk to 7.6 s™' at the edge (as
schematically visualized by the yellow framed sample part), as
discussed in detail elsewhere.'” For hot-stage POM analysis, a
specimen was taken near the edge of the disk, where both
pointlike and shishlike nuclei are detected, as shown in the left,
blue-framed POM image. There are visible long-extended fibrils
surrounded by tiny pointlike structures, and the POM images to
the right show shish-kebab (top) and pointlike (bottom)
structures at higher magnification. It should be noted that the
stringlike structures may contain oriented amorphous molecular
segments and extended-chain crystals building the shish and
folded-chain lamellae building the kebabs, as shown below.

The nanometer-scale structure of sheared PA 11 was
furthermore analyzed by atomic force microscopy (AFM)
using Dimension FastScan (Bruker-Nano, USA) and Nano-
Wizard 4 (JPK Instruments, Germany) atomic force micro-
scopes, both operated in tapping mode. For the AFM studies,
samples were prepared by equilibrating them at 197 °C for 3 min
using a hot stage to obtain a rather smooth surface.

The stability and efficacy of shear-induced precursors in PA
11 were analyzed using a polarized-light DMRX microscope
(Leica, Germany) equipped with a THMS600 hot stage
(Linkam, United Kingdom) and operated in transmission
mode with the samples placed between crossed polarizers.

Figure 2 shows amplitude (left) and phase AFM images
(right) of oriented fibril-like structures (horizontal whitish
streaks in the right image), revealing the presence of shish-
kebabs, and small spherulites originating from pointlike nuclei,
with a few of the latter additionally indicated with the red dots in
the left image. Reproducibility was confirmed by using two
different AFM devices and analysis of multiple samples.

In a first set of non-isothermal crystallization experiments,
samples were heated at 20 K min~' to different maximum
temperatures (T,,,) in a temperature range from above the
melting temperature (T,,) at around 194—195 °C to above the
equilibrium melting temperature (T}, ), reported to be 202 or
220 °C.***! It should be noted that T,,,, always was chosen to
ensure complete melting. The melt was kept for 3 min at each
Tpax before crystallization upon cooling to below the glass
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Figure 2. Amplitude (left) and phase AFM images (right) of sheared
PA 11 showing shish-kebabs (whitish horizontal streaks in the right
image) and small spherulites grown from pointlike nuclei, with the red
dots indicating nucleation sites. The images were obtained with a
NanoWizard 4 atomic force microscope (JPK Instruments, Germany)
using an NSC 15 cantilever (Mikromasch, Bulgaria) (tip radius = 8 nm,
spring constant = 40 N m ™", resonance frequency (@,) = 325 kHz). The
cantilever was operated at an excitation frequency w less than @, and a
free amplitude of 1.6 V.

transition temperature (Tg) of around 45 °C. It should be noted
that cross-linking/degradation within the residence time of 3
min in the melt did not occur, as confirmed in an earlier study.”
The hot stage allowed linear cooling to 80 °C at a rate of 20 K
min~'. At lower temperatures, cooling turned nonlinear over
time for instrumental reasons, but this is unimportant in our
experiments since primary crystallization typically occurs at a
much higher temperature than 80 °C upon cooling at 20 K
min~'.>* The experiments were always performed with a new
sample when T, was changed or experiments were repeated, in
order to ensure reproducibility. Images were captured during
cooling the melt to room temperature using a Motic 2300 CCD
camera attached to the microscope, and crystallization was
evaluated by analysis of the light intensity using NIH Image]
(version 1.50i).%

The two graphs at the top of Figure 3 show the normalized
light intensity as a function of temperature during non-
isothermal crystallization of nonsheared (left) and sheared PA
11 (right) after melting and heating to different T, as
indicated in the legend of the left plot. At temperatures lower
than 197 °C, melting was incomplete, and such experiments are
not considered. Normalization was based on intensity values
obtained at 145 °C, that is, on intensity values obtained after
completion of primary crystallization. The POM images in the
lower part of Figure 3 show the evolution of the structure of the

https://doi.org/10.1021/acsmacrolett.1c00101
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Figure 3. Normalized light intensities (top) obtained during crystallization of nonsheared (left) and sheared PA 11 (right) upon cooling at 20 K min~

1

from different maximum temperatures T, as indicated in the legend in left plot. Set of POM images (bottom) showing the crystallization of sheared

PA 11 from shishlike (yellow arrow) and pointlike nuclei after the melt was heated to Ty,

=200 °C, which is slightly below T, , (reported to be 202

°C** or 220 °C*"). It should be noted that greatest care was applied to ensure that crystallization was not affected by preparation-induced constraints of
melt deformation, as would be the case if the section were covered with an upper coverslip.

sheared sample during crystallization in the temperature range
from 190 to 160 °C, after prior melting at T,,,, of 200 °C.

For nonsheared samples (left plot), crystallization begins at
about 170 °C, with only a minor increase in the crystallization
temperature when T, is lower than 205 °C. The slight increase
in the crystallization temperature is caused by self-nucleation,
arising from seeds/remnants of unmolten crystals.y"25 It is
worth noting that the temperature dependences of the light
intensity data reveal a change in the slope at around 160 °C,
which is connected with a transition from primary to secondary
crystallization upon lowering of the temperature.

In the case of sheared PA 11 (right plot), crystallization after
the sample was melted and heated to T, = 197 °C (black
squares), that is, 3 K above its melting temperature, is much
faster than in the case of the nonsheared sample, beginning at
about 185 °C. Importantly, the light intensity curve shows a
distinct discontinuity at a certain temperature, similar to the case
of the data observed after heating to T,,,, = 200 °C (red circles).
Close inspection of the POM images in the lower part of Figure
3 reveals that crystallization of shishlike precursors begins at
about 180 °C, while pointlike nuclei grow only later into small
spherulites at temperatures lower than about 170 °C. Thus,
integration of the light intensity over the whole image shows a
twofold dependence, that is, the lag of the light intensity is
caused by crystallization from two different structures:'%" "¢
first from shishlike nuclei (open symbols) and second from
pointlike nuclei (solid symbols). To confirm this result,
isothermal crystallization experiments were performed to better
separate the two crystallization events, which might overlap
upon cooling at 20 K min~', as shown below. When T, is
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higher than about 205 °C (green triangles), then the
crystallization temperature significantly decreases and becomes
similar to that in nonsheared PA 11, and shishlike precursors are
not observed. We conclude that heating PA 11, when sheared
under the conditions described above, to temperatures higher
than 205 °C leads to complete removal of the shear history.

The nucleation efficacies of the two different types of crystal
nuclei were analyzed by isothermal crystallization experiments.
Sheared samples were heated to T, = 200 °C, annealed for 3
min, and rapidly cooled at a rate of S0 K min™"' to a predefined
crystallization temperature of 185 °C. The progress of
crystallization was evaluated by analysis of the light intensity
of the POM images captured as a function of the crystallization
time, as shown in Figure 4. Blue and red coloring of data
indicates light intensity analyses performed in sample regions
containing pointlike and shishlike nuclei, respectively. The
different symbols indicate the evaluation of different samples to
ensure reproducibility. Different filling of identical symbols
denotes analysis of different areas in a given thin section.
Crystallization from the shishlike precursors starts after about S s
to a few tens of seconds, with the distribution of onset
crystallization times perhaps caused by locally different shear
histories. In any case, crystallization of pointlike nuclei starts
later, beginning after a few hundred seconds.

Figure 5 shows POM images, taken at room temperature, of
nonsheared (top row) and sheared PA 11 (bottom row), after
cooling from different T,,,, to below T, at a rate of 20 Kmin™". In
the case of nonsheared PA 11, self-nucleation occurs when T,,,,,
is lower than about 205 °C, as indicated by the finer structure
compared with the case of quiescent-melt crystallization (see,

https://doi.org/10.1021/acsmacrolett.1c00101
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73| Results and discussion



ACS Macro Letters

pubs.acs.org/macroletters

Tprae 200 °C

shish-like
L

Dee
AAAA

point-like
L X X+

0.5 -

Normalized-light intensity

-2 =)
e

0.0

saaal A sasaul At aaasaal At g aaaual i L L
100 101 102 108
Crystallization time (s)

Figure 4. Normalized light intensity as a function of time during
crystallization of sheared PA 11 at 185 °C after melting and heating to
Toax = 200 °C. Blue and red coloring of data denotes light intensity
analyses performed in sample regions containing pointlike and shishlike
nuclei, respectively. Light intensity was evaluated in different samples
and different areas, as described in the text.

Figure 5. POM micrographs of the final structure of nonsheared (top
row) and sheared PA 11 (bottom row) taken at room temperature after
non-isothermal crystallization at 20 K min™' from different T, as
indicated in each image.

e.g, the image obtained after heating to 230 °C). Melting
nonsheared PA 11 by heating to above 205 °C leads to a
decrease in the self-nuclei concentration, thus causing a
systematic increase in the spherulite size. Similarly, for sheared
PA 11, melting and heating the samples to temperatures up to
205 °C allow neither complete relaxation of the stretched/
oriented chain segments in the shishlike structures nor removal
of shear-induced pointlike nuclei, leading to faster crystallization
than in case of the relaxed melt. However, when the sample is
melted and heated to temperatures higher than 205 °C, then
both the shishlike and pointlike precursors obviously are
destroyed, and crystallization occurs as in the quiescent melt,
leading to a space-filled spherulitic morphology. These results
are consistent with the light intensity data shown in Figure 3.
The main experimental findings of the above-described
experiments are shown in Figure 6. Lamellar crystals (sketched
in blue, with the individual blue lines indicating chains),
isothermally grown from either shear-induced shishlike or
pointlike nuclei at T, = 180 °C, melt upon heating at 20 K min™"

Polyamide 11

Tmo =200 ...220°C

T. =180°C

Tm =197°C
Typical distance Teo =205°C (18] [~T0l
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Eesatanan 1051028
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Figure 6. Summary of the experimental findings regarding the melting
and isotropization temperatures (T, and T, respectively) of crystals/
lamellae (blue) grown from shear-induced nuclei (red), and the
crystallization kinetics upon recooling of the melt from T,,, = 200 °C
(see boxes in the lower part of the figure). Estimates of the distance
between nuclei in the shish (20—50 nm) and surrounding melt (1-2
pum) are based on the AFM images in Figure 2.

at the same temperature of around 197 °C. This observation fits
general knowledge that the melting temperature (for a given
crystal structure) mainly is controlled by the crystallization
temperature, as studied by, e.g, Hoffman and Weeks.””®
However, as the melting temperature of a crystal also depends
on the entropy of melting,”® that is, on the structure of the melt
after completed melting of a particular crystal, it is concluded
that crystals formed from both point- and shishlike crystal nuclei
turn into melts of similar structure/entropy.

Similarly, both types of crystal nuclei, indicated in Figure 6 by
the red circles/lines, dissolve at the same temperature of around
205 °C, that is, at a temperature in the vicinity of the equilibrium
melting temperature, despite the rather short annealing time of
only 3 min applied in this work. A similar nuclei-dissolution/
isotropization temperature (Ty,) of near T)y0 Was reported for
poly(ether ether ketone)'® and polyamide 66,'* while for
isotactic polypropylene shear-induced nuclei survived to much
higher temperature than T, at least during short-term
annealing, for an unknown reason.'” For PA 11 studied here,
T, is considered as an upper limit of the stability of
(nonforeign) crystal nuclei, regardless their origin and fine
structure, including crystal remnants/ self-seed,”” shear-induced
pointlike nuclei, and shishlike precursors.

Most intriguing is the observation of different nucleation
efficacies of shear-induced pointlike nuclei and shishlike
precursors, as judged by the different kinetics of both non-
isothermal and isothermal crystallization. Crystallization on
shishlike precursors in isothermal crystallization experiments at
185 °C is about 10 times faster than crystallization on pointlike
nuclei because of the shorter induction time. This difference
may be caused by several reasons. Seemingly the volume density
of nuclei is tremendously higher in shish regions (as indicated
with the red points along the shish in Figure 6), allowing much
faster completion of the crystallization process than in regions

https://doi.org/10.1021/acsmacrolett.1c00101
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containing only few pointlike nuclei, with the latter resulting in
spherulitic growth of lamellae over long distances. Furthermore,
it may be speculated that the fine structure and/or size of
nucleation sites in shishes is different than in the case of pointlike
nuclei. Isolated pointlike nuclei are expected to be distinctly
smaller (nm scale) than the long shishes containing multiple
nucleation points (g#m scale). These nucleation points in the
shishes, because of the continuous and elongated character of
the latter, may provide larger and perhaps even more perfect
patches/substrates for secondary nucleation, thus starting to be
effective at higher temperature. The higher perfection of the
nucleus surface from the point of view of promoting secondary
nucleation (growth of kebabs) may easily be caused by the
locally higher shear rate in sample regions containing the
shishes, leading to enhanced stretching of molecular segments,
which eventually lowers the surface free energy and the
activation energy for first attachment of molecular segments in
the crystal growth step. In addition, molecular nucleation for
crystal growth may not be needed because the molecules are part
of the shish and the surrounding melt.”3°

In summary, the present work provides a comparison of the
thermal stabilities and nucleation efficacies of qualitatively
different shear-induced crystallization precursors in PA 11 by
selective/space-resolved analysis of melting and crystallization
using hot-stage polarized-light optical microcopy. Different
types of shear-induced crystallization precursors—pointlike and
shishlike nuclei—were generated in a parallel-plate rheometer in
such a way as to be simultaneously present in close proximity,
permitting a reliable analysis of the melting behaviors of crystals
grown from these different types of nuclei and of the
recrystallization of the melt subjected to different maximum
temperatures. The results lead to the following conclusions:

(1) The temperatures of melting of crystals grown from
shishlike crystallization precursors and pointlike nuclei at
the same temperature are identical, suggesting similar
stabilities of these crystals. Identical melting temperatures
indicate similar size and structure of crystals as well as
similar structure/entropy of the melt in regions of former
presence of crystals.

2

~—

Shishlike crystallization precursors and pointlike nuclei
dissolve/disorder upon short-term annealing of the melt
at a temperature of about 205 °C, that is, at about T},
Heating sheared PA 11 to higher temperatures completely
erases the shearing history.

@3

~—

Shishlike crystallization precursors allow for faster
completion of crystallization in their neighborhood than
is possible in regions containing pointlike nuclei only.
Reasons for this are the higher local density, larger size,
and lower surface energy of the nuclei along the shish,
allowing their growth at higher temperature.
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S. CONCLUSIONS

PA 11 is an important bio-based polymer used in high-performance engineering applications.
Application-relevant properties of PA 11 are affected by the semicrystalline morphology
including the fraction and structure of crystals, their size, shape and perfection, and their
organization in a superstructure, with all these parameters controlled by the
crystallization/processing conditions. In polymer melt-processing, crystallization often occurs
at rapid cooling and perhaps in presence of shear flow. Knowledge of processing-controlled
structure formation in PA 11 is still lacking, which is a main motivation of the presented
research, since such knowledge offers the possibility to tailor processing routes for the purpose
of controlling structure and properties. Therefore, the aim of this work is to investigate
crystallization of PA 11 at processing-relevant cooling rates and in presence of shear.

Quantitative information about quiescent-melt crystallization of PA 11 at processing-
relevant cooling conditions were obtained by DSC and FSC on milligram- and nanogram-sized
samples, respectively, allowing analysis of crystallization in a wide range of cooling rates.
Cooling-rate-controlled structure formation in PA 11 was then evaluated by investigation of the
semicrystalline morphology of macroscopic film samples prepared at different cooling
histories, demonstrated in Figure 14. It can be concluded that crystallization of PA 11 at low
cooling rates proceeds via heterogeneous nucleation and spherulitically growing lamellar
crystals. In contrast, if cooling the melt at high rates, homogeneous nucleation is dominant,
leading to formation of a large number of nanometer-sized mesophase domains. Two
crystallization events, initiated via heterogeneous and homogeneous nucleation, causes
formation of a dual semicrystalline morphology containing spherulitically grown lamellae
formed at high temperature and non-spherulitic arranged mesophase domains formed at low
temperature when cooling the melt at rates between 20 and 200 K s™!. Complete vitrification of
PA 11 occurs if cooling the melt at rates higher than 1000 K s™! to below the glass transition

O dual-semicrystalline
Y 180 DSC structure
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Figure 14: Summary of cooling-rate-controlled crystallization (left) and structure formation in three different
cooling-rate ranges in PA 11 (right), reproduced from Ref. [141] with permission from Wiley. The critical
cooling rates for suppression of crystallization and formation of crystal nuclei are indicated with gray and
green arrows, respectively.
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temperature, however, such high rate cannot avoid crystal nucleation during cooling. Formation
of homogeneous crystal nuclei on non-isothermal crystallization can only be suppressed if
cooling the melt faster than 20,000-30,000 K s'. The highest nucleation rate of PA 11 is
observed at about 60 °C, that is, 10-15 K above its glass transition temperature, and is about
one order of magnitude faster than the crystallization rate at identical temperature.

Shear-induced crystallization in PA 11 was studied using a parallel-plate rheometer.
Crystallization of PA 11 after shearing the melt at different rates for 60 s was observed by the
evolution of the complex viscosity. Since the shear rate increases with the radius of the plate,
the sheared samples showed in optical microscopy a gradient structure along the radius. In
detail, the structures observed from the center (zero shear condition) to the edge (maximum
shear condition) are spherulites like in the quiescent-melt crystallization, finer spherulites due
to shear-induced formation of point-like nuclei, and replacement of such point-like structures
by shish-kebab structures. In summary, illustrated in Figure 15, the critical shear rates, above
which shear-induced formation of nuclei and formation of fibrillar structures occur, are around
1 and 5-6 s}, respectively. The critical specific work of flow of PA 11 was calculated to allow
a comparison with PA 66, being of similar chemical structure but having a higher hydrogen
bond density. In the case of PA 11, a specific work of flow of about 1 MPa is required for shear-
induced formation of nuclei while only 0.05 MPa is sufficient for shear-induced crystallization
of PA 66. The difference of the specific work of flow of these two polyamides can be attributed
to the different chemical structure, affecting the entropy of the melt and therefore the energy
barrier for nucleation and crystallization.'#°
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Figure 15: Summary of shear-induced crystallization of PA 11, representing three flow regimes (left) and
respective structures (right).'4? The critical shear rate (y*) for shear-induced nucleation is about 1 s

The thermal stability of nuclei based on molten crystals formerly grown from the quiescent
and sheared melt were analyzed and compared. The stability limit of self-nuclei of PA 11 based
on nodular or lamellar crystals grown from the relaxed melt is about 10 or 15 K higher than
their melting temperature, respectively. The higher survival-potential and faster melt-
recrystallization rate of self-nuclei in PA 11 containing nodular mesophase is suggested being
caused by their much lower melting temperature and the higher nuclei density, respectively.
Regarding the sheared samples, the stability limit of point-like and shish-like precursors is
similar, showing dissolution at about 15 K above the melting temperature of the crystals grown
from these precursors. However, if the shear history is not completely removed by heating the
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system to a temperature below the stability limit, crystallization of shish-like precursors started
earlier than crystallization of the point-like nuclei, at a predefined identical crystallization
temperature. The higher nucleation efficiency of the shish-like precursors is suggested being
caused by a larger number of nucleation sites along the shishes, a more perfect chain
conformation at the shish surface, and/or higher local orientation of the surrounding melt, both
supporting secondary crystallization.

The global demand of using bio-based polymers is rising, and the production capacity of the
important high-performance bio-based polymer PA 11 is forecasted to be increased. With the
knowledge gained in this work, PA 11 crystallization/processing routes, from the points-of-
view of thermal profiles and shear deformation, can efficiently be tailored to control the
crystallinity, the crystal shape, the higher-order organization of crystals, the formation of
specific crystal structures, and the crystal orientation. With these parameters of the structure to
be subject of variation, the inherent engineering potential of this important bio-based polymer
can further be exploited towards new applications.
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