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Abstract

A foundational knowledge of flow-induced crystallization, especially at process-relevant
cooling rates, shear rates, and temperatures, is required to understand polymer behaviors during
polymer melt flow manufacturing, and to optimize the solidified polymer for subsequent
applications. Introducing shear flow to the polymer melt can influence microstructure development
because melt flow can affect crystallization Kinetics, crystal structure/polymorphism, morphology
after solidification, local and bulk properties. The engineering thermoplastic polyamide 66 (PA
66) is of particular interest due to its complex solidification behavior that must be controlled during
melt processing. PA 66 is often denoted as a polymer plagued by difficulties related to shrinkage
and warpage, factors that are driven by the crystallization process.

The thesis of this work is to discover and describe the behavior of PA 66 as it crystallizes after
melt flow. In this dissertation, the quiescent crystallization kinetics of PA 66 are first described
as a reference to understand the microstructure development at fast cooling and temperatures
spanning from the glass transition to close to melting, or high and low supercooling of the melt,
respectively. Then the neat PA 66 was studied using a combined rheological and calorimetric
approach to understand the crystallization behavior of the sheared melt under process-relevant
crystallization conditions, and it was discovered that a critical shear rate of 0.1 st and a critical
work of 0.1 MPa is required to produce chain stretching, resulting in reduced crystallization time.
Parallel plate rheology was used as a sample preparation tool to produce known shear history prior
to calorimetric and morphological analysis. This novel methodology proved that the flow-induced
precursors act like heterogeneous nucleation sites, decreasing the half-time of crystallization at the
optimal temperature of 170 °C to 0.14 s, while crystallization that occurred at temperatures
dominated by homogeneous nucleation was not influenced by the shear history. The thermal
stability of flow-induced precursor (FIP) above the observed melting temperature suggests the FIP
is a reduced-entropy transition stage between the homogenous melt and crystal. The stretched
polymer embedded within flow-induced precursor is a critical factor for the studies of the pre-
sheared materials since it induces a faster crystallization.

Carbon nanotubes (CNT) in the PA 66 were used to (1) study the nucleating efficiency of the
nucleated system as crystallization from the CNT surface is hypothesized to mimic that from the

shish precursor and (2) determine if the CNT nanocomposite provides a synergistic nucleating



effect when subjected to flow. It was found that the nucleating efficiency of the CNT dominated
any nucleating effects of flow in the PA 66 system. The onset of crystallization time was found to
be a function of CNT content, where higher CNT loading reduced the onset time. When the CNT
loading developed a saturating network within the polymer matrix, there were no effects of shear
flow on crystallization, leading to the conclusion that there is a saturation point for heterogeneous
nucleation regardless of the source. However, if CNT loading is under the saturation limit, shear
flow can still accelerate crystallization if over the critical work level.

To summarize, this thesis provides insights into the crystallization kinetics of the engineering
thermoplastic PA 66 and its CNT nanocomposite under both quiescent and post-shear flow
conditions. It is anticipated that this research helps illuminate the crystallization process and aids

in the improvement of melt processing of PA 66.
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1. Introduction

1. Introduction

Polymer microstructures are highly dependent upon shear flow. Historically these
microstructures (spherulites, row-oriented spherulites, shish-kebabs) have been studied under
controlled laboratory conditions that do not properly represent the complex conditions present
during manufacturing with melt processing techniques, such as polymer extrusion or plastics
injection molding. To properly understand the development of solidified polymer properties,
which is driven in part by polymer crystalline microstructure, the polymer shear flow inherent in
melt processing must be thoroughly understood. The recent development of Fast Scanning Chip
Calorimetry (FSC) allows for the investigation of crystallization kinetics at high and low
supercooling of the melt, which better mimics the crystallization temperatures and rates observed
in processes like injection molding. However, only a few studies have attempted to understand
the link between the shear flow during manufacturing and the subsequent crystallization that
occurs during the cooling phase of complex polymers such as PA 66. In this work, the flow-
induced crystallization (FIC) behavior of polyamide 66 (PA 66) is explored at process-relevant
cooling rates and temperatures. Important analytical tools used in this work to probe flow-induced
crystallization and characterize PA 66 include calorimetry, melt rheology, and spectroscopic
techniques.

The high-temperature stability of the oriented polymer fraction, a driving hypothesis
investigated in this work, plays a key role in the development and persistence of experimentally
observed FIC. The oriented polymer fraction resulting from the shearing process is unstable in the
melt. Specifically of interest is the shish, an extended chain formed when polymer is subject to
the flow. To investigate the crystallization kinetics after flow, a desired shear history was imparted
on the polymer melt using melt rheology. Then, the sheared disk was further analyzed on FSC.
After selective melting to keep FIC, the sheared polymer sample was isothermally crystallized to
explore the crystallization kinetics at high rates and high supercooling.

The instability of the oriented polymer chains above the observed melting temperature creates
difficulty in determining its influence on the crystallization process. To study FIC without the
uncertainty with regard to shish relaxation, it was hypothesized that carbon nanotubes (CNT) could
replace shish, providing a geometrically equivalent surface from which the relaxed polymer melt
could nucleate. Subsequent crystallization could then be studied without the potential thermal
instability of the polymer shish-precursors. The crystallization kinetics of the PA 66 sheared

9



1. Introduction

system was compared to that of the CNT nanocomposite to analyze the nucleation efficiency of a
flow-induced vs foreign-heterogeneously nucleated system. The flow-induced behavior of the
nanocomposite was then investigated to explore the potential for cumulative effects of nanotubes
and shear flow.

This work will contribute to (1) furthering the understanding of structure-property relationships
in polymer systems exposed to shear flow and (2) improving material development and selection
for advanced engineering applications. By analyzing the flow-induced crystallization in the
engineering polymer PA 66, it is expected that the results obtained can enhance the understanding

of other polymer systems.
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2. Objectives

2. Objectives

This work aims to determine the critical parameters that control flow-induced crystallization
in PA 66, including the amount of shear work, the longevity of flow-induced structures in the melt,
and the potential for the interaction of both nanotube/flow-induced nucleation in a single PA 66
system. In typical plastics manufacturing processes like injection molding, extrusion, blow
molding, or thermoforming, a molten polymer material is forced to flow to conform to a desired
part shape. Currently, there is little information about the crystallization of engineering polymers
after exposed to shear, and the studies that have been conducted were performed at low cooling
rates and high temperatures. This thesis aims to combine rheology and fast calorimetry techniques
to more closely represent the crystallization at rates and temperatures that reflect the manufacturing
process. Since the FIC behavior at high supercooling is not well understood, it is hypothesized that
the flow-induced precursors drive heterogeneous nucleation but do not enhance homogeneous
nucleation. It is also speculated that particulate additive nucleation of a similar shape factor is
more effective because CNT is more persistent in the melt than the precursors, which can relax at
temperatures over the equilibrium melting point (7;2), the temperature where a crystal of infinite
size is melted and therefore all nuclei are destroyed. Above T,2, no nuclei can survive, hence the
polymer is considered to be a relaxed state.

The engineering thermoplastic polyamide 66 is used as the base resin due to its great industrial
importance. A systematic investigation was conducted to analyze the crystallization of the
quiescent polymer from the melt, the crystallization of the neat polymer after shear flow, and the
crystallization of PA 66/CNT nanocomposites. It is hypothesized that the CNT should mimic the
nucleating behavior of the shish in the sheared melt because of the similarity in high aspect ratio,
allowing for milder processing to achieve similar nucleating and reinforcing properties. This will
allow for further evaluation of heterogeneous nucleation from an oriented fraction that is stable
during thermal analysis characterization. A comparison of the kinetics of the flow-induced
crystallization (FIC) and the nanocomposite crystallization is performed in order to establish the
nucleating efficiency in the PA 66 system. The subsequent crystallization after shear flow in PA
66 both with and without CNTSs are discussed.

To understand the quiescent crystallization of the neat resin, fast scanning chip calorimetry
(FSC) is employed to evaluate crystallization over a wide range of cooling rates and at various

degrees of supercooling. Subsequent analyses of the specimens included using wide-angle X-ray
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2. Objectives

scattering (WAXS), polarized optical microscopy (POM), and atomic force microscopy (AFM) to
further the understanding of microstructure development based on specific crystallization
conditions. A thorough understanding of the quiescent crystallization of PA 66 is still lacking in
the literature, and this work intends to shed more light on the neat, quiescent system.

Neat PA 66 samples were prepared at known shearing conditions using a parallel plate
rheometer, which can induce a specified shear rate for a precise amount of time. Samples were
then quenched to the solid state and subsequently analyzed to determine crystallization
characteristics under process-relevant heating and cooling conditions. The stability of the flow-
induced nuclei at temperatures above the observed melting temperature is critical to the success of
these experiments because unstable nuclei cannot be relied upon for a series of calorimetric
experiments that repeat cooling/melting series at variable rates or temperatures.

Carbon nanotubes were added to the PA 66 at low loadings in order to analyze the nucleating
efficiency of the nanotubes system under quiescent conditions as crystallization from the CNT
surface, which may mimic nucleation that occurs that from the surface of a shish precursor. The
synergistic nucleating effects of CNT and flow were also evaluated to further the understanding of
(1) the role of CNT on PA 66 chain stretching, (2) synergistic effects of CNT and flow on PA 66
crystallization Kinetics, and (3) relaxation effects with polymer chain entanglements/mobility
restriction with the CNTSs.

The resulting crystallization kinetics can be applied as inputs to melt flow simulation, where
molten polymer is forced to flow to fit a specified part geometry, followed by fast cooling to a
temperature below the glass transition. The crystallization of the heterogeneously nucleated
material is determinative for final part properties including chemical resistance, strength,
toughness, and dimensional stability. By better understanding the crystallization Kkinetics at
process-relevant conditions (shear history, high cooling rate), engineers can better predict and
tailor crystallization for final part properties. In summary, the crystal nucleation efficacy of flow-
induced formed nuclei and carbon nanotubes, as well as their combined effect in the engineering
polymer polyamide 66 are analyzed, allowing adjustment of optimum processing parameters to

tune the development of specific material microstructures.
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3. Literature Review

3. Literature Review

3.1 Quiescent polymer crystallization

3.1.1 Crystallization fundamentals

Thermoplastics are categorized into the subclasses of amorphous or semicrystalline polymers,
where the amorphous materials remain disordered and semi-crystalline materials can fold into
regions of ordered state. Due to the high molecular weight of the polymer molecules, the chains
are entangled and prevent the material from reaching 100% crystallinity [1]. Therefore, polymers
are referred to as semi-crystalline if they can crystallize, typically reaching a maximum of about
30-60% crystallinity [2,3]. If the chemical structure is irregular or disrupted such that it does not
allow for packing into a more dense crystalline state, or if cooling is fast enough to prevent kinetic
reorganization, the system remains amorphous. In quiescent crystallization, the polymer material
forms crystals in the absence of shear forces, stresses, or pressure above atmospheric conditions.

When polymers crystallize, they densify into a three-dimensional structure with a certain level
of orders to form a more ordered structure. During growth, the structure repeats to form a crystal
lamella, of which several lamellae can organize to comprise larger superstructures such as
spherulites. Some polymers, including polyamide 66, display polymorphism, defined as the ability
to pack into differing unit cell geometries depending on the crystallization conditions. From a
thermodynamic point of view, in order to crystallize, the macromolecule needs to rearrange to
form a more ordered structure, leading to a volume free energy reduction that is sufficient to
overcome the penalty from the entropy change. It should be noted that polymer crystallization is
a kinetic process, and the relationship between the nucleation rate and crystallization temperature
can be described by the Turnbull-Fisher equation [4]

V. — _4Gq _ 4Gy
Ny = Cexp( kTC)exp( kTC) @
where Nf is the nucleation rate and AG, and AGy are the diffusion activation energy and

nucleation energy barrier, respectively, and C, k, and T are a temperature-independent constant,
the Boltzmann constant, and the crystallization temperature, respectively.

Polymer crystallization occurs in two steps: nucleation and growth. Experimentally,
crystallization is often studied in the polymer solution or in the polymer melt. Here, we only focus

on polymer crystallization from the melt. In the nucleation step of crystallization, a nucleus, or
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3. Literature Review

origination point of crystal growth, develops from the melt. As temperature decreases, the critical
nucleus volume to initiate crystallization decreases, therefore reducing the free energy barrier [4].
Alternatively, a foreign particle present in the polymer melt may act to heterogeneously nucleate
crystallization. To reach homogeneous nucleation, where nuclei develop from the bulk polymer
melt, a high degree of supercooling (AT = T,% — T,) is necessary [5]. Once a stable nucleus is
developed, crystal growth can expand from a favored surface.

When crystallized from the melt under quiescent conditions and at high temperatures or
relatively low cooling rates, polymer chains first fold and organize into crystalline lamella, which
stack and build radially from the center point of nucleation. Crystal growth occurs in three
dimensions from the nucleus, and lamellar stacking ultimately forms a sphere-like structure,
typically referred to as spherulites. A heterogeneous nucleation point initiates the crystallization
process, and the lamellae grow radially outward in all directions until impingement takes place.
After impingement, secondary crystallization, a space-filling process occurs whereby amorphous
regions between the main lamellae subsequently crystallize. In addition, during secondary
crystallization, crystal perfection rearrangements can occur that result in measurable lamellar
thickening. A schematic representation of the unit cell, the crystal lamellae, and the spherulite
superstructure, is provided in Figure 1. Theories regarding crystal growth have been postulated as
a fringed micelle model (Hermann) [6], sharp fold model (Keller) [7], switchboard model (Flory)
[8], adjacent reentry (Hoffman) [9], intramolecular nucleation (Hu) [10], or a combination of the
proposed models. The most common polymer crystallization growth theory has been proposed by
Hoffman and Lauritzen (1960), where a linear growth rate (G) of spherulites is determined as a
function of supercooling [11]. In this simplistic model, it assumes the first stem of polymer
attaches on the growth surface at a rate of i. After this step, the secondary nucleus spreads out
laterally with a rate of g. The spreading of the secondary nucleus will continue to form a smooth

surface for subsequent attachment.
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Figure 1: Schematic representing spherulite composition from the bulk melt crystallization, crystal lamella, and polymer-specific
unit cell packing. Reprinted from [12] https://doi.org/10.1039/COSM00070A with permission from The Royal Society of
Chemistry.

Regardless of the specifics of chain folding, polymers are unable to crystallize completely due
to chain entanglements and imperfections prohibit crystallization, and therefore some fraction of
the solidified polymer remains amorphous. Figure 2 depicts amorphous regions between crystal
lamellae. Amorphous regions that are covalently linked to the crystals as exiting chains are
mobility confined, and comprise the rigid amorphous fraction of the solidified matrix [13,14]. If
an amorphous region is disconnected from the crystal regions it has increased mobility, and this
phase is known as the mobile amorphous fraction [15]. In polymers, the glass transition
temperature (Tg) is the temperature where the free volume in the system is sufficient to allow large-
amplitude motion of molecular segments, which causes a transition from glassy to rubbery state
on heating. In the amorphous region, tie molecules can connect separate lamellae, meaning a
single chain is incorporated into separate lamellae and spans an amorphous region, and thereby

confer on polymers their high strength properties.

crystalline lamella

Wik ?i@ XY irigid amorphous
A ¢ fraction
/ t~.~~ | mobile amorphous
=) fraction
— ] rigid amorphous
/ fraction

‘ ‘ }crystalline lamella

Figure 2: Schematic demonstrating crystal lamellae, and rigid and mobile amorphous fractions. Reprinted from [16]
https://doi.org/10.1063/1.3462312 (AIP) with permission from AIP.
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Depending on the degree of supercooling, the crystallization process is either nucleation or
mobility limited. At high temperatures (low supercooling) the energy barrier to nucleate the
system is high. The material is restricted from nucleating crystallites, resulting in an increase in
crystallization time and a decrease in growth rate. At low temperatures nearing the Ty, the system
is diffusion controlled, where there is low chain mobility, and again, crystallization time increases
and growth rate decreases. In the middle region between Tq and Tm, the conflict between mobility
and nucleation control is minimal, resulting in the most favorable temperatures for crystallization
indicated by a minimum in crystallization time. This behavior is depicted in Figure 3.
Additionally, the nucleation density is a function of the degree of supercooling, where an increase
in nuclei density, and thus reduction in superstructure size, occurs at lower temperatures [17]. The
critical volume to form a nucleus is reduced at lower temperatures [18,19]. A bimodal
crystallization time behavior has been observed in many polymers, including isotactic
polypropylene (iPP) [20,21], polyamide 66 [22], polyamide 11 (PA 11) [23], and poly(butylene
terephthalate) (PBT) [24], where a local minimum in the temperature dependence of the
crystallization rate signifies the nucleation mechanism change from heterogenous to homogeneous

with decreasing temperature.

Mobility Nucleation
controlled controlled
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Figure 3: Growth rate, crystallization time, and nucleation density (for a given mechanism) as a function of temperature.

3.1.2 Polyamide 66 quiescent crystallization

Polyamides are engineering thermoplastics linked by amide bonds. The nomenclature for the

polyamide materials, PA xy, follows the number of carbon atoms, x and y, in the diamine and
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diacid groups, respectively. In this work, polyamide 66 is studied, though the material family can
include odd, even, even-even, odd-odd, and odd-even x-y configurations [25]. Even-even
polyamides, like PA 66, can form three main polymorphs when crystallized from the melt,
depending on the crystallization conditions. The more stable a-form crystal develops on slow
cooling or at high crystallization temperatures. In this arrangement, the molecules form into a
triclinic unit cell with a planar zigzag conformation. Hydrogen bonding occurs between amide
groups of adjacent chains, where the oxygen atom of the amide group from one chain is aligned
with the hydrogen atom of the amide group on the neighboring chain [26-32]. The development
of the a-form at slow cooling and high temperatures has been linked to the development of
spherulites [33-36].

Figure 4: P4 66 a-form unit cell. Reprinted from [26] https://doi.org/10.1098/rspa.1947.0028 with permission of The Royal
Society.

When the a-form is heated above approximately 175 °C, the structure changes from triclinic
to pseudohexagonal, producing the o’-modification. This polymorphic switch is known as the Brill

transition [37,38]. On cooling from high temperature, the o’-phase converts back to the a-phase
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and is not viable at room temperature. In the third crystal form, the y-mesophase develops when
quenched from the melt [27]. In this polymorph, a pseudohexagonal unit cell of non-planar
arrangement of hydrogen bonding is present [27]. This polymorph is metastable, and on heating,
the y-mesophase transforms irreversibly into o’/a-crystals [39].

When crystallized isothermally from the melt, PA 66 displays a bimodal distribution of peak
time of crystallization, or maximum rate of crystallization, which has been reported for many other
polymer systems including iPP [20], PA 6, 11, and 12 [23,40-42], and PBT [43]. The high-
temperature and low-temperature relative minima of crystallization time were found to be 165 and
110 °C, respectively, with a local crystallization rate minimum at 130 °C [22]. When the non-
isothermal crystallization kinetics were studied using FSC, it was found that crystallization is
suppressed at rates over 100 K/s and is completely absent at 500 to 1,000 K/s [22]. Later chapters
of this dissertation are dedicated to understanding the crystallization of PA 66 under quiescent
conditions to link crystallization temperature and rate to the resulting microstructure and

polymorph (Chapter 6.1.1).

3.2 Heterogeneous nucleation in polymer composites

The inclusion of foreign materials is often required to modify specific polymer properties in
engineering applications. These foreign materials can be classified as reinforcing agents,
nucleating agents, functional additives, fillers, and processing aids depending on their purpose.
Engineers can tailor properties such as mechanical strength, electrical or thermal conductivity, UV
stability, impact resistance, and wear resistance for desired utilization [44]. Polymer composite
systems are designated as multi-phase systems that are combined to alter the properties of the final
material. Depending on the size of the reinforcing agent, the material system is designated as a
micro- or nano-composite [45]. Common materials used in micro-composite polymer systems
include glass, carbon, calcium carbonate, talc, clay, and natural fibers, and the shapes and sizes of
these materials can vary depending on material and its preparation [44]. In recent years, the
exploration of nano-composite systems has yielded fruitful efforts, where material properties can
be dramatically tailored at relatively low loading levels due to the high surface area contact
between the polymer matrix and the nano-additive [46]. Specifically, carbon nanotubes have been

at the cutting edge of this revolutionary composite development. CNT-polymer composites are
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targeted to be used in high-strength composites in the automotive, aerospace, and construction
industries, along with applications in fuel cells and energy devices [47].

The reinforcing agent can also affect both nucleation and crystal growth in the polymer.
Similar to the flow-induced phenomenon to be discussed in Chapter 3.3, foreign materials included
in composite systems can act as a site for heterogeneous nucleation for the polymer melt. By
lowering the energy barrier for nucleation, the crystallization induction time can be reduced, and
crystallization can initiate at higher temperatures under non-isothermal conditions and more
nucleation sites can occur from the surface of the heterogeneity [48]. The size and shape of the
nucleating surface can also affect crystal growth, whereby the growth mechanism may change
from spherulitic in the neat melt to trans-crystallization from a particle/fiber surface [49-51]. The
inclusion of micro- and nano-materials in the polymer matrix has been shown to increase the
nucleation density of the polymer matrix, producing smaller, more confined crystal domains [52].
In some cases, nucleation from foreign substrates can also affect polymorphism in polymer
materials [53]. Crystallization at high supercooling has been found that the nucleating activity of
nanocomposites only affects the heterogeneous nucleation regime [41,42,48,54]. Homogeneous
nucleation at high supercooling remains unaffected by the inclusion of nanomaterials and
nucleating agents. However, the addition of the nanoparticle can widen the window permitting
heterogeneous nucleation, indicated by a reduction in the crossover temperature from
heterogeneous to homogeneous nucleation [24,41,42].

In the case of quiescent crystallization, CNT nanocomposites, where the tube’s aspect ratio is
similar to that of a flow-induced precursor, crystallization behavior resembling the growth of
shish-kebab structures has been documented under quiescent conditions in the polymers
polyethylene (PE) and PA 66 [55]. As shown in Figure 5, the CNT provides a nucleation surface
for subsequent crystallization, and nanohybrid shish-kebab (NHSK) structures were grown in the
absence of shear. PA 66/CNT nanocomposites studied by calorimetry have also displayed ultralow
saturation threshold, where the saturation point for peak crystallization temperature on cooling was
reached at only 0.04 wt-% CNT as studied by standard differential scanning calorimetry (DSC)
[55]. Other PA 66/CNT nanocomposite studies confirm mechanical and thermal property
saturation at low loadings, under 1 wt-% [56], and a reduction in spherulite size with addition of
CNT as studied by DSC [57,58].
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Figure 5: Nucleation of PA 66 crystals from MWCNT at 185 °C in glycerin observed by (a) SEM and (b) TEM. Reprinted
from Carbon nanotube induced polymer crystallization: The formation of nanohybrid shish—kebabs, Volume 50, Issue 4, Lingyu
Li, Bing Li, Matthew A. Hood, Christopher Y. Li, 958, Copyright (2009), with permission from Elsevier.

3.2.1 Self-seeding nucleation

Self-nucleation, also known as self-seeding, of polymer crystals is associated with the crystal
formation from existing nuclei or surfaces from the polymer’s own structures. This type of
nucleation is achieved by heating to the molten state, but not quite hot enough or for a long enough
time to completely melt existing crystal species. Upon subsequent cooling, the molten phase will
heterogeneously crystallize from the existing structures/surfaces. Self-seeding behavior has been
proven to occur in PA 66 [59], but also PA 6 [60-63] and PA 11 [64]. Research has shown that
the self-nucleation causes a reduction in time required for crystallization, where crystallization
rates are increased with the additional reduction in maximum temperature [59]. The resulting
superstructure is also affected, where an increasing reduction in spherulite size is noticed with
decreased maximum temperature [64]. It is important to note that in most cases the self-seeding
behavior is present at temperatures higher than the completion of the endothermic melting peak up
to the equilibrium melting temperature, where all nuclei are confidently erased [64]. In several
experiments this work relies upon self-seeding nuclei, and therefore, maximum temperatures and

time in the melt are designed to preserve nuclei within a series of experiments.
3.3 Flow-induced crystallization

3.3.1 Flow-induced crystallization fundamentals

When a semi-crystalline polymer solidifies from the melt after being exposed to a shear field,

the crystallization process is affected by the shear history. In the flow field, where the polymer
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melt is forced to move at a given speed for a prescribed time, the high molecular weight of the
molecules and the frictional forces in the melt cause the molecules to orient in the direction of
flow. The high molecular weight fraction is the first to orient in the flow field, and with increased
shear history, lower molecular weight chains are able to orient with flow [65,66]. The polymer
molecules that are oriented during flow can relax back to the isotropic state. However, this
relaxation is dependent on temperature and time, or relaxation time. For shearing to affect the
subsequent crystallization process, the oriented molecules need to be long enough to exceed the
melt's relaxation time. If this rule is met, the oriented molecules stay aligned during solidification,
and are then identified as “stretched” molecules.

The transition between regimes where flow-induced crystallization (FIC) is non-existent and
FIC is present is demonstrated using the Weissenberg number (Wi),

Wi = ytg (2)
where y is the shear rate in the system and 7y is the Rouse time, or stretching relaxation time of
the longest chains. It is known that the stretching, and therefore relaxation, of the longest chains
in the molecular weight distribution, is the critical factor in the onset of FIC [67]. Chain stretching
only takes place when the flow time y* is shorter than the disentanglement time, meaning that
values of Wi < 1 yield no effect of flow on crystallization and Wi > 1 shows an impact on
crystallization after flow [68]. With increasing shear rate, shorter chains can also stretch and
contribute to FIC. Flow-induced precursors in the polymer melt also exhibit a distinction regarding
the effects of orientation and stretching, related to magnitude and stability of the precursor
structures [69]. To obtain oriented chains, the shear rate must be greater than the inverse of the

reptation time and less than the inverse of the Rouse time (y > 1/t,,, but y < 1/7g) , and the

resulting microstructure yields higher nucleation density, and spherulites can be oriented in the
direction of flow. With increasing shear rate, where y > 1/ 7, the high molecular weight
molecules reach the stretched state which develops the shish core of the subsequently formed
shish-kebab structure. With increasing molecular weight, the relaxation time is also increased, as
the high M chains have higher temperature stability in the melt than shorter chains.

Extensive work has been done to find the critical flow parameters that induce the
oriented/stretched precursors that affect crystallization. Researchers have explored shearing time
[70,71], shearing rate [72], and shear strain [73] as the critical parameters, but it is the relationship
between these factors that determine the critical flow parameters [74]. This relationship is
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calculated as the specific work of flow (W), herein referred to only as specific work or shear work,
and is designated as

W = oy = ny?t; 3)
where o is the shear stress and y is the shear strain. Substitutions can be made to extend the
equation to incorporate the viscosity as a function of a specific shear rate n and temperature, the
shear rate y, and shearing time t, [69,74-76], as given in Equation 2. It has been found that, even
though the relationship between these factors describes the crystallization acceleration resulting
from flow, shear rate and time must meet a minimum threshold to affect the subsequent

crystallization [73].

Figure 6: Shish-kebab schematic where tie “shish” center core is comprised of stretched molecules, which nucleate trans
crystallization of laterally grown lamellae, “kebabs,” from their surface. Reprinted from Handbook of Polymer Crystallization,
Ewa Piorkowska, Gregory C. Rutledge, 166, Copyright (2013), with permission from Wiley.

The crystal development after flow is described first as a reduction in size of spherulite
structures. With increased shear history, spherulites with row-oriented nuclei in the direction of
flow are observed. When enough shear work is applied to the system in which oriented molecules
are unable to relax, they can nucleate crystal growth from their surface. The bundle of oriented
chains, or extended chain crystals, are referred to as the “shish” and the group of crystallites that
nucleate from this surface is designated as the “kebab”, forming together the well-known “shish-
kebab” geometry. This superstructure is also referred to as a cylindrite in the literature [77-80],
but for the remainder of this work, it will be referred to as the shish-kebab structure. The extended
chain crystal [81] that comprises the shish is developed from the high My fraction, where the

molecules align to form bundles of stretched fibrils [65,66]. Similar to that in a heterogeneously
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nucleated system, the nucleation rate is increased from the sheared polymer in comparison to that
of the neat, quiescent melt if critical shearing conditions are met [70,71].

Figure 7 shows Housman’s model [82] depicting a schematic representation of how the amount
of shear work of flow impacts the subsequent crystallization process. As discussed, there is a
minimum value of shear work or critical work level (W¢), that is required to induce the FIC process.
Below W, there is no effect on crystallization in the system (Regime I). Once the critical level of
work has been attained, the crystallization rate is increased and resulting microstructure is affected
where first with the development of fine nuclei where spherulite nuclei can be oriented in the
direction of flow or spherulite size is reduced, where y > 1/7,.., but y <1/t; (Regime Il). Regime
Il indicates where shearing may be greater than 1/ty, but chain stretching does not occur to
produce shish precursors. Finally, the growth of shish-kebab features (Regime V), leads to further
reduction in crystallization time. This behavior has been tested and verified many times in
polyolefins [82-88], but also poly (lactic acid) (PLA) [89,90], isotactic poly(1-butene) (i-PB) [88],
polyamides [71,91], and poly (ether ether ketone) (PEEK) [92].

Spherulites

‘\ I | I .,/.,._.,4.._..,..
- " AT

Fine spherulites 1

v
Oriented structures
(shish kebabs)

Onset of crystallization

1/1-?'91] 1/TR g }"

Figure 7: Onset of crystallization as a function of shear rate. Regime | indicates spherulitic growth where the critical work
level has not been met. Regime Il indicates shear levels over W, that yield row nuclei or fine spherulites. Regime Il indicates
where shearing may be greater than 1/t, but chain stretching does not occur to produce shish precursors. Regime 1V indicates
stretched shish are stable in the melt. Adapted from Ref [82], distributed under the terms of the Creative Commons Attribution

Noncommercial License.

The formation of the oriented fraction, or flow-induced precursor, nucleates crystallization
upon cooling of the melt. The nucleation rate and nucleation energy barrier are both a function of
the magnitude and duration of shear flow. This change in nucleation activation energy is

represented conceptually in the schematic shown in Figure 8, where the classical free energy
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diagram is displayed (a). In this diagram, it is shown that in order to form a crystalline phase,
polymer liquid phase (either in solution or melt) needs to overcome a free energy barrier (4G).
The energy barrier is reduced with flow-induced entropy reduction since the free energy of the
liquid phase increases due to orientation and reducing the randomness of the melt [93]. It is
proposed that the energy required to surmount the energy barrier in the liquid state is decreased
when subjected to flow because the stretched fraction is in a state possessing some degree of

molecular order (b).

a. Quiescent b. After flow

A Gme]r A Gs/}mred melt

Liquid state Liquid state

Crystalline state Crystalline state

Figure 8: Free energy diagrams showing changes in nucleation activation energy and free energy of the liquid state and
resulting crystalline state due to flow [94].

In addition to affecting nucleation rate, shear history has also been shown to increase the crystal
growth rate in polymers, where increasing shear rate increases the spherulitic growth rate
[71,87,92,95,96], postulated to be due to the increase in equilibrium melting temperature after flow
[95]. The crystal growth rate after shearing the melt can either be monitored optically by shearing
under polarized light and directly measuring spherulitic growth with time [87,95] or by analyzing
the increase in viscosity or modulus with increasing crystalline content in a rotational rheometer
[71,92]. When analyzing the effects of shear on crystal nucleation and growth in PLA, it was
found that there is similar contribution to both factors, though the effect of growth rate is slightly
larger [96].

The common free energy diagram is depicted in Figure 9, where the energy of the quiescent
polymer melt (Gmeit), sheared polymer melt (Gsheared meit), and the energy of the crystalline phase
(Gerystal) are shown as a function of temperature. It can be seen that the Gsheared meit iS at a higher free
energy state than the Gmer, as the oriented fraction decreases the entropy of the system. The slope
of each phase is related to its degree of entropy, where the lowest to highest are depicted as the

crystalline state, the sheared melt, and the quiescent melt, respectively. The free energy diagram
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is depicted for both (a) if shearing is under the critical level to produce flow-induced precursors,
and (b) if the shearing is over the critical work level to affect crystallization. As temperature
increases from the solid, crystalline phase, it is shown that the cross-over to the quiescent melt
occurs at a lower temperature than that of the sheared melt, indicating a lower melting temperature
is necessary for the quiescent material than for the sheared counterpart. This has been proven
theoretically by many entropy reduction models and experimentally by in-situ small and wide
angle scattering (SAXS and WAXS) measurements using polyethylene, where higher melt
temperature was needed to melt the stretched shish fraction relative to the lamellar kebabs [97].
High temperature stability of sheared materials has also been demonstrated in iPP [98] and PEEK
[99] materials. By contrast, as temperature is decreased from the melt state, the crystallization on

cooling occurs at a higher temperature from the sheared melt than from the quiescent melt.

a b
Gcrystal Gcrystal kebab
Gcrystal shish
© ]
Gsheared melt Gsheared melt
G,
melt G melt
0 0
Tm Tm 7;7‘1)‘)'0(7]
Temperature Temperature

Figure 9: Free energy of the sheared melt, quiescent melt, and crystalline state. The free energy is shown if the sheared
melt is under a critical level (a) or if it is over a critical level (b), to affect crystallization. The sheared melt is at a higher free
energy state, resulting in an increase in the critical temperature to erase flow-induced nuclei. The red dashed line indicates the

lowest energy path.

The onset of FIC is detected using parallel plate rheometry at the divergence in viscosities as
measured by oscillatory and steady shear, known as the Cox-Merz rule failure [100]. According
to this rule, when comparing the viscosity of the oscillatory sheared sample to that of the steady
sheared sample, the onset of orientation results in a decrease in viscosity from that of the oscillatory
signal. The behavior in a typical Cox-Merz analysis is displayed in Figure 10, where the
divergence of the steady shear and complex viscosities would indicate the critical shear rate to

produce oriented molecules. The conformance to the Cox-Merz rule in shear rate experiments
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applied to onset of FIC has been proven for polymers such as iPP [101], PA 66 [102], and PEEK
[99].
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Figure 10: Schematic of the Cox-Merz rule failure to indicate the onset of oriented molecules, known to correlate with the

critical shear rate for FIC.
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Table 1: Summary of FIC papers highlighting polymer matrix, shear rate, degree of supercooling, and analysis techniques

Polymer

HDPE
HDPE

HMWPET
h-PBD

iPB
iPP
iPP
iPP
iPP
iPP
iPP
iPP
iPP
iPP
iPP
iPP
iPP
LLDPE

PA 11

PA 66
PE
PEEK
PEEK
PLA
PLA
PLLA

PP
PPS

Shear rate
(sh
50

0.1-3

0.08-0.16
0.27-1.07

0.1,1,10
10

0.7-60

110 - 440
0.52-90
251

10, 57, 102
80 - 560

20
80 - 560

0-37
1.6-70

0.3-10

0.01-10
125
1-200
6—-25
02-2
30
0.01-5

20-50
15, 30, 45

Cooling rate or

Degree of supercooling

10 K/s

70, 80, 90 K
1 K/min

30K
38K

48 K
49 K
Ballistic quench, 40 K
41 K
46 K
45 K

46 K
73K

41 K, 2 K/min
41 K

36 K, 46 K
Up to 1,000 K/s

45 K

30,35K
185K

52, 55, 58 K
60 K

56 K

30 K/min
41 K

41 -96 K
41 K

employed.

Techniques

Plunger flow, POM
Extensional rheometer, SAXS,
WAXD

Parallel plate rheology

Linkam shear cell, SAXS, optical
birefringence

Parallel plate rheology, Linkam
shear cell, POM

Parallel plate rheology, POM,
SALS

Parallel plate rheology

Injection molding, POM, AFM
Injection molding, POM, AFM
Slit flow, SAXS, WAXD
Parallel plate rheology, POM

Cone and plate rheology, POM,
AFM, WAXD
Linkam shear cell, SAXS, TEM

Slit flow rheometer, SAXS,
WAXD, birefringence

Linkam shear cell, SAXS,
WAXD

Slit flow rheometer, SAXS,
WAXD, POM

Linkam shear cell, POM, WAXD

Parallel plate rheology, blown
film extrusion, POM, FSC
Parallel plate rheology, DSC,
POM, WAXS

Parallel plate rheology, POM
Linkam shear cell, SAXS, WAXS
Parallel plate rheology

Cone and plate rheology, DSC
Linkam shear cell, POM

Linkam shear cell, WAXD, POM

Parallel plate rheology, POM,
WAXS
Sandwich rheometer

Linkam shear cell, AFM, DSC,
POM

Year Citation

1973
2016

2009
2008

2009

2001

2009
2017
2019
2017
2015
2016

2000
2014

2011

2013

2020
2021

2021

2018
2006
2020
2016
2020
2012
2021

2003
2008

[103]
[104]

[105]
[74]

[68]
[106]

[67]
[107]
[108]
[109]
[69]
[110]

[111]
[112]

[113]
[114]

[115]
[116]

[91]

[71]
[97]
[92]
[76]
[96]
[117]
[118]

[75]
[119]
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A list of some of the FIC studies most relevant to this research is presented in Table 1. The
majority of the studies addressing crystallization after shear flow have been published only in the
past 20 years. Among these studies, it was common to apply a known shear history using a
rotational rheometer system and monitor crystallization at low cooling rates or high crystallization
temperatures. This common protocol leaves unaddressed an important gap between FIC
knowledge and real process application, as the associated theories and models are driven by a
narrow set of experiments that do not fully represent process shear rates and thermal environments.
It is critical for the application of FIC fundamental science to also develop an understanding at
high shear rates, high cooling rates, and a high degree of supercooling in addition to the spectrum

of studies presented here.

3.3.2 Polyamide 66 flow-induced crystallization

The focus on controlled flow-induced crystallization experiments in the literature has primarily
been centered on polyolefin systems [69,95,98,110,120-123] (see Table 1). In recent years, few
PA 66 FIC experiments have been performed, while molding studies are more prevalent [71,124—
128]. Inthe works by Seo et al., the authors found that the critical shear rate in PA 66 as determined
by the Cox-Merz rule was 0.1 s, locating the onset of orientation resulting in shear-thinning in
the steady shear viscosity measurement. In further experiments, the PA 66 sample was sheared in
the melt at a temperature below T,%, and cooled to a crystallization temperature to monitor
solidification through a small oscillatory motion. A range of rates were studied at two shearing
times, and the increase/onset of viscosity and modulus (G’) were monitored as the crystalline phase
developed. At low shear rates (<0.5 s™) the crystallization onset shifted to lower temperatures, but
the primary crystallization indicated by viscosity and modulus its increased crystal fraction stayed
the same, yielding the growth rate remained consistent. This implies that the nucleation is
accelerated, but growth is not affected. At higher shear rates, above the critical shear rate
(>0.5 s1), the samples showed nucleation acceleration as well as different growth slopes for
viscosity and modulus, indicating a difference in growth rate as well. The authors determined the
Avrami exponents to be ~3 and ~2 below and above the shear rate of ~0.3 s%, or work level of
~40 kPa. This changing slope indicates the growth mechanism changes from 3-dimensional in the
Housman model describing Regimes | and Il to 2-dimensional in Regime 111 [71].
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Injection molding studies of PA 66 have shown that the microstructure development is
dependent on the shear and cooling rates experienced during manufacturing. Spoerer et al. report
that molded tensile bars display a microstructure gradient from a visible skin layer to large,
spherulitic superstructures in the core, where the authors predict the cooling rate is 400 - 600 K/s
lower than in the skin. The authors use X-ray analysis to determine that the average crystallinity
increased from ~25 % at the skin to ~37 % in the core, while the crystal perfection is also increased
from ~53 % to ~91 % from skin to core, respectively [128].

The microstructure developed during the molding process then impacts the mechanical
properties in the molded part. In PA 66 moldings, it was found that skin thickness can be
manipulated based on molding conditions [125,129]. The mechanical testing of these specimens
finds that a thicker skin layer, and thus lower bulk crystallinity, produces a reduction in Young’s
modulus and yield strength while the elongation at break is increased [129]. With a clearer
understanding of microstructure development at process-relevant conditions, final part properties
can be tailored for specific applications.

Though PA 66 is regarded as a difficult polymer to process due to shrinkage and warpage
issues, there is little literature on the FIC behavior in this material. The controlled rheology and
calorimetry experiments available in the literature have only been performed under slow cooling
or at high temperatures, which does not mimic typical manufacturing processes. It is proposed
that a more in-depth analysis of crystallization at high rates and high supercooling will shed
additional light on the FIC kinetics that will illuminate polymer behaviors as related to plastics

manufacturing.

3.4 Industrial importance of flow-induced crystallization at high supercooling

and rates

Typical manufacturing processes used to produce plastic parts impose a flow to the molten
polymer followed by a quench to the solid state. Injection molding is the most common
manufacturing process applied to polymer materials [130]. In this process, a plasticizing unit is
responsible for melting, mixing, and injecting the molten form of plastic into a mold to create
designed part geometries. In this process, the mold closes, and the screw from the injection unit
moves forward to inject the polymer melt into the mold. Once the mold cavity is filled, pressure

is maintained by the screw, which is acting as a plunger, on the molten polymer pathway into the
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cavity until the polymer solidifies. This allows for the additional molten polymer to be added to
the mold cavity as the polymer shrinks during solidification, resulting in the most densely-packed
part possible. While the part in the mold continues to cool, the screw is rotated back to prepare
the dosage for the next shot of material. At this stage, the mold opens, and the ejection unit pushes
the molded part out of the cavity [130]. Often parts are cooled as quickly as possible, ignoring the
resulting microstructure, in order to maximize output, and therefore, profit. However, if repeatable
and optimized physical properties are important to application, then it is critical to understand the
crystal development under these process-relevant shearing and cooling conditions to tailor

manufacturing efforts to optimize part performance.

Velocity Shear rate

I

Flow direction

Figure 11: Velocity and shear rate profiles of the melt in an injection molded part. The schematic is representative of any
channel including runner, gate, and part in an injection molded specimen. A cross section of an injection molded tensile bar is

depicted to show an example of the described channel. The arrow indicates the direction of flow between two walls.

A schematic showing typical velocity and shear rate profiles within the channels of a mold are
show in Figure 11. Plastics flow laminarly, where the liquid polymer flows in layers with little
mixing. In the “fountain flow” effect the laminarly flowing polymer flow front moves outward to
meet the channel wall. Due to the fountain flow behavior of the polymer melt, a frozen layer
develops at the stationary surface. Because this frozen layer is no longer moving, the frictional
forces between the frozen layer and the flowing melt causes a spike in the shear rate at the layer
just inside the frozen layer. The shear rate through the cross section then reduces to a lower value
in the center of the flow channel. Shearing of the polymer melt also causes shear heating up to 70
K higher than the set melt temperature depending on pressure/shear rates [131], developing local
temperature distributions within a molded part and localized regions with quenched oriented
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molecules. Understanding the distribution of shear and temperature within the molded part and
their implications on the subsequent crystallization process is critical to the evolution of the

scientific underpinnings of plastic engineering.
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Figure 12: Temperature as a function of time in a molded tensile bar at differing distances from the skin (a) and the
resulting cooling rate for the same locations (b). Example depicts cooling conditions of an ASTM D638 standard tensile
specimen molded at 246 °C melt and 30 °C mold temperatures injected at 38.1 mm/s. Images adapted from [132] with

permission from Wiley.

An injection molding simulation of an iPP tensile specimen revealed that typical cooling rates
through the cross section of a part can reach as much as 700 K/s at the skin where the molten
polymer meets the cooled mold wall [50]. The temperature distribution during cooling can be
found in Figure 12a, and the resulting cooling rate as a function of time can be seen in Figure 12b
at differing distances from the mold wall. The cooling rates just inside the frozen layer can be as
high as 300 K/s, while the core of the part is only subjected to a maximum cooling rate of 10 K/s.
The investigation of crystallization from the quiescent melt at high supercooling and high cooling
rates has significantly expanded in the past 10 years, largely due to the development of the fast
scanning chip calorimetry (FSC) characterization technique, where samples can be analyzed under
process-relevant cooling conditions [134]. Compared to the relative enthalpy of crystallization as
a function of cooling rate as shown in Figure 13, it can be expected that the quench at the mold
wall will only produce 5% relative crystallinity (i.e., crystallinity normalized by the maximum
observed value), while just inside the frozen layer cooling rates are expected to yield ~50% relative

crystallinity, and the low cooling rates in the core of the part can produce ~90 % relative
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crystallinity. However, shear rates up to 400 s in the high shear zone of the part [132] and over
10,000 st in the gate [130] can be expected in injection molding scenarios, though implications of

shear have not yet been tested at high supercooling or high rates.
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Figure 13: iPP normalized enthalpy of crystallization as a function of cooling rate. The maximum cooling rates determined
from the mold filling simulation are overlayed to indicate expected crystallinity assuming linear cooling. Image adapted from
[135] with permission from Elsevier.

Meister and Drummer [129] recently examined microstructure and mechanical properties
resulting from PA 66 specimens that were molded with intentional differences in cooling profiles.
Tensile specimens of differing sizes were used to manipulate the cooling rate through the part, and
it was found that a smaller part thickness yielded higher skin thickness and higher nucleation
density due to higher cooling rates. Resulting mechanical properties show that the larger skin
thickness and higher nucleation density resulted in a lower modulus, lower yield strength, and
higher elongation at break compared to that of the small skin thickness and low nucleation density
[129]. This is due to the flexibility of the tie-molecules and amorphous fraction between spherulite
domains. The spherulites are very rigid, and with increasing size, there is little amorphous fraction
and reduced tie chains to accept the load. These results show that the molding conditions and
microstructure development in the manufacturing process is critical to the mechanical performance
of the molded parts. If empowered to tailor mechanical properties based on manufacturing

settings, scientists can better engineer parts for specific applications. To make this effort a reality,
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the implications of microstructure development at fast cooling and under shear conditions must be

better understood.

4. Motivation and tasks

The crystallization of engineering polymers at process-relevant conditions (at fast cooling and
under shear loading) is of the utmost importance for the next generation of advanced
manufacturing crystallization prediction [136-140]. The ability to predict and tailor the
microstructure of engineering thermoplastics will empower engineers and scientists to better
control final part properties for sophisticated applications. In this thesis a systematic evaluation
of PA 66 crystallization, focusing on process-relevant conditions including both temperature and
shear, is performed.

In Chapter 6.1, the quiescent crystallization kinetics of PA 66 is investigated. By using the
FSC as a sample preparation technique, the resultant microstructures were studied by WAXS,
POM, and AFM. The crystallization kinetics at high and low supercooling and high and low
cooling rates were analyzed as relevant to the injection molding process. The controlled
development of sheared samples was then employed in order to evaluate flow-induced nucleation
in the neat PA 66. The crystallization kinetics and resulting microstructure and morphology were
analyzed. It was found that the flow-induced nuclei act in a manner similar to heterogeneous
nucleators, accelerating the high-temperature crystallization regime and extending heterogeneous
nucleation to lower temperatures.

In Chapter 6.2, a carbon nanotube (CNT) nanocomposite was created and analyzed using
similar quiescent characterization techniques as described in Chapter 5.1. It is hypothesized that
the nanotube, with long thread-like structure, plays a similar role as the flow-induced nuclei in
accelerating crystallization. The use of CNTs has a similar impact on the crystallization kinetics
displayed by sheared PA 66 materials, but their nucleating efficiency is much greater at low
loading due to normal surface conformation, allowing for a more favorable nucleating surface.

Chapter 6.3 presents a comparison of the self-nucleation of the sheared samples to that of the
heterogeneously nucleated nanocomposites. The nucleating efficiency is compared at similar
loading levels (% of stretched chain vs wt% CNT) to further reveal relative nucleating

performance. It is shown that the nucleating effect of the CNT, even at low loading, supersedes

33



4. Motivation and tasks

any flow-induced crystallization effects on the polymer melt, even though orientation can be
introduced at lower shear rates.

The conclusions and recommendations for future work are discussed in Chapter 7.
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5. Experimental

5.1 Materials

The material used in this thesis was Zytel 101 from DuPont (USA). It is an un-lubricated and
unmodified general-purpose molding-viscosity PA 66 grade. The number-average molar mass of
this polymer is around 17 — 18 kDa [141]. The material was delivered in the form of dry pellets.
The pelletized material was used for subsequent sample preparation, through parallel plate sample
solidification or injection molding. Prior to melt processing, the material was dried overnight at
80 °C in a vacuum oven to minimize moisture effects.

The CNT material was sourced as a pre-compounded masterbatch with Zytel 101 (15 wt-%)
from Hyperion Catalysis (MB4620-00). The CNTs provided from Hyperion Catalysis were
reported to have a diameter, length, and surface area of 10 nm, 10 pm, and 200 m?/g, respectively
[142]. In order to obtain lower loading levels for the crystallization studies, the CNT masterbatch
was dried (80 °C, 12 hrs), mixed with neat PA 66 pellets at the appropriate let-down ratio, and re-
extruded on a Haake Rheodrive 4 twin-screw extruder equipped with a 16 mm diameter screw and
a 25:1 L/D. The target loading levels for crystallization studies include 0.25, 0.5, and 1 wt-%
nanoparticle. In order to have an appropriate baseline for comparison, the neat PA 66 was extruded
under the same conditions as the compounded nanocomposites thereby imposing a similar
temperature and shear history.

5.2 Instrumentation

Differential Scanning Calorimetry (DSC)

DSC testing was performed on a Mettler-Toledo DSC 1 with a nitrogen flow rate of 30
mL/min. All samples were prepared to approximately 5 mg mass. To accommodate controlled
cooling, a Huber intracooler EK90/MT was used with the calorimeter. All measurements were
taken using a 40 pL aluminum pan with a pierced lid. The equipment was calibrated by melting

an Indium standard calibration pellet from Mettler-Toledo.

Fast Scanning chip Calorimetry (FSC)
FSC was used to obtain information on the time- and temperature-dependence of

crystallization of PA 66. Measurements of the crystallization kinetics were made using a Flash
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DSC 1 device from Mettler-Toledo. The instrument was operated in conjunction with a Huber
TC100 intracooler, and the sensor/sample environment was purged with nitrogen gas using a flow
rate of 35 or 60 mL/min to prevent sample degradation and icing of the equipment (flow rate was
increased over time per updated equipment supplier recommendations). According to the
recommendation of the instrument provider, the FSC sensors were conditioned and temperature-
corrected before loading of a sample. For sample preparation, the PA 66 samples were microtomed
to a 12 um thickness using a rotary microtome with a tungsten carbide blade. These slices were
then sectioned laterally to approximately a 100 pm x 100 um square. For calorimetry analyses,
typically a silicone oil (Wacker AK 60,000 [143]) was painted as a fine layer between the sensor
membrane and the sample to improve thermal contact and prevent adhesion of the sample to the
membrane. The FSC was also used for thermal preconditioning of samples for subsequent
characterization including X-ray scattering, polarized-light optical microscopy, and atomic force
microscopy. In the case of X-ray scattering and atomic force microscopy analysis, no oil was used
as a barrier layer between the sensor membrane and the sample.

Isothermal crystallization analyses were conducted by heating the sample to 275 °C and
holding for 0.5s. A 2,000 K/s quench from the melt to the desired crystallization temperature was
used to ensure crystallization did not occur during the cooling phase [22]. The sample was held at
the crystallization temperature, Tc, for up to 15 s to allow for complete crystallization. A quench,
again at 2,000 K/s, to -60 °C was used to allow for analysis in a subsequent heating scan that would
provide Tq and Tm information. For samples that required subsequent analysis after specific
temperature crystallization, the sample was removed from the FSC prior to the heating scan, and
subjected to XRD, AFM, or POM analysis. A schematic of this isothermal crystallization method
is displayed in Figure 14a. For non-isothermal crystallization experiments, the sample was taken
to 275 °C and held for 0.5 s, followed by a designated linear cooling profile to -60 °C at rates
ranging from 1 to 5,000 K/s. The sample was held at -60 °C for 0.5 s, after which it was subjected
to a heating scan at 500 K/s. For determination of enthalpy of crystallization as a function of
cooling rate, the subsequent melting enthalpy minus any enthalpy of cold crystallization on heating
was used to calculate the crystal fraction developed in the previous cooling segment. It has been
reported that integration of the subsequent melting endotherm is more precise than integration of

the broad exothermic crystallization peak on cooling [22].
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Figure 14: FSC isothermal crystallization experiment (a) and non-isothermal crystallization experiment (b) methods.

Wide Angle X-ray Scattering (WAXS)

WAXS measurements of the preconditioned FSC samples were performed using either a
Rigaku DMAX-Rapid Il or XENOCS Xeuss 2.0 diffractometer equipped with a 0.154 nm Cu X-
ray tube and a graphite monochromator. Analyses were completed in transmission mode, and the
scattered X-rays were recorded using a curved image plate coated with photo-stimulable phosphor
(BaF(Br,1):Eu?"). The beam diameter and exposure time were 300 um and 600 s, respectively. The
2D diffractograms were azimuthally integrated to yield the intensity distribution as a function of
the scattering angle 26, followed by subtraction of an XRD curve obtained on an empty FSC chip.

Data were analyzed using Jade 2010 software.

Polarized Optical Microscopy (POM)

Samples were imaged using POM employing a Leica MD750P microscope and DMC2900
camera. Prior to FSC analysis of sheared samples, the microtomed cross sections of the disc were
inspected using POM in transmission mode for flow-induced structures. Careful cutting of the
samples under polarized light allowed for the selection of samples with known shish-kebab
content. The thin section was then transferred to the FSC chip for calorimetric analysis. Between
FSC analyses for specific experiments, the sensor containing the sample was moved to the
microscope for microstructure evaluation. Samples studied using POM on the FSC chip were

imaged in reflection mode between crossed polarizers.

Atomic Force Microscopy (AFM)
AFM measurements were performed using a Bruker Dimension Icon. In these experiments,

samples were fused to the FSC membrane and crystallized isothermally at 70 and 200 °C on
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separate chips. For the AFM probe to contact the sample, it was necessary to remove the sensor
membrane containing the sample from the ceramic chip due to geometric constraints. To do this,
double sided tape was placed on an AFM stub and the sensor membrane was adhered to the
adhesive. A pin was then used to fracture the membrane from the ceramic chip so that the chip
could be removed, and the sample/membrane was left on the AFM stub. PeakForce tapping
imaging mode was used with a ScanAsyst Air Probe (0.4 N/m spring constant). Image analysis

was done using Nanoscope Analysis software.

Rotational rheology

Parallel plate rheology was used to evaluate the viscosity as a function of angular frequency in
the neat PA 66 at differing temperatures. For this experiment, 25 mm cone and plate fixtures at 1
mm gap on an Anton Paar MCR 702 MultiDrive rheometer using an electrical temperature device
(ETD 400) oven and nitrogen purge were employed. Measurements were performed from high to
low angular frequencies ranging from 100 to 0.1 rad/s and temperatures from 265 to 310 °C. Cone
and plate fixtures with a 25 mm diameter were also used to analyze the Cox-Merz behavior of both
the neat and CNT nanocomposite systems. In these experiments, the dried (80 °C, overnight)
pelletized samples were loaded at 270 °C, where a pre-shear was applied to aggregate the pellets
and remove any air bubbles. The temperature was then increased to 300 °C for 1 min to erase any
thermal or shear history. The sample was cooled to 270 °C at 10 K/min, where the Cox-Merz
analysis was initiated. In this experiment, the sample was first analyzed under oscillatory shear
from high to low angular frequencies (100 to 0.1 rad/s) followed by a steady shear experiment
from low to high shear rates (0.01 to 100 s%). The point where the steady shear viscosity diverges
from the oscillatory shear viscosity indicates the point at which steady shear can develop
orientation in the polymer matrix.

For all rheology experiments using cone and plate and parallel plate fixtures, the nitrogen flow
rate was held constant at 100 L/hr. The gap size between upper and lower tool fixtures was selected
based on the 1SO 6721-10 standard, where a ratio of 2r/h between 10 and 50, r being the radius
and h being the gap height, is recommended [144].
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Flow-induced crystallization kinetics

The Anton Paar MCR702 MultiDrive rheometer was also used to measure crystal development
in the neat and CNT nanocomposite samples. For these experiments, sample discs were prepared
to load onto the 8 mm cone and plate fixtures to reduce variation caused by loading pellets. Pellets
were dried overnight at 80 °C and pressed to a 1 mm film using a Carver hot press at 280 °C. The
films were then removed from the press and quenched in a water bath. A 6 mm hole cutter was
used to drill circular discs from the films. The discs were then dried at 80 °C overnight and stored
in a heat-sealed aluminum foil bag to prevent moisture uptake. For the crystallization experiments,
the discs were loaded onto the 8 mm cone and plate fixture at 270 °C and pressed to 0.7 mm sample
height. By pre-cutting the disc to known dimensions, the hood did not need to be lifted to trim the
sample and this is believed to reduce degradation from oxygen exposure. The samples were then
heated to 300 °C for 1 min to erase thermal and shear history, then cooled at 10 K/min to 270 °C
for pre-determined shear profiling. Shear rates and times were altered to obtain a range of work
levels. After shearing, the sample was cooled at 10 K/min to the crystallization temperature of
250 °C, where crystallization was monitored by a small-amplitude oscillatory shear (SAQS) step

of 1 rad/s and a strain amplitude of 5 %.

Sample preparation to obtain solidified discs of known shear history

A parallel plate rheometer was then used to create solidified samples with controlled shear
history. Fabrication employed an ARES-G2 rheometer (TA instruments) equipped with 25 mm
diameter stainless steel parallel plate fixtures. Before loading the PA 66 pellets on the parallel
plate, polyimide Kapton tape (DuPont, 25 um thickness) was attached on both top and bottom
plates to facilitate easy removal of the sheared disc after solidification for subsequent microscopic
and calorimetric analysis. Repeat measurements with and without the use of Kapton tape showed
the tape presented no effect on the shearing step in these experiments. The geometry held a
1.2 mm gap during the entire fabrication.

A time-temperature protocol that employed both rotational and oscillatory shear was developed
for the sheared-disc fabrication as depicted in Figure 15. First, PA 66 pellets, after being dried at
80 °C in a vacuum oven overnight, were melted on 25 mm parallel plate fixtures at 270 °C for 1
minute. A constant shear rate of 0.5 s* was then applied to the molten pellets for 5 minutes to

aggregate the pellets without air bubbles. To erase the thermal history, the temperature of the
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polymer melt was increased to 300 °C for 1 min. After this annealing step, the melt was cooled
(10 K/min) to the shearing temperature of 270 °C, and a designated shear rate at the perimeter
(100 s) and shearing time (0.81, 6.5, and 25.9 s, for the three different discs, respectively) were
imposed on the melt to achieve the three levels of specific work of interest. After shearing, the
melt was cooled at 10 K/min to 200 °C and held for 5 min, which is sufficient time to ensure
complete crystallization. The sample was then cooled (10 K/min) to room temperature and the
solidified discs removed from the parallel plate fixture for successive studies. A fourth “zero
shear” sample was prepared using an identical protocol, but instead of shearing at 270 °C the
material was simply held in the melt for 25.9 s at 270 °C, and then solidified under conditions

identical to the corresponding sheared samples.
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Figure 15: Parallel plate rheology sample preparation method displaying the temperature profile (a) and the shear rate and
specific work of flow as a function of disc radius (b). It is shown that all discs were created at the same temperature profile. The
shear rate at the edge of the disc was also set constant at 100 s*. The three sample discs were created using differing shearing
time, which alters the final specific work. Reprinted [145] with permission from https://doi.org/10.1021/acs.macromol.8b00195.
Copyright 2018 American Chemical Society.

For each disc prepared, there is a distribution of the shear rate and specific work across the
radius of the parallel plate disc as shown in Figure 15b. The shear rate is determined by the velocity
of the rotation and the distance between the plates, resulting in a linear increase in shear rate from
the radius to the edge. Theoretically, the shear rate at the center of the disc is zero. However, POM
of this center location consistently reveals a modicum of orientation influencing material
solidification, perhaps due to a drag force present in the melt, likely modifying the crystallization
process relative to a truly unsheared sample. The specific work for each of the discs is also plotted

in Figure 15b as a function of radius from the center of the disc, spanning the cross section. The
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specific work is dependent on the shear stress per equation 2, using a steady state shear viscosity
measurement of 1400 Pa-s obtained via cone and plate rheology measurements. A model of the
formation of the flow-induced structures in the parallel plate sample is displayed in Figure 16. It
is shown in the leftmost image that the initial material, or material flowing under a low shear,
displays no orientation (a). If there is enough shearing and time available, the molecules can orient
(b). As previously discussed, the shearing rate and specific work in the parallel plate specimen is
a function of the distance from the center of the disc, demonstrated by non-oriented molecules in
the center of the disc and orientation developed outside of a critical radius (c). After the cessation
of flow (d), some weak oriented molecules can relax and return to the isotropic state, while some
of the molecules which were exposed to high work remain elongated through solidification, unable

to return to an isotropic melt [74].

Figure 16: Proposed model of formation of flow-induced structures in parallel plate samples during shear. If the model

depicts shearing at a constant rate over time, as the experiments here, the model depicts initial stage or weak shear (a),
intermediate before precursors form (b), final stage (c), and after shearing where some polymer chains relax (d). After these

samples have been created in the rheometer, they were cooled and salvaged for subsequent analysis.

Transmission Electron Microscopy (TEM)
TEM was used to analyze the CNT dispersion after the masterbatch was diluted. Imaging was
performed on a FEI Talos at 200 kV. Prior to imaging, pelletized samples were ultra microtomed

to 100 nm thickness using a Leica EM UCG6 ultramicrotome and adhered to carbon support.

Size Exclusion Chromatography (SEC)
Molecular weight distribution was analyzed by a Shimadzu LC-20AD SEC. 100 mg of PA 66

was dissolved overnight in 1 mL of solution containing 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
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and 5 mM sodium trifluoroacetate (NaTFA). 20 mL of solution was injected using a Millex syringe
with a 0.45 um filter at a flow rate of 0.2 mL/min at 40 °C. The molecular weight distribution was
determined relative to the poly (methyl methacrylate) (PMMA) standard. Molar mass was
calculated using Kemma = 0.115 x 1072, apmma = 0.746, Kpass = 1.236 x 1072, and apaes = 0.673,
Mw = 22,700 g/mol, and M, = 11,300 g/mol per Mark-Houwink parameters [146].
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6. Results and Discussion

6.1 Polyamide 66 crystallization

6.1.1 Quiescent crystallization

Quiescent crystallization kinetics of the neat PA 66 was first studied to obtain baseline and
foundational information about crystallization of this engineering polymer. In isothermal
crystallization experiments, the sample was heated to 300 °C, briefly held at this temperature and
then quenched at 2000 K/s to the desired crystallization temperature. The sample was held at the
crystallization temperature for up to 15 s, after which it was quenched to a temperature below Tg.
The same sample was then cycled back to the melt, to repeat the analysis at temperatures ranging
from near the melting temperature (220 °C) to near Ty (75 °C). At the end of the temperature
cycle, a repeat of the first measurement was conducted to confirm repeatability of the measurement
and to ensure that no polymer degradation had occurred. Figure 17 displays the raw heat flow data
collected at each crystallization temperature between 220 °C (front) and 75 °C (back). The
exothermal peak indicates crystallization over time. Because the crystallization exothermic peak
show noticeable symmetry, the peak time of crystallization was analyzed here, selected as the peak
of the curve. The crystallization half time of Zytel 101 (PA 66) displays a bimodal temperature
dependence, which is in agreement with a different neat PA 66 grade studied previously [22].
Without the use of FSC, isothermal crystallization of PA 66 could only be studied at high
temperatures by melt crystallization, or low temperatures after a quench to the amorphous state;
the mid-temperature region could not be analyzed [58,147]. Similar to other polymers, this grade
shows a characteristic increased crystallization halftime, or decrease in crystallization rate, at
temperatures close to the Tg and Tm with a decrease in crystallization time in the mid-temperature
region. There are local minima in crystallization time at 160 and 115 °C, and a local minimum in
crystallization rate at 130 °C. Bimodal peak time of crystallization behavior has also been shown
to occur in other polymers as the nucleation mechanism transitions from heterogeneous at low

supercooling to homogeneous at high supercooling [5,134,148].
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Figure 17: Heat flow as a function of time during isothermal crystallization of neat PA 66. Temperatures ranging between
220 °C (front) and 75 °C (back) with each curve representing a 2.5 K temperature decrement. Image adapted from [149] with

permission from Elsevier.

From these exothermic traces, the peak time of crystallization was evaluated, and resultant data
are plotted as a function of temperature in Figure 18. Multiple samples were tested by varying
sample size and FSC instrument (white fill vs gray fill) to analyze the effect of sample mass and
instrument variation. Good agreement is evident with samples tested on differing instruments and
at sample weights ranging from 50 ng to 1 pg. The bimodal crystallization behavior is expected
to be a result of a switch in nucleation mechanism from heterogeneous at high temperature to
homogeneous at low temperature. The heterogeneous and homogeneous crystallization regimes
show local maxima in crystallization rate at 160 °C and 115 °C, respectively, where peak time of
crystallization reaches minima of 0.3 s in both regimes. The transition from heterogeneous to
homogeneous nucleation occurs at the local crystallization rate minimum of 130 °C, which is in
agreement with additional isothermal crystallization studies of PA 66 grades with differing molar
mass [150]. While it is speculated that the bi-modal temperature dependence of crystallization is
due to a change in nucleation mechanism demonstrated in other polymer systems [5,23,148,151—
154], this has yet to be proven for PA 66. For this reason, FSC was used as a sample preparation
tool to further evaluate the structure development by XRD, POM, and AFM.
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Figure 18: Peak-time of crystallization of PA 66 as a function of the crystallization temperature spanning Tq to Tm. Sample
sizes of 50 ng to 1 pg and two FSC instruments (open/filled symbols) were studied to analyze reproducibility of the
measurements. Image adapted from [149], with permission from Elsevier.

Crystal polymorphism as a function of crystallization temperature was studied using FSC as a
sample preparation tool to obtain samples with controlled crystallization at high supercooling. To
achieve strong WAXS peaks with high signal-to-noise ratio, samples with slightly larger mass than
typically used in FSC measurements were prepared (200 pm x 200 pm x 20 pm). To
accommodate the larger sample mass, samples were cooled from the 300 °C melt at a rate of 800
K/s (instead of the previously applied 2,000 K/s) to the desired crystallization temperature.
Crystallization temperatures ranging from 70 to 230 °C were analyzed at 10 K intervals, and the
sample was held at each temperature for 200 s to ensure complete crystallization. After the
crystallization at the desired temperature was complete, the sample was quenched to -60 °C, the
instrument was brought to room temperature, the FSC sensor was removed and placed into WAXS
beam line, and the WAXS measurement was performed. After WAXS collection was complete,
the same sample/chip was placed back into the FSC for re-conditioning at the next crystallization
temperature. A WAXS measurement on an amorphous sample was performed by heating the
sample to 300 °C and quenching from the melt to -60 °C at 2,000 K/s. A baseline subtraction was

also performed by scanning an empty FSC sensor.
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Figure 19:WAXS patterns of amorphous (bottom) and isothermally crystallized PA 66 (Zytel 101) at temperatures between
70 and 230 °C. Image adapted from [149], with permission from Elsevier.

WAXS patterns for the isothermal crystallization experiment are displayed in Figure 19. At
high temperatures, or low supercooling, two peaks developed at 20.3° and 23.7° scattering angle
20 and are labeled ol and a2. These peaks are associated with the (100) and (010)/(110) lattice
planes of the a-structure’s triclinic unit cell [26,155]. With decreasing crystallization temperature,
the ol and a2 peaks converge to a single peak, indicating similar d-spacing [156]. The change in
crystal dimensions is gradual with decreasing temperature, suggesting the unit cell of PA 66
undergoes a continuous modification with decreasing temperature. At temperatures lower than 120
°C, only the pseudohexagonal y-mesophase is observed, indicated by the 100 peak at about 21.4 °
[27]. The WAXS analysis of the amorphous sample shows an amorphous halo at 20.2°. This
differentiation from the signals obtained between 70 and 110 °C confirms the formation of a
second crystal phase.

To evaluate the superstructure development as a function of temperature, FSC was again used
as a sample preparation tool for both POM and AFM analyses. Similar to the studies conducted
for XRD, the sample was prepared in the FSC by crystallizing under specific conditions, and then
the chip was removed for subsequent analysis. For POM imaging, the samples were conditioned
isothermally at specific crystallization temperatures, ranging from 70 to 200 °C in 10 K
increments. The chip was then removed from the FSC and imaged by optical microscopy in
reflection mode with low transmission lighting. Figure 20 displays the POM images for all of the
temperatures studied here with larger representative images provided at 70 °C and 160 °C to
highlight the differences in superstructure development. It is shown in the full spectrum of
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crystallization temperatures that when crystallized between 120 and 200 °C, the well-documented
Maltese cross pattern is observed. In samples crystallized at temperatures over 130 °C, individual
spherulites can be identified. With decreasing crystallization temperature, the nucleation density
is increased, and below 130 °C, individual spherulites cannot be identified, but birefringence on
spatially resolved entities still suggests scattering of the light from spherulitic structures. However,
at temperatures lower than 120 °C, no birefringence is observed, indicating the size of crystal

superstructures are less than the maximum resolution of the microscope.
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Figure 20: POM images of PA 66 isothermally melt-crystallized at temperatures spanning 70 to 200 °C in an FSC (top

row). The large images highlight samples crystallized at 70 (left) and 160 °C (right). Image adapted from [149] with permission
from Elsevier.

The microstructure development of isothermally crystallized PA 66 samples was then studied
using AFM. In these experiments, samples were fused to the FSC membrane and crystallized
isothermally at 70 and 200 °C on separate chips. AFM images in height- (top) and error-mode
(bottom) of the PA 66 samples crystallized at 70 (left) and 200 °C (right) are shown in Figure 21.
Inset images at 200 °C are included to show lower magnification of the surface. Multiple samples
were prepared to validate this technique. At 200 °C, spherulitic growth with low nucleation density
is observed. Radial growth of lamellae from a center point can be identified, which corroborates
the hypothesis of the occurrence of heterogeneous nucleation at low supercooling. At high
supercooling, as studied by crystallization at 70 °C, very high nucleation density is observed,
which restricts crystal growth. Particle-like domains on the scale of only 10 — 20 nm are identified,
and the nodules display independent growth while not forming a superstructure. The resolution for
viewing structures under white light by optical microscopy requires a minimum artifact size of
approximately 1 um [3], which agrees with the findings of the POM analysis where structures were
not visible at high levels of supercooling. The spherulitic structures formed at high temperature
are related to the PA 66 a-structure, while the nodular growth at high supercooling is related to
the y-mesophase. This optical microscopy analysis is in agreement with the many PA 66 injection

molding studies showing superstructure size gradient as a function of distance from the skin,
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always concluded to be related to changes in cooling rate, and therefore, crystallization
temperature [125,128,129].

Figure 21: AFM images of PA 66 crystallized at 70 °C (left) and 200 °C (right) by FSC. Top row images were collected in
height-mode and bottom row images were collected in height error mode by AFM. Insert images at 200 °C are included to show
the larger, spherulitic structures at lower magnification. Image adapted from [149] with permission from Elsevier.

Non-isothermal crystallization analysis of the PA 66 was also completed to establish an
understanding of the effects of cooling considerations on microstructure development. In non-
isothermal crystallization experiments, an FSC sample was heated to the melt (300 °C), where it
was then cooled at a constant rate to -60 °C. This thermal cycle was repeated until all desired
cooling rates were analyzed, ranging from 1 to 4,000 K/s. The subsequent heating curves, showing
heat flow as a function of temperature are displayed in Figure 22. In the analysis heating scan, a
constant heating rate of 500 K/s was used to analyze the crystal fraction developed during prior
cooling. The crystallization signal in the neat PA 66 is very weak and can be difficult to
distinguish, so crystallization was analyzed by subtracting the enthalpy of cold crystallization from
that of the melting peak. The heating scans after 1 K/s (red) and 4,000 K/s (blue) cooling are
highlighted in Figure 22. It is evident that at high cooling rates, where crystal development is not
possible during the cooling cycle, a large cold crystallization peak is observed that equals the
energy of the subsequent melting step. When cold crystallization is equal to that of the melting
peak, it indicates that no crystal fraction was developed during the cooling step. As the cooling

rate is decreased, the cold crystallization peak area decreases, indicating a larger crystallization
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fraction was formed during cooling. At the slowest cooling rate studied by FSC (1 K/s) highlighted
by the red curve, no cold crystallization is observed, indicating that the sample fully crystallized

during the cooling scan.

Previous cooling rate
1 K/s to 4,000 K/s

Heat flow

I | I 1 1 1

-50 0 50 100 150 200 250 300
Temperature (°C)

Figure 22: Heating curves at 500 K/s after cooling at rates ranging from 1 to 4,000 K/s. Red line indicates heating after

slowest cooling rate (1 K/s) and blue line indicates heating trace after fastest cooling rate (4,000 K/s).

The normalized area as a function of cooling rate is displayed in Figure 23. It is shown that at
low cooling rates up to approximately 100 K/s, there is a slight decrease in relative crystallinity
with increasing cooling rate. Between 100 K/s and 1,000 K/s, there is a sharp decline in crystal
fraction developed during cooling, and at rates over 1,000 K/s, the sample is fully vitrified, forming
an amorphous material. The non-isothermal findings are in agreement with those reported for PA
66 grade Zytel 101L [22], which is the same polymer as the Zytel 101 used for these studies,
(17,000 g/mol molar mass) but with lubricant added to aid processing. Studies were carried out to
assess the impact of the lubricant additive, which was shown not to affect the crystallization
process compared to the Zytel 101 studied here. In PA 66 with ultra-low viscosity (8,000 g/mol
molar mass), non-isothermal studies at these process-relevant cooling rates showed that the critical
cooling rate needed to suppress crystallization completely was increased to 5,000 K/s [150]. In
comparing this experimental data to other PA 66 grades in the literature, it is apparent that additive
packages and molecular weight distributions are critical factors in affecting the crystallization
kinetics of PA 66.

50



6. Results and Discussion

10F = i

Relative crystallinity
&
T
[ |
1

0.0 - EE EE -

1 10 100 1000 10000
Cooling rate (K/s)

Figure 23: Relative crystallinity as a function of cooling rate for neat PA 66.

These experimental results shed new light on the crystal and superstructure development as a
function of rate and temperature in neat PA 66. Critical calorimetric information providing
crystallization time and fraction as a function of temperature and rate, respectively, gives new
insights to engineering process control that will allow scientists to more precisely tune the specific
part-forming process to yield an intentional polymorph, superstructure, and crystalline content.
Pairing FSC as a sample preparation tool with other analytical techniques of WAXD, POM, and
AFM, the crystal polymorphism and microstructure development were more precisely identified

for PA 66 in a broader temperature spectrum than previously reported [149].

6.1.2 Flow-induced crystallization

To further understand the crystallization kinetics of the neat system, the onset time of
crystallization as a function of shear rate and time was evaluated. The evolution of complex
viscosity with increasing crystal fraction at differing shear rates and time intervals is plotted in
Figure 24. The onset of crystallization was determined by selecting the time step where 10%
conversion to crystallization is complete, where the specific conversion parameter was selected to
assure that crystallization has unambiguously initiated. The shear work of flow for each analysis
was calculated using equation 2, where the viscosity from the steady shear step was used along
with the input shear rate and time. It can be seen that with increasing shear work of flow, the onset
time of crystallization is reduced. If the onset of crystallization is plotted as a function of the
specific work of flow, as in Figure 25, it can be seen that the threshold to initiate FIC, or the critical

work level, is approximately 0.1 MPa in the neat PA 66 system.
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Figure 24: Neat PA 66 crystallization kinetics from cone and plate rheometer after known shearing conditions. Graph

(a)shows change in shear rate with consistent shear time of 60 s. Graph (b) shows change in shear rate with consistent shear

time of 60 s. Graph (c) shows consistent shear rate with changing shearing time. Reprinted [157] with permission from
https://doi.org/10.1002/marc.202200418. Copyright 2022 from Wiley.

This finding agrees with results from that found in the neat PA 66 system of Ascend Vydyne
21SPC studied recently by Seo (2018) [71], where the W, was found to be 0.04 MPa. The Vydyne
21SPC has similar M, (11,100 g/mol), Mw (22,300 g/mol), and polydispersity index (2.0) [71] to
the Zytel 101 used in this thesis.
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Figure 25: Crystallization onset time as a function of specific work in neat PA 66 using 8 mm cone and plate fixtures.

To investigate the crystallization in the neat PA 66 system after flow was imposed, rotational

rheology was applied as a sample preparation tool. The melt was subjected to specific amounts of

shear and time, as displayed in Figure 15b. In these experiments, the shear rate was held constant

at 100 s at the disc edge, and shearing time was increased to alter the total amount of shear work
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applied. Shear times of 0.81, 6.5, and 25.9 s yielded specific work levels of 9, 73, and 290 MPa
at the disc edge. Samples were taken for subsequent analysis at the measured location of 6 mm
from the center of the disc in order to avoid using material that may have experienced edge fracture.
The work level associated with this distance is 3, 22, and 86 MPa for each disc, respectively. A
disc fabricated with the same thermal history but without any shear was also created to use as a
baseline with a work level of 0. The disc was sectioned to produce a wedge so that samples could

be taken at a specific distance from the disc center, as shown in Figure 26.

Figure 26: Example of microtomed section from solidified disc from center to edge. The dimensions of this section are 12.5
mm in length and 1 mm in thickness. “Lines” displayed at low magnification as shown here may either be drag marks from the

microtome blade or shish-kebab structures. Higher magnification and inspection are necessary to identify FIC structures.

POM images taken from the disc at mid-range of flow (6 mm from disc center) and the disc
edge are shown in Figure 27 for the sample sheared at 290 MPa at disc edge. It is evident that the
edge fracture region produces many shish-kebab structures that appear to be flexible, in that they
are not completely linear and can appear both parallel and perpendicular to the flow direction. It
is presumed that a perturbance to the flow can cause the shish structures to mis-align relative to
the shear field [158,159], but their stability in the melt still allows for nucleation and crystal growth
after the cessation of shear. However, where the flow is more constrained in the mid-region of the
disc, the shish-kebabs maintain a more linear structure, as shown in the image taken from
approximately 6 mm from the center of the disc. The shish-kebabs at the disc edge are more
random and unpredictable than expected, so samples selected for subsequent FSC experiments
were harvested intentionally closer to the center of the disc, where there is more confinement and
edge fracture is not an issue. The geometry of the shish-kebabs resulting from this shear step is
also notable, as some shish are qualitatively thicker than others, indicating differences in the size

of the stretched bundles of molecules that produce the shish. The location of the shish also affects
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the growth of the kebab structure, as in areas of shish-rich regions, impingement of kebab growth

is observed.

Figure 27: Shish-kebab at edge and center of disc radius (~6 mm) in 290 MPa sample.

The resulting superstructure as a function of disc radius observed in these experiments, and
also confirmed in other polymer systems including PLA [90] and iPP [67,84,160] is summarized
in a schematic displayed in Figure 28. With the addition of shear, if the level is under the W to
induce flow-induced precursors, subsequent crystallization is not affected, developing only
spheruliticalyy arranged crystals (a). When enough shear is present, the formation of row nuclei,
and even shish-kebabs can be observed depending on the amount of work, as displayed in (b) and
(c). Because the shear rate increases linearly as a function of radius when using parallel plate
fixtures, more shear work is applied as a function of the radius also. For this reason, different

microstructures can develop across the radius of the sheared disc.

Figure 28: Schematic of resulting microstructure after intentional flow in rotational rheometer at (a) W<W. (Regime 1), (b)
W>W; (Regime II), and (c) W>W, (Regime IlI).
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Figure 29 shows the POM images of samples cut 6 mm from the center of each disc with
differing shear time. Shish-kebab structures are clearly visible in the sheared samples, and are
absent in the unsheared disc. It is notable that the shish structures are observed in both the flow
direction (e) and perpendicular to flow (a-b). Observation of shish morphology perpendicular to
the flow direction has been reported in other polymers, and is attributed to perturbations to the
flow introducing a rotation to the shish direction, a behavior coined “log-rolling” [159,161,162].
The inset images show how samples were sectioned for subsequent FSC experiments. Samples
were cut under polarized light in order to capture an area known to contain at least one shish-kebab
structure for the FSC experiment. Stretched core structures identified through POM ranged from
0.05 to 5 um in diameter depending on the size of the visibly oriented bundles. For reference, true
UHMWPE shish were identified by SEM and measured to be 10 to few tens of nm in diameter and
longer than 10 um in length, while kebab diameter averaged approximately 300 — 400 nm
[163,164]. The length of the PA 66 shish identified by POM ranged from 8.85 um to 1.3 mm in
the shortest to longest shish, respectively. In comparison of the structures identified here to those
reported in the literature, it is concluded the shish and kebab comprise the central core region

visible by optical microscopy and further transcrystallization is visualized off its surface.
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e) 22 MPa

c) 22 MPa

200 pm

Figure 29: POM images of sheared PA 66 samples. For all samples, the cut is taken 6 mm from the center of the disc,
corresponding to a shear rate of 48 s"%. The work levels associated with each image are 0 MPa (a), 3 MPa (b), 22 MPa (c), 86
MPa (d), and 22 MPa (e). Images a-d are shown cut perpendicular to the flow direction, and image e is cut at a secant in the
direction of flow. Reprinted [145] with permission from https://doi.org/10.1021/acs.macromol.8b00195. Copyright 2018
American Chemical Society.

A series of experiments to evaluate the stability of nuclei in the shish-kebab structures was first
performed in order to confirm high-temperature nuclei stability of the structures. In these
experiments, the sample was taken to a temperature high enough to melt the lamellae, but below
the equilibrium melting temperature in order to preserve the flow-induced nuclei. The T,2 for PA
66 is 277 °C as found by the Hoffman-Weeks method [165]. In this series of experiments, the
sample was heated to a maximum temperature of either 275 or 280 °C. It was held for just 1 s,
before being quenched to the isothermal crystallization temperature of 200 °C, a temperature
known to produce large, spherulitic structures, as shown in Section 3.1.1 [149]. Once quenched
to a temperature below T4, the FSC chip was removed from the instrument and placed under
polarized light to analyze the resulting microstructure. The sample on the chip was then returned
to the FSC for additional analysis, adding to the cumulative time in the melt. The optical

microscopy and calorimetry associated with this analysis is displayed in Figure 30.

56


https://doi.org/10.1021/acs.macromol.8b00195

6. Results and Discussion

275 °C: total 0.2 s 275 °C: total 2.2 s 275 °C: total 4.2 s

280 °C: total 2.2 s

\\\ N 5
f 7 "
e N

Figure 30: Optical evidence of high-temperature nuclei stability of flow-induced structures. POM analysis of the flow-
induced structures as a function of time in the melt after the isothermal crystallization at 200 °C after a maximum temperature
exposure of 275 °C and 280 °C. Reprinted [145] with permission from https://doi.org/10.1021/acs.macromol.8b00195.
Copyright 2018 American Chemical Society.
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Figure 31: Calorimetric evidence of high-temperature nuclei stability of flow-induced structures. Isothermal crystallization
kinetics at 200 °C after exposure at 275 °C (a) and 280 °C (b) for cumulative 20 s isothermal crystallization after 1 s at the
annealing temperature in the melt. Red curve is the first crystallization cycle, and each gray curve is an additional 1 s in the melt
at the respective melt temperature, and the blue curve indicates a cumulative 20 s in the melt. Reprinted [145] with permission
from https://doi.org/10.1021/acs.macromol.8b00195. Copyright 2018 American Chemical Society.

Per figure 31, when the sample is kept below T2, the peak time of crystallization is stable,
displaying a consistent peak time of crystallization of approximately 0.24 s even after a cumulative
time of 20 s in the melt. The POM analysis displayed in Figure 30a (top row) also shows that the
shish is preserved over time, and the kebabs are re-grown after each excursion into the melt phase.
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However, when the maximum temperature is taken above T to 280 °C, the peak time of
crystallization increases to that of the PA 66 under static conditions. It is shown in Figure 31b that
after 13 s cumulative time in the melt, the peak time of crystallization remains consistent at ~0.5
s. The optical microscopy shows that over time, the shish structures relax to row-oriented point
nuclei, and then finally to isotropic spherulites of larger diameter. The kinetics indicate that after
only 2 s in the melt at 280 °C, the peak time of crystallization starts increasing, indicating the
destruction/relaxation of the nucleation points from the flow-induced precursors. POM
micrographs suggest that after 4 s, there does not appear to be any visible orientation remaining in
the sample, but the crystallization kinetics, as shown in Figure 31, indicate that nucleation is still
occurring.  From this analysis, it is concluded that crystallization kinetics associated with flow-
induced precursors and shish-kebab microstructures are preserved at temperatures below the
equilibrium melting point, and crystallization kinetics can be studied in the sheared samples at a
maximum temperature of 275 °C.

To investigate the isothermal crystallization kinetics of the sheared materials, samples were
sectioned utilizing polarized light microscopy at differing work levels to capture at least one shish-
kebab structure per FSC sample. The samples were then analyzed in a manner similar to that
applied in the quiescent experiments discussed in Chapter 5.1.1, except that the maximum
temperature was kept at 275 °C to preserve the flow-induced nuclei. The crystallization half-time
as a function of temperature is displayed in Figure 32. It is shown that in the high temperature
regime, which has previously been found to indicate heterogeneous nucleation, the shear history
decreases the crystallization time, indicating an increase in nucleation efficiency. The nucleation
effect increases with increasing work level. At the shear work levels studied here, up to 86 MPa,
the system has not yet reached its saturation point regarding nucleating effect, indicating that
further increases in work levels should continue to decrease the crystallization time. In the low-
temperature regime, corresponding to the homogeneous nucleation mechanism, the crystallization
kinetics of the sheared material revert to those associated with the quiescent conditions, confirming
that the flow-induced nuclei act in a manner similar to heterogeneous nucleation sites. This
crystallization behavior at high supercooling is in agreement with other polymer systems nucleated
with heterogeneous impurities, confirming that the flow-induced nuclei affect only the

heterogeneous crystallization regime [42,48,166—-169].
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Figure 32: Peak-time of crystallization for PA 66 at increasing work levels. The lines are provided as a visual guide only
and do not represent a model or data fit. Reprinted [145] with permission from https://doi.org/10.1021/acs.macromol.8b00195.
Copyright 2018 American Chemical Society.

It was also found that with increasing shear work, the temperature at which
heterogeneous/homogeneous nucleation mechanisms switch, designated by the local maxima in
crystallization time, is reduced to lower temperatures. A POM analysis was performed at high and
low degrees of supercooling from the melt with an unsheared and sheared sample. These images
are displayed in Figure 33, and confirm large, spherulitic crystal growth at high temperature (200
°C), with the appearance of shish-kebab structures developed. The microstructure development at
low temperature shows agreement between the sheared and unsheared material, as the features are
too small to be seen in POM. Though the flow-induced nuclei are still present, as studied in
subsequent experiments, it does not nucleate macro-structures detectable in POM at low

temperature.
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Figure 33: POM images depicting the resulting microstructure melt crystallized at 70 °C (left) and 200 °C (right) of
unsheared (top) and sheared (bottom) samples. Reprinted [145] with permission from
https://doi.org/10.1021/acs.macromol.8b00195. Copyright 2018 American Chemical Society.

A non-isothermal crystallization analysis was then performed to determine the effect of shear
history on crystallization from the melt at differing cooling rates. The relative crystallinity as a
function of cooling rate is depicted in Figure 34. The cooling analysis technique maintains a
maximum temperature of 275 °C to preserve the flow-induced nuclei, and the same specimen is
cycled at decreasing cooling rates from 5000 to 10 K/s. A consistent heating rate to the melt of
500 K/s is used to determine the crystallinity formed during the previous cooling cycle [22]. The
sheared samples display an early onset of crystallization compared to that of the zero shear disc
sample. The critical cooling rate to produce a fully amorphous sample increases from 500 K/s in
the unsheared disc to about 2,000 K/s in the sheared materials. This extension of crystal
development to higher rates is similar in behavior to heterogeneously nucleated systems [48,170].
The cooling rate required to suppress crystallization is also extended to higher temperatures in the
sheared materials, where an increase in shear provides an increase in cooling rate required to
suppress crystallization. In the no shear disc, crystallinity is relatively consistent up to rates of
approximately 30 K/s, where there is a drastic decrease in crystalline content with increasing
cooling rate. The cooling rate required to cause significant reduction in crystalline content is
increased with increasing cooling rate to approximately 200 K/s at 86 MPa of shear work history.

The ability of the system to crystallize at higher cooling rates after subject to work is expected to
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be an immediate benefit to the injection molding community, where cumulative shear history can

prove to be an effective tool to increase crystallinity in fast-cooling applications.
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Figure 34: Cooling rate dependence of crystallinity of unsheared and sheared PA 66 (Zytel 101). Reprinted [145] with
permission from https://doi.org/10.1021/acs.macromol.8b00195. Copyright 2018 American Chemical Society.

Further flow-induced crystallization experiments were performed to analyze the effects of

crystallization temperature with consistent shearing temperature.

Figure 35 displays the

crystallization onset time as a function of work after shearing at 270 °C and quenching to the

crystallization temperatures of 248, 250, and 252 °C.

It is shown that with increasing

crystallization temperature, the crystallization onset time is increased below the critical work level.

For each crystallization temperature, the critical work level required to reduce the onset time of

crystallization is approximately the same. This proves that regardless of subsequent crystallization

conditions, the same initial entropy change from flow is required to influence flow-induced

crystallization, so W is consistent.
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Figure 35:Crystallization onset time as a function of specific work in neat PA 66 using 8 mm cone and plate fixtures.
Shearing was performed at 270 °C and the sample was quenched to 248 °C , 250 °C, or 252 °C to monitor crystallization.
Reprinted [157] with permission from https://doi.org/10.1002/marc.202200418. Copyright 2022 from Wiley.

6.2 Use of polymer nanocomposites to investigate heterogeneous nucleation

The long, thread-like shish that develop during flow have similar geometric attributes to that
of a carbon nanotube (CNT), and so CNT nanocomposites were used for a heterogeneous
nucleation comparison. It has been documented that UHMWPE polymer shish diameter are
approximately 10 nm and length can reach over 10 um [163,164], while the CNT used in this
masterbatch are of 10 nm diameter and 10 um length [142]. It is hypothesized that the nucleating
efficiency of flow-induced precursors and the efficiency of the heterogeneously nucleated system
resulting from the incorporation of CNT may therefore be similar, if the nucleation is primarily
derived from the shape-factor of the nucleating entity. CNT nanocomposite samples were
prepared at low loading of 0.01, 0.1, and 1 wt-%. After the masterbatch was diluted to the desired
CNT content, TEM analysis was performed to confirm minimal agglomeration. Micrographs of
increasing magnification from TEM are displayed in Figure 36.
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Figure 36: TEM images of PA 66 + 1% CNT. Imaging confirms minimal agglomerations after dilutions were compounded
on a twin-screw extruder. Reprinted [157] with permission from https://doi.org/10.1002/marc.202200418. Copyright 2022 from
Wiley.

As discussed later, the additive of CNT can greatly accelerate the crystallization of PA 66
nanocomposites. It is important to confirm the formation of the same polymorph in the temperature
region where crystallization temperature of PA 66 nanocomposite can be controlled. To confirm
the crystal polymorph formed in the presence of the nanotubes, neat PA 66 and 1 % CNT
nanocomposite were prepared in the DSC at 10 K/min cooling and subsequently analyzed using
WAXS. Figure 37 displays the WAXS pattern of these materials, and the signals display peaks at
approximately 20.3 and 23.7 degrees. These peaks relate to the (100) and (010)/(110) lattice planes
of the triclinic unit cell indicative of the PA 66 a-form [26].

Neat PA 66

Intensity

1 wt-% CNT

15 20 25 30

Scattering angle 26 (deg)

Figure 37: WAXS patterns of neat PA 66 and PA66 + 1% CNT. Samples were crystallized in the DSC at 10 K/min cooling
from the melt. Reprinted [157] with permission from https://doi.org/10.1002/marc.202200418. Copyright 2022 from Wiley.
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A non-isothermal crystallization analysis was performed at rates ranging from 1 to 4,000 K/s,
and the subsequent melting peak (500 K/s heating rate) was analyzed to determine the crystallinity
developed during cooling. Representative cooling curves and subsequent heating curves for the
neat and 1% CNT nanocomposite samples are shown in Figure 38 and Figure 39, respectively. The
lowest cooling rate used (1 K/s) is highlighted in red and the highest cooling rate (4,000 K/s) is
highlighted blue, with the range of cooling rates between being displayed in gray. At low cooling
rates, there is high signal-to-noise in the peaks that is reduced as the cooling rate increases.
Crystallization is observed during higher cooling rates with a stronger exothermic signal in the
nanocomposite sample compared to neat PA 66. The peak crystallization temperature as a function
of the cooling rate for the neat PA 66 and the PA66/CNT nanocomposites is displayed in Figure
40a. Inthe CNT nanocomposites, the crystallization temperature is increased approximately 25 —
35 K from that of the neat PA 66. This behavior indicates heterogeneous nucleation by CNT on
cooling. The difference in peak crystallization temperature at the different CNT loading levels is
difficult to distinguish and is within the margin of error from measurement-to-measurement due
to slight differences in sample size and potential fluctuations in CNT content contained in each

sample.
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Figure 38: Cooling curves from 4,000 K/s (blue) to 50 K/s (red) for (a) neat PA 66 and (b) PA 66 + 1% CNT. Reprinted
[157] with permission from https://doi.org/10.1002/marc.202200418. Copyright 2022 from Wiley.
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Figure 39: Heating curves at 500 K/s after non-isothermal cooling analysis for (a) neat PA 66 and (b) PA 66 + 1% CNT.
Red line indicates heating after lowest cooling rate (1 K/s) and blue line indicates heating trace after fastest cooling rate (4,000

K/s). Reprinted [157] with permission from https://doi.org/10.1002/marc.202200418. Copyright 2022 from Wiley.
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The heating curves were collected after each cooling cycle and then used to analyze the
crystalline fraction developed during the previous cooling step. The heating curves for the neat
PA 66 and PA 66/CNT nanocomposites are shown in Figure 39, where the red and blue curves
indicate heating after the lowest cooling rate (1 K/s) and the highest cooling rate (4,000 K/s),
respectively. The gray curves indicate the mid-range heating scans completed between these
extremes. In this analysis, any exothermic response associated with cold crystallization on heating
was subtracted from the melting peak. The relative crystallinity as a function of cooling rate is
presented in Figure 40b, which were calculated based on subsequent heating scans where any
reorganization from cold crystallization was subtracted from the melting enthalpy, as shown in
Figure 39. The data from Figure 39 shows the neat PA 66 has a much more distinct cold
crystallization peak than the 1% CNT nanocomposite. In the summarized data plotted in Figure
40b, it is evident that the neat PA 66 sample displays a slow decrease in crystallinity as cooling
rate increases from 1 to 80 K/s. At cooling rates greater than 80 K/s, crystallinity decreases as a
function of increasing cooling rate until a fully vitrified sample is produced at rates greater than
1,000 K/s. By comparison, the CNT samples exhibit only a slight decrease in crystallinity at
cooling rates up to approximately 2,000 K/s, where the sharp decline is initiated. The cooling rates
available using FSC (up to 4,000 K/s) cannot outpace crystallization on cooling for these
nanocomposite systems, so the critical cooling rate required to produce a fully amorphous sample
cannot be detected by the techniques employed here.
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Figure 40: Non-isothermal crystallization of PA 66 (Zytel 101) and its CNT nanocomposites at 0.01, 0.1, and 1 wt-%

loading. The peak crystallization temperature on cooling (a) and subsequent melting enthalpy studied at 500 K/s heating (b) are
displayed. Reprinted [157] with permission from https://doi.org/10.1002/marc.202200418. Copyright 2022 from Wiley.
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An isothermal crystallization experiment was performed on the PA 66/CNT nanocomposites
at low loadings. Results indicate that, even at loadings less than 1% CNT, heterogeneous
nucleation was so dominant that crystallization could only be studied in the high-temperature
regime. The significant nucleating efficiency of the CNT nanocomposites is evident from data
presented in Figure 41. Because the onset of crystallization on cooling was increased to higher
temperatures, isothermal crystallization signals could not be obtained below 220 °C. From the
non-isothermal analysis, the crystallization onset for the CNT nanocomposite systems cooled at
1,000 K/s occurs at approximately 220 °C, and so an accurate peak time of crystallization in the

isothermal analysis could not be analyzed at temperatures below 220 °C.
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Figure 41: Isothermal crystallization of PA 66 CNT nanocomposites at 0.01, 0.1, and 1% loading as studied by FSC.
Reprinted [157] with permission from https://doi.org/10.1002/marc.202200418. Copyright 2022 from Wiley.

The microstructure of the neat PA 66 and corresponding nanocomposites were analyzed by
melt crystallizion on an FSC chip at 200 °C for 5 min. The sample adhered to the membrane was
then shattered away from the ceramic FSC chip and placed on double sided adhesive on an AFM
sample stub for imaging. The AFM images of the material formulations are presented in Figure
42. 1t is shown with increasing CNT content (left to right), the spherulite size is first reduced and
then above a critical level, the spherulites turn to a nodular structure (levels > 0.5% CNT). It has
been shown in CNT nanocomposites of poly(butylene succinate) (PBS) that once the CNT level

exceeded the saturation limit for nucleating properties, the microstructure changed from spherulitic
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below the saturation limit to such a high level of nucleation where spherulite boundaries were not
discernable by POM [171]. For reference, the PBS material also formed a continuous network
exceeding saturation threshold for rheological, electrical conductivity, and crystallization
properties between 0.1 and 0.3% CNT [171].

eI crystllized at 2 °C. op row and bottom row images
depict height mode collection and peak force error mode collection, respectively. Images arranged from left to right indicate
increasing CNT content with neat PA 66 (a, ), PA 66 + 0.01% CNT (b, f), PA 66 + 0.1% CNT (c, g), and PA 66 + 1% CNT (d,
h). Reprinted [157] with permission from https://doi.org/10.1002/marc.202200418. Copyright 2022 from Wiley.

Considering the strong influence of all CNT loading levels studied on the crystallization
kinetics of the PA 66 matrix, it is hypothesized that even at the lowest loading levels, the CNT
provides more nucleating surface availability than is required for maximizing crystallization
efficiency in PA 66. One may consider the systems under study here in light of the commonly
described saturation threshold known to facilitate a 3-dimensional network of CNT through a
matrix. Implications of saturation threshold of reinforcing agents on polymer crystallization are
not widely understood, but in all blends studied the CNT forms a continuous network, indicating
the polymer has a very short diffusion pathway to either a nucleation surface or a lamellar growth
front. The ultra-low saturation threshold measured here by FSC was confirmed in melt-mixed PA
66/CNT systems using standard DSC, where a saturation threshold of 0.04 wt-% was found for
electrical conductivity and crystallization temperature on cooling [172]. In the work by Krause
[172], it was proposed that the shear applied during the melt-mixing process helps to enable
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elongation of the CNT fibers and aid with dispersion, both of which are hypothesized as critical

factors to enhancing the nucleation efficiency from the CNT surface.

6.3 Nucleating efficiency of flow-induced nuclei and heterogeneous nucleators

It is hypothesized that the nucleating efficiency of flow-induced precursors and the efficiency
of the heterogeneously nucleated system resulting from the incorporation of CNT may therefore
be similar, if the nucleation is primarily derived from the shape-factor of the nucleating entity.
Figure 43 displays the idealized geometries for the shish (a) and the CNT (b), where the diameter
and length are 10 nm and 10 um, respectively. The shish is comprised of chain-extended crystals
[81] that stretch in a flow field and do not relax because shear flow exceeds Rouse time. There are
chain entanglements that allow for growth in the length of the stretched segment as the polymer
flows [163], as depicted in Figure 43a. The shish can also have an irregular surface, as individual
chains can be excluded from the shish, as cilia. In contrast, the CNT does not have any
entanglement or surface conformation disorder, making it a perfect surface modification agent,
though it can be manipulated using surface modification as is sometimes done to improve the
interfacial adhesion to a specific polymer [173]. To compare nucleation effectiveness of the shish
and the CNT, sheared samples of neat PA 66 were created to obtain the same fraction of shish as

the CNT nanocomposites.

Figure 43: Shish geometry (a) compared to CNT geometry (b), where it is known diameters are similar at 10 nm and lengths

are similar, reaching up to 10 um.
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When a polymer melt is subjected to shear, the longest chains are stretched and are unable to
relax back to the isotropic state in a shear field before crystallization. This mechanism is the
driving factor behind the development of flow-induced precursors that nucleate a polymer system
subjected to flow. The number of stretched chains is dependent on both the molecular weight
distribution of the polymer system and the level of shear imposed on the melt. The Rouse time
(tr), or relaxation time of the longest chains, is a determining factor for the temporal stability of

stretched long chains in the melt. In the case of linear polymers like PA 66, the Rouse time of the

M 2
== (57) =
e

where M is a specific molecular weight in the system, M, is the molecular entanglement weight,

system is given by

and t,, is the Rouse time of an entangled strand. The molecular weight distribution for the neat
Zytel 101 is displayed in Figure 44.
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Figure 44: Molecular weight distribution of PA 66 (Zytel 101). Mn = 11,300 g/mol, Mw = 22,700 g/mol, and Mw/Mn = 2.0

calculated using the Mark-Houwink parameters [145].

Given the equation above, the amount of stretched chains at any given shear rate can be
calculated based on the proportion (M2/M1)? = (tr,/Tr1) [102]. In the case of PA 66, the critical
shear rate to induce chain deformation from orientation/stretching is approximately 0.1 s*
according to the Cox-Merz rule failure, as shown in Figure 45. For this analysis, the neat PA 66
was sheared at oscillatory frequencies ranging from 0.1 to 100 rad/s and steady shear rates from

0.01to 100 s, Where the viscosity (steady shear) diverges from the complex viscosity (oscillatory
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shear), the molecules have become stretched and are showing a shear-thinning viscosity response.
This point is the critical shear rate to induce stretching under steady shear conditions. The Rouse
time for the longest chain can then be calculated as the reciprocal of the critical shear rate

(0.1 sh), yielding a relaxation time of 10s.
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Figure 45: Cox-Merz analysis to find the onset of orientation in steady shear flow for neat PA 66. Reprinted [157] with
permission from https://doi.org/10.1002/marc.202200418. Copyright 2022 from Wiley.

In this system, where M is the molecular weight of the longest chains ~ 2 x 10° g/mol, and 0.1
s'is the shear rate to induce orientation, the fraction of stretched chains as a function of shear rate
is plotted in Figure 46. It is noted that since 0.1 s is the critical shear rate to induce orientation,
zero stretched fraction would be expected at shear rates below 0.1 s*. From this calculation, a
specific fraction of stretched chains can be compared to a similar weight fraction of CNT to
compare nucleation efficiency. Since the long, needle-like geometry of the shish is similar to the
geometry of a CNT, the self-nucleation of the flow-induced system can be compared to that of a
heterogeneously nucleated nanocomposite. It is expected that the stretched chains comprised of
the high molecular weight fraction will constitute the shish of the oriented structures and the
shorter chains will remain isotropic and may form the kebabs and spherulitic structures when

further crystallized [69].
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Figure 46: Amount of stretched chains as a function of shear rate in PA 66.

For the proportion calculation to describe fraction of stretched chains as a function of shear

rate (M2/M1)? = (tz,/Tr1), an example calculation is presented for the target shear rate of 0.6 s™.

(2 x 10° g/moz>2 _ 01s7!

X g/mol 0.6s71
This calculation yields a critical molecular weight of 81,650 g/mol at 0.6 s™*. To find the fraction
of stretched chains at this shear rate, the My fraction above this critical molecular weight value are
calculated to be a total fraction of 1%. As summarized in Table 2, shear rates of 0.16, 0.27, and
0.60 st correspond to 0.01, 0.1, and 1 % stretched chains. These levels can be compared to CNT
loadings to analyze nucleating efficiency of the shear rates and nanocomposite loading studied

here.

Table 2: Shear rate required to produce a specific fraction of stretched chains relevant to CNT loading

Shear rate (s?) Stretched chains (%0)
0.16 0.01
0.27 0.1
0.60 1
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6. Results and Discussion

The nucleating efficiency of the sheared PA 66 is compared to that of the CNTSs at the same
stretching fraction by inducing a specified amount of stretched chains using the shear rate
calculation summarized in Table 2. Stretching fractions of 0.01, 0.1, and 1% were targeted by
shearing at 0.16, 0.27, and 0.6 s, respectively, for 60 s. This was compared to the quiescent
crystallization of PA 66/CNT nanocomposites at 0.01, 0.1, and 1 % at 258 °C. The crystallization
onset time as a function of stretched fraction is shown in Figure 47, where it can be clearly
demonstrated that the CNT has a much higher nucleating effect than the flow-induced precursors.
With the same stretched fraction, the time required to crystallize the sheared neat PA 66 is at least
five times greater than what is required to crystallize the nanocomposites. The highly ordered
surface of the CNT is more regular and has perfect conformation as it is rod-like graphite, making
it a better surface to nucleate crystallization. Though the flow-induced precursors can accelerate
crystallization compared to the quiescent matrix, the surface of the shish is not an ideal surface for

nucleation.

lUS L L T AL T T
~® PAG6FIC ]
® PA66+CNT ]

10° F 0.16 5 Quiescent PA 66 3
________________ [ s
—u 0.651
~m
10° | . 4

Crystallization onset time (s)
2
T
1

1 Lol

" 1 M |
0.001 0.01

0.1 1 10

Calculated stretched fraction or CNT loading (%)

Figure 47: Crystallization onset time as a function of stretched fraction comprised of shish or CNT. Crystallization takes
place at 258 °C.

The complex viscosity as a function of oscillatory frequency for the neat PA 66 and its
nanocomposites are displayed in Figure 48. It can be seen that with increasing CNT content, the
complex viscosity at 270 °C is increased, which is confirmed in other polymer systems including

PC [174] and PA 11 [175]. The 1 % CNT loading also displays more shear sensitivity, as a shear-

thinning effect is more pronounced than in the low CNT loaded samples and neat PA 66. It has
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been discussed that shear forces can easily align the CNT, which will subsequently destruct the
chain entanglements in the flow field, producing a larger shear-thinning effect [175]. The viscosity
differences of the materials are also more distinct at low frequencies, as shear thinning results in

approximately the same viscosity at high frequencies.
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Figure 48: Complex viscosity of PA 66 and its CNT nanocomposites at 270 °C as a function of frequency. Reprinted [157]
with permission from https://doi.org/10.1002/marc.202200418. Copyright 2022 from Wiley.

To compare the flow-induced crystallization kinetics of the neat system to that of the unsheared
CNT nanocomposite, the 1% CNT composite was used as a reference material. A series of shear
rates ranging from 0 to 100 s* at 60 s shearing time were studied, and it was found that shear had
no effect on crystallization in the CNT nanocomposite system in the analyzed range of parameters,
as shown in Figure 49. It appears that the high nucleating efficiency of the CNT exceeds any
crystallization acceleration from flow. This system showed no synergistic effects of CNT and
flow, as the nucleating effects of the CNT enabled an apparent minimum crystallization time in
the PA 66 material. When the onset of crystallization (10% conversion) as a function of shear
work in the nanocomposite system was compared to that of the neat PA 66, plotted in Figure 50,
the onset of crystallization is constant at approximately 100 s, where no critical work level was
shown to reduce the onset time of crystallization. It is expected that under practical conditions
encountered in typical melt processing at industrial scale, the CNT nucleation would provide for a
more homogenous crystal development, where the distribution in shear work across the part

geometry would not be a critical factor.
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Figure 49: Complex viscosity as a function of time for PA 66 + 1% CNT at differing shear rates at constant shear time (60

s) crystallizing at 250 °C. Reprinted [157] with permission from https://doi.org/10.1002/marc.202200418. Copyright 2022 from
Wiley.

The neat PA 66 shear history was extended to higher work levels to explore if the sheared neat
PA 66 could reach faster crystallization onset than sheared PA 66/CNT nanocomposite at a
crystallization temperature of 250 °C. It was found that there is an upper threshold for saturation
in the neat PA 66 sample, where the crystallization onset time reaches a minimum, the addition of
increased shearing rate and time does not further reduce onset time of crystallization. This onset
time of crystallization is equal to that of the PA 66/CNT nanocomposite at 100 s, indicating there
is either (1) a minimum time for crystallization in the PA 66 sample at 250 °C regardless of
increased heterogeneous nucleation sites, whether they are from foreign particles or stretched PA
66 fraction or (2) the minimum time to measure crystal development using this technique is 100 s,

and crystallization faster than 100 s cannot be detected fast enough due to cooling limitations.
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Figure 50: Onset time of crystallization for PA 66 + 1% CNT in comparison to neat PA 66 at 250 °C. Reprinted [157] with
permission from https://doi.org/10.1002/marc.202200418. Copyright 2022 from Wiley.

The flow-induced crystallization of 1 % CNT nanocomposites was further studied at a range
of crystallization temperatures to better understand if the saturation behavior depicted in Figure 50
is a function of a maximum level of nucleation in PA 66 or a limitation of the crystallinity
measurement using the rotational rheometer. Similar to the method used above, the PA 66 + 1 %
CNT nanocomposite was heated to 290 °C to erase the thermal/shear history, cooled to 270 °C to
perform the steady shear step at a specific rate and time, and cooled to crystallization temperatures
of 250, 255, 258, or 260 °C to monitor crystallization using SAOS. The crystallization onset time
as a function of specific work calculation is plotted in Figure 51. It can be seen that the
crystallization onset time for the 1 % CNT nanocomposite is approximately 100 s for
crystallization at both 250 and 255 °C, indicating the equipment cannot measure a crystallization
onset time less than 100 s, confirming this behavior is a limitation of this technique/equipment as
a reduction in crystallization temperature should yield a reduction in crystallization time.
However, the crystallization behavior at 258 and 260 °C show the onset time for crystallization is
consistent through the full specific work range studied here. In the neat PA 66 sample, flow-
induced crystallization initiated at 0.1 MPa. The characteristic FIC indicator of a reduced
crystallization onset time does not occur in the PA 66 + 1 % CNT, indicating that this material has
reached its saturation threshold and cannot be further nucleated with the addition of shear beyond

the critical work threshold to initiate FIC.
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Figure 51: Onset time of crystallization for PA 66 + 1% CNT at crystallization temperature of 250, 255, 258, and 260 °C.
Reprinted [157] with permission from https://doi.org/10.1002/marc.202200418. Copyright 2022 from Wiley.

The crystallization onset time of PA 66 + 1 % CNT at 258 °C is approximately 300 s, which
is above the minimum threshold collection for this experiment, as observed when crystallizing at
250 °C and 255 °C. PA 66 with 0.01 % and 0.1 % CNT were also tested for FIC properties by
shearing at 270 °C and crystallizing at 258 °C, as shown in Figure 52. Both 0.01 and 0.1 % CNT
nanocomposites show decreasing onset of crystallization time at work levels greater than the
critical work level, suggesting that if the CNT content is below the saturation threshold, there is

capacity for increased nucleation activity and shear flow can further nucleate the PA 66.
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Figure 52: Onset time of crystallization for PA 66 + 0.01, 0.1, and 1% CNT at crystallization temperature of 258 °C.
Reprinted [157] with permission from https://doi.org/10.1002/marc.202200418. Copyright 2022 from Wiley.

To properly reflect on this experimental evidence, the PA 66 experimental data is applied to

the commonly referenced Housman model. The model is proposed in Figure 53, where the x-axis

has been modified to indicate shear work, instead of the previously used shear rate, to account for

critical factors of shearing time and viscosity which have been confirmed.
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Figure 53: Proposed model of shear work’s influence on crystallization time for PA 66. The model has been updated from
the original Housman model [82]. Reprinted [157] with permission from https://doi.org/10.1002/marc.202200418. Copyright

2022 from Wiley.

Flow-induced crystallization effects in polymer nanocomposites have recently been studied,

and it was found that while the nanotubes can act as a heterogeneous nucleation site under

quiescent crystallization, the addition of shear flow had synergistic effects on subsequent
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crystallization [53,105,113,117,176]. In comparison to the PA 66 studied here, it appears that a
minimum crystallization time has already been met simply by the addition of the melt compounded
CNT at only 1 % loading. Shear had no additional effects on the crystallization in the
nanocomposite system when the nanotube content is over the saturation threshold, noting that the
PA 66 has a minimum time of crystallization at a specific temperature regardless of the
heterogeneous nucleation mechanism (self- vs foreign-nucleated). However, if the nucleation
content is lower than the saturation limit, shear flow can further nucleate the crystallization
process. In summary, the critical parameters that influence CNT nanocomposite flow-induced
crystallization are (1) the large surface area to volume ratio of the CNT (2) the dispersion of the
CNTs in the polymer matrix, and (3) the crystallization kinetics of the polymer. Compared to
crystallization of sheared samples subjected to flow that have the same stretched/shish fraction, it
was determined the regular surface of the CNT is a more favorable nucleating surface than the
shish.
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7. Summary and Conclusions

This dissertation details the quiescent and flow-induced crystallization kinetics of neat PA 66.
The crystallization kinetics and microstructure formed at high rates and degrees of supercooling,
which had not yet been studied in a sheared polymer under controlled shearing rate, time, and
thermal conditions, were investigated. After using calorimetry and rheometry as accurate and
informative sample preparation tools, the subsequent microstructure was analyzed. PA 66/CNT
nanocomposites with differing loading levels were then studied as a surrogate to the shish
precursor that was shown to nucleate PA 66 material. It was hypothesized that the nucleating
efficiency of flow-induced precursors and the efficiency of the heterogeneously nucleated system
resulting from the incorporation of CNT may therefore be similar, if the nucleation is primarily
derived from the shape-factor of the nucleating entity. The goal of this work was that the polymer
science fields of thermal analysis and rheology be combined to bridge a fundamental knowledge
gap to improve the science of plastic manufacturing.

First, neat PA 66 was studied both isothermally and non-isothermally using fast scanning
calorimetry. The bimodal peak time of crystallization for PA 66 was shown to be attributable to
the nucleation mechanism change from heterogeneous at high temperature (>130 °C) to
homogeneous at low temperature (<130 °C). Using FSC as a sample preparation tool for polarized
optical microscopy and atomic force microscopy, analyses showed crystal superstructures formed
in the heterogeneous and homogeneous regimes produced large, spherulitic structures and nodular
domains, respectively. A polymorphic transition was also found to occur in the range of
approximately 110 — 120 °C, where the a-structure was developed at low supercooling and the
y-form was produced at high supercooling. Under non-isothermal cooling conditions, rates over
100 K/s the PA 66 were found to significantly suppress crystallization in PA 66 and produce a
completely amorphous sample at rates over cooling rates exceeding 1,000 K/s.

The crystallization of neat PA 66 was then studied after imposition of precise shearing
conditions, where an emphasis was placed on the shearing time, shearing rate, and viscosity of the
melt; factors are combined to yield a shear work value. The flow-induced crystallization kinetics
were first studied by monitoring the increase in viscosity as the crystal fraction developed over
time. Plotting the onset of crystallization as a function of work yielded a critical shear rate of
0.1 s and a critical work level of approximately 0.1 MPa required to induce the development of
the stretched polymer chain entity known as the shish. Once a critical work level was established,
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samples were preconditioned under controlled shearing conditions, solidified, removed from the
rheometer, and subsequently sectioned and analyzed using fast scanning calorimetry. Precursor
structures visible in polarized optical microscopy allowed for the precise sample selection where
at least one shish was sectioned and analyzed in each calorimetric analysis. The high-temperature
stability below the equilibrium melting temperature was a critical factor in this analysis, as the
stretched fraction remained stable in the melt and could be subjected to many cycles of thermal
analysis per sample without destroying the flow-induced precursors. It was found that under
isothermal conditions, shearing only affected crystallization in the heterogenous regime, and even
extended heterogeneous nucleation to lower temperatures than those associated with nucleation in
the quiescent samples. Under non-isothermal cooling conditions, the sheared samples were shown
to start crystallizing at higher cooling rates than that of the unsheared sample.

PA 66/CNT nanocomposites at low loadings (0.01 — 1 wt%) were then analyzed at quiescent
conditions. At isothermal conditions, even 0.01 % CNT was able to reduce crystallization time by
an order of magnitude. With increasing CNT content, time for crystallization was reduced and
even outpaced cooling rates obtainable by FSC analysis. In non-isothermal experiments, the
crystallization temperature on cooling could be increased 20 K higher with the addition of CNT,
and rates needed to suppress crystallization on cooling exceeded the capacity of the FSC unit
(> 4,000 K/s). AFM imaging of the topography of samples crystallized at 200 °C showed large
spherulites in the neat PA 66 specimen, decreased spherulite size at 0.01 % CNT, and nodular
crystal growth at 0.1 and 1 % CNT, though X-ray characterization showed high temperature
crystallization would still produce the a-phase, as is true in the neat PA 66 sample.

Crystallization after flow in the CNT nanocomposites at 1 % loading showed no effect from
shear, indicating that the CNTs have already saturated the heterogeneous crystallization potential
in the nanocomposite, and shearing provided no additional contribution to acceleration of
crystallization time. At 0.01 and 0.1 % CNT, which calorimetry showed were not above the
saturation limit for nucleating crystallization, the addition of a flow field could further nucleate the
system if sheared above the critical work level. The content of CNTs did not affect the critical
work level for precursor development. The CNTs proved to be more efficient in nucleating the PA
66 than flow at the same volume content, as calculated using the molecular weight distribution of

the polymer material. This is concluded to be due to the high-temperature stability in the melt.
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It is expected that these results will help scientists and process engineers determine the
relationship between part processing under typical manufacturing conditions and final
microstructure development. Since the resulting microstructure has been shown to influence the
shrinkage/warpage of molded parts and final part properties, the predication of crystalline content,
superstructure, and polymorph, is critical for the next stage of advanced manufacturing. It is
desired that the process-relevant cooling conditions studied here under quiescent conditions, after
shear flow, and in the presence of nanoparticles can help clarify the crystallization mechanisms in

processed PA 66.
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7.1 Recommendations for further study

The work described in this dissertation reflects the crystal nucleation in PA 66 and its CNT
nanocomposites in the quiescent state and after subjected to a flow field. It is expected that other
polymer material families will nucleate with similar characteristics to the PA 66, but further work
is needed to confirm the nucleating behavior is universal. Crystal nucleation studies showed
saturation with CNT loadings of only 1 wt-% CNT, but preliminary studies in PEEK show the
threshold for saturation is approximately 5 wt-% CNT [170], indicating that the nucleating
efficiency is different for individual polymers. Other polymer families including iPP, PLA, and
PA 6 are thought to be good candidates for initial next steps in studying a variety of chain mobility
and chemistries.

The nucleating efficiency of the CNT in PA 66 is extremely effective, even greater than self-
nucleation of stretched shish when calculated to be at the same surface area as CNT. It would be
beneficial to further understand why the CNT is such an efficient nucleant in PA 66 compared to
other materials. A variety of lengths and diameters of CNTs could be studied to understand the
role of surface area impact on crystal nucleation. In addition, surface modification could be
performed to the surface of the CNT to understand the implications of the conformationally perfect
surface of the unmodified CNT. The trade-off between crystal nucleation and interphase
development for mechanical properties can be better understood.

The analysis of flow-induced crystallization in PA 66 using other reinforcing agents, additives,
and fillers, is also thought to be a valuable endeavor. The high surface area and aspect ratio of the
CNT proved to be an extremely effective nucleating medium. However, other materials like talc,
carbon fiber, glass fiber, and calcium carbonate are all common fillers and reinforcing agents used
in PA 66. Their contribution to crystal nucleation and flow-induced crystallization would prove to
be beneficial for industry melt processing and a fundamental science regarding polymer

crystallization.
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