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ABSTRACT: Flow-induced crystallization (FIC) is a dominant
mechanism of polymer self-assembly, but the process is poorly
understood at high supercooling and under fast cooling
conditions because of structural rearrangements that occur during
slow heating and cooling conditions typically used for
investigation. Incorporating fast-scanning chip calorimetry
techniques, the influence that specific amounts of shear flow
have on the subsequent crystallization of polyamide 66 over a
wide range of temperatures, 85—-240 °C, is determined. At high
temperatures, heterogeneous nucleation dominates and crystal-
lization rate increases with increasing shear. Low-temperature crystallization, driven by homogeneous nucleation, is not
influenced by previous shear flow, but sheared samples are able to crystallize via the heterogeneous nucleation route at
temperatures 15 K lower than unsheared materials. The magnitude of previous shear flow also dictates a-/y-crystalline phase
development and crystallization during cooling at rates below 200 K/s. This approach provides a route to develop important
thermodynamic and kinetic insights that describe the crystallization behavior of many important polymers to enable the advanced
engineering of polymer processing and injection molding applications, where practical cooling rates typically range between 10
K/s and 1000 K/s.
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1. INTRODUCTION

Flow-induced crystallization (FIC) is a linchpin phenomenon
that, when understood, has the potential to unlock major

isothermal crystallization at temperatures near T, without any
crystallization occurring as the polymer is rapidly cooled from
the melt.””""

Many flexible polymers display qualitatively similar iso-

advances in polymer engineering. Despite many research gains
in FIC during the past 30 years, practical implementation of the
findings is rare because the results do not access crystallization
behaviors such as those that occur during polymer manufactur-
ing processes such as injection molding.'~* Understanding
these crystallization behaviors, which occur after the polymer
melt is subject to strong flow, rapid cooling, and high
supercooling, is required if engineers are expected to evolve
key aspects of polymer processing from more of an “art” to a
truly applied science.”™

In the past decade, a renaissance has taken place in the field
of unsheared, quiescent polymer crystallization as researchers
have established crystallization behaviors for many polymers
across temperatures spanning from the glass transition
temperature (T,) to the equilibrium melting temperature
(T%), at high melt supercooling, and under high heating and
cooling rates.” These advances are largely due to the
introduction of fast scanning chip calorimetry (FSC)
techniques that can induce fast thermal cycling while sensing
thermal transitions in nanogram-size polymer samples,
minimizing the thermal lag that limits standard thermal
analysis. Typical heating and cooling rates employed for
polymers exceed 1000 K/s, allowing investigations of
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thermal crystallization behavior between T, and a temperature
approximately 5 K below the melting temperature (Tj,) of a
slowly cooled sample.'” During slow cooling, polymers typically
crystallize at relatively high temperatures (low supercooling) via
a heterogeneous nucleation mechanism. Nucleating agent
additives are predicated on this mechanism; increasing
heterogeneous nucleating sites will increase the rate of polymer
crystallization during cooling.'”'* Decreasing the temperature
(increasing supercooling) causes an increase in crystallization
rate until a specific temperature that facilitates the fastest rate.
Further cooling causes crystallization rates to decrease due to
slower polymer diftusion to growing sites. However, examining
the halftime of isothermal crystallization for many polymers at
discrete temperatures across the entire temperature range
consistently reveals that the crystallization nucleation rate will
again increase at even higher supercooling, before slowing
down again at crystallization temperatures that approach T.
Likely, this common bimodal crystallization rate vs temperature
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relationship is due to a change in the dominant mechanism of
polymer crystallization from heterogeneous nucleation at low
supercooling to homogeneous nucleation at high super-
cooling."* While heterogeneous nucleation sites are still present
in the polymer at high supercooling, the sheer number of
homogeneous nucleation sites results in a solidification process
dominated by homogeneous nucleation. Because the homoge-
neous nucleation density is so high, the resulting solid polymer
typically does not display spherulitic structure, and the ordered
domains are very small (<10 nm) and are not visible by
polarized light. Such behavior seems typical for all polymers
and has been evidenced by experiments for polyamide 66 (PA
66), polyamide 6 (PA 6), isotactic polypropylene (iPP),
poly(butylene terephthalate) (PBT), polyamide 11 (PA 11),
and several random copolymers of propylene with 1-alkenes
despite obvious differences in chain architecture.'"">~"” Some
polymers, such as poly(e-caprolactone) (PCL), poly(ethylene
terephthalate) (PET), and poly(t-lactic acid) (PLLA), do not
display a clear low-temperature minima. However, experimental
evidence proves these polymers also undergo homogeneous
nucleation at low temperatures, and so the behavior appears to
be ubiquitous.">"*"’

Polymers crystallized from a sheared melt display (a) greatly
increased number density of crystal nuclei, (b) accelerated
crystallization after shearing, (c) anisotropic solidified morphol-
ogy due to aligned nuclei, and (d) an increased lifetime of
nuclei, all with respect to the quiescent equivalent.20 While the
FIC process still holds innumerable questions, major steps are
confirmed. The longest chains in the melt have the longest
characteristic relaxation times and are therefore affected first
under a given flow field. If the shear rate exceeds the reciprocal
of the Rouse time (1/73), then chain extension occurs.”’ Under
a flow field in the melt, the polymer chains align and stretch.
This extended chain state results in a semiordered,
mesomorphic structure with an aspect ratio of up to 10000
in the fully extended state, defined herein by the term flow-
induced precursor for crystal nucleation.”” These precursors have
both additional thermodynamic and kinetic motivation to
crystallize. Thermodynamically, the entropy of this extended
conformation is lower than random-walk coils. The meso-
morphic structure is closer to the crystal form than the liquid
state, so there is a lower free energy barrier to overcome in
crystallization.”® These favorable attributes cause crystallization
of the threadlike precursor to happen first, forming the shish
chain-extended crystal. The shish then acts as a nucleating
surface for surrounding coiled chains, which crystallize into
folded-chain lamellae (kebabs) that grow perpendicular to the
shish surface.”* >

The formation of nucleating shish crystals and the lateral
growth of kebabs occur in two distinct stages, separated in time
by the cessation of flow. Recent experiments have confirmed
that for isotactic polypropylene the nucleation step and growth
of a small amount of chain-extended crystals, which comprise
about 7% of the total growth, occur during flow while the
majority of chain-folded lamella (kebab and spherulite) growth
occurs after the cessation of flow.’”*' We use this fact to our
advantage as we first shear to create shish-kebab structures and
then remelt and recrystallize the kebab fraction of our samples
in the calorimetric studies.

In this study, PA 66 was chosen to study the change in
crystallization due to shear work in both the heterogeneous,
low supercooling and homogeneous, high supercooling range.
For this investigation, molten PA 66 is carefully subject to

known amounts of shear and then solidified. After solidification,
the sample is removed from the rheometer and sectioned for
subsequent crystallization studies using FSC. Capitalizing on
this stability of FIC nuclei at temperatures lower than T%, a
single sample can be sufficient to evaluate repeatedly under all
temperatures and rates of interest, with crystallization taking its
genesis from the flow-induced precursors.”” > Thanks to the
thermal stability of the precursors, flow-induced nucleation
density remains constant between the many thermal studies
carried out for a given sheared sample. Using this approach, the
influence that these flow-induced crystal precursors exert in the
melt on subsequent crystallization is quantified across the entire
possible crystallization temperature range, both isothermally
and during a range of cooling rates such as those the polymer
melt may encounter during processing.

While several variables contribute to FIC, a single work-
ing term combines the effects of shearing time (f,), shearing
rate (7), and temperature of the melt during shear (T,) into
“specific work” (W). During flow, the deformations caused by
W drive the FIC process.”* *' The equation for specific work
(W) is shown in eq 1, where o is the applied stress and 7 the
shear viscosity at the applied shear rate (7).

W = oy = ny’t, (1)

At low levels of W, there is no influence on ensuing
crystallization processes. However, there are defined flow
regimes that result from increasing the amount of specific work
W in the melt, as evidenced by changes in the solidified
polymer microstructure.”” A critical amount of work (W,) is
required to induce oriented structures.”***>** In this study, we
intentionally exceed the W, to create oriented PA 66 with
known levels of W using a parallel plate rheometer.*”

For engineering considerations, the leap must be made to
investigate FIC behaviors at high supercooling of the melt.*
While experimental evidence suggests that FIC is dependent on
both the degree of supercooling and the previous rate of
shearing at high temperatures, rate constants and crystallization
behaviors at high supercooling are currently estimated by
extrapolating the crystallization rate constant obtained at low-
supercooling conditions to high supercooling of the melt.” The
concept that flow-induced precursors and chain-extended shish
formed during FIC are active in subsequent crystallization
mechanisms even after a quench/remelting cycle, provided the
temperature does not exceed T, is essential to the design of
our study. Because of this stability, the accelerating influence of
these structures should be observable at high supercooling
using FSC techniques.

2. EXPERIMENTAL SECTION

2.1. Materials. The PA 66 material used in this study was
commercial Zytel 101, from DuPont (USA). It is an unlubricated and
unmodified general-purpose molding-viscosity grade, selected for this
study to ensure that no additives are present that may influence
(nucleate or hinder) the crystallization process. The material was
available in pellet form and was dried for 20 h at 80 °C before use
according to manufacturer specifications.*> Kapton tape used for the
fabrication of discs was purchased from Makerbot (USA). The
molecular weight (M,, = 22700 g/mol, M, = 11300), molecular
weight distribution, and calculated longest chain length were
determined using size exclusion chromatography. The zero-heating-
rate glass transition temperature (T,) is reported to be 60 °C using
standard DSC techniques. The equilibrium melting temperature and
bulk heat of fusion of the a-phase are 277.4 °C (547 K) and 255 J/g,
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respectively. The equilibrium melting temperature was exg)erimentally
determined using the linear Hoffman—Weeks approach.*

2.2. Size Exclusion Chromatography (SEC). SEC (LC-20AD,
Shimadzu, Japan) was used to measure the molecular weight and
molecular weight distribution. Two analysis columns (HFIP-606M,
Shodex, Japan), one guard column (HFIP-G, Shodex, Japan), and a
differential refractive index detector (RI-104, Shodex, Japan) were
used with a mobile phase of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP,
CAS# 920-66-1) containing S mM sodium trifluoroacetate (NaTFA,
CAS# 2923-18-4). A 20 mL injection volume was used, and the flow
rate was 0.2 mL/min at 40 °C. First, 100 mg of PA 66 was dissolved in
1 mL of HFIP/NaTFA solution, stirred overnight, and diluted to the
concentration of 0.05 wt %. The prepared solution was then filtered
before injection using a Millex syringe filter (EMD Millipore, Billerica,
MA) with 0.45 pm pore. The molecular weight and molecular weight
distribution curve were determined, relative to poly(methyl meth-
acrylate) (PMMA) standards. The molar mass of PA66 was then
calculated using the reported Mark—Houwink parameters; Kpypa =
0.115 X 107, apyya = 0.746, Kygyions/s = 1.236 X 107, and ayyions/s =
0.673."” M,, = 22700 g/mol, M,, = 11 300.

2.3. Polarized-Light Optical Microscopy (POM). Samples were
imaged using POM employing a Leica DM750P microscope and
DMC2900 camera. Prior to FSC analysis, the microtomed cross
sections of the disc were inspected for flow-induced structures. Careful
cutting of the samples under POM allowed for the selection of samples
with known shish-kebab content. Between FSC analyses, the sensor
containing the sample was moved to the microscope for micro-
structure evaluation.

2.4. X-ray Diffraction (XRD). Wide-angle X-ray scattering
(WAXS) experiments were performed directly on samples mounted
in the Mettler-Toledo MultiSTAR flash DSC sensor under vacuum
using a SAXS/WAXS laboratory system (Xeuss 2.0 HR, Xenocs,
France) using a microfocus sealed X-ray tube (Cu 1.54 A) operated at
50 kV and 0.6 mA as the source. The system is equipped with a
Pilatus3 R200K detector, and the sample-to-detector distance was
approximately 0.15 m. The scattering experiments were collected at
room temperature, and the 2D images were integrated over a tilted
circle profile to convert to one-dimensional scattering data of
scattering intensity I(q) (in arbitrary units) versus 26. The resulting
data were denoised by wavelets using Jade 2010 software (Materials
Data, Inc., Livermore, CA).

2.5. Sample Preparation. To probe the role of shear-induced
structures on subsequent crystallization, three PA 66 sample discs were
fabricated using a rotational rheometer. The discs were sheared to
intentionally develop a series of known maximum specific work W at
the outer radii (9, 73, and 290 MPa). The shearing time was the only
variable during fabrication; all other variables were kept constant
between the sample discs. Any differences in the resulting micro-
structure are due to this time-sensitive aspect of FIC development, and
such samples are routinely characterized using POM.> Fabrication
employed an ARES-G2 rheometer (TA Instruments, New Castle, DE)
equipped with 25 mm stainless steel parallel plate fixtures. Before
loading the PA 66 pellets on the parallel plate, Kapton tape was
attached on both top and bottom plates to facilitate easy removal of
the sheared disc after solidification for subsequent microscopic and
calorimetric analysis. The geometry held 1.2 mm gap during the entire
fabrication. Parallel plate measurements were used to confirm that the
Kapton tape introduced no variation to the shear flow of the polymer
during the sample preparation.

A time—temperature protocol that employed both rotational and
oscillatory shear was developed for the sheared-disc fabrication. First,
PA 66 pellets, after being dried at 80 °C in a vacuum oven overnight,
were melted on parallel plate fixtures at 270 °C for 1 min. A constant
shear rate of ~0.5 s™' was then applied to the molten pellets for ~5
min to aggregate the pellets without air bubbles. To erase the thermal
history, the temperature of the 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) were imposed on the melt to achieve three

specific works 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 were removed from the
parallel plate fixture for ongoing 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.

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 1. The shear rate is determined by the velocity of the rotation
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Figure 1. Shear rate and resulting specific work as a function of disc
radius are plotted for each sample. (i) Each of the four discs
experienced a shear rate of 48 s™' at a 6 mm distance from the center
as indicated. The specific work developed across the disc radii is
plotted, and the specific work level developed at the 6 mm disc
position is indicated by arrows. Arrow (ii) indicates specific work of 3
MPa, arrow (iii) indicates specific work of 22 MPa, and arrow (iv)
indicates a specific work of 86 MPa acted upon the polymer at the 6
mm sampling location. The inset box depicts the disc geometry
prepared in the rotational rheometer.

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 small bit 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 three discs used in this study
is plotted in Figure 1 as a function of radius from the center of the disc,
spanning the cross section. The specific work depends on the shear
stress per eq 1, using a steady-state shear viscosity measurement of
1400 Pa-s obtained via cone and plate rheology measurements.

The solidified discs were sectioned radially and subsequently
microtomed perpendicular to the direction of flow to obtain sections
with a thickness of 12 pm. From each disc, a sampling location of 6
mm from the zero-shear position of the microtomed strip was chosen,
disc, the material that had experienced a shear rate of 48 s™" indicated
by arrow labeled (i) and the local specific work was 3 MPa (ii), 22
MPa (iii), and 86 MPa (iv). At the 6 mm location on the microtomed
strip, specific shish-kebab structures are easily visible, and several were
selected for thermal analysis.

2.6. Isolating FIC Structures for FSC Characterization. For
this study, 12 pm thick samples were microtomed and then laterally
cut (75 um X 75 pm) from each disc of the three sheared discs at the 6
mm radial position, resulting in samples containing 3, 22, and 86 MPa
of W, respectively. An identical sample was taken from a disc fabricated
with W = 0 MPa, referred to as the unsheared disc. Figure 2 clearly
show shish-kebab structures that are visible in the microtomed strips
from each sample disc. The unsheared disc does not display shish-
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b) 9 MPa Disc

e) 73 MPa Disc

Figure 2. Polarized-light microscopy images of sheared samples for FSC analysis: (a) unsheared (0 MPa) disc at 6 mm location, (b) 9 MPa disc at 6
mm location (W = 3 MPa), (c) 73 MPa disc at 6 mm location (W = 22 MPa), and (d) 290 MPa disc at 6 mm location (W = 86 MPa). All subset
boxes indicate typical areas selected for FSC analysis. Flow direction is perpendicular to the surface shown for (b—d). (e) Shish-kebab structures
from the same sample represented in (c), grown in the direction of flow. (f) Example of a sample extracted from the 6 mm position and placed on
the FSC sensor for calorimetric analysis. For all sheared samples  is 48 s~ at the location of FSC sampling.

kebab structures, but large spheurilites can be easily observed as in
Figure 2a.

While many shish-kebab structures were visible in the direction of
flow as shown in Figure 2e, the largest shish-kebab structures selected
for further analysis were solidified perpendicular to the flow and are
easily visible in each cut sample under POM. Shish oriented
perpendicular to the shearing direction is analogous to the “log-
rolling” orientation of some fraction of the chains seen in thermotropic
liquid crystalline polymer systems in shear flows.**” Considering the
rigidity of chain-extended crystalline structures that comprise shish, it
is not surprising to find similar development of orientation in the flow-
induced melt crystallization of flexible polymers.”® The shish must
form in the direction of shear, but small perturbations in flow can
introduce a reversible orientation transition 90° from the flow
direction to the vorticity direction, referred to as “log-rolling
alignment”.*" For each FSC study, a sample area of 75 um X 75
pum, containing shish-kebab structures visible in polarized light, was cut
out of the 12 ym thick film. This small square of polymer film was
transferred to the heatable area of the FSC sensor chip, and the
polymer microstructure was visible on the FSC chip prior to
calorimetric studies. The shish-kebabs were intermittently observed
using POM to aid in our interpretation of the calorimetric studies.

2.7. Fast Scanning Calorimetry (FSC). FSC analysis was
performed using a power-compensation Mettler-Toledo Flash DSC
1, attached to a Huber intracooler TC100. Prior positioning of the
specimen on the heatable area of the sample calorimeter, the UFS 1
FSC sensor was conditioned and temperature-corrected according to
the specification of the instrument provider. The calorimeter was
purged with dry nitrogen gas at a flow rate of 35 mL/min. The sample
mass was between 120 and 300 ng and was estimated by comparing
the measured heat-capacity increment on heating a fully amorphous
sample at the glass transition temperature T, in units of J/K with the
expected mass-specific heat-capacity increment of 0.51 J /(g K).*'
Further details about the instrument/sensor are reported in the
literature.”>™>* To select samples for FSC measurements, the molded
specimens were cut perpendicular to the flow direction to obtain

sections with a thickness of 12 ym using a rotary microtome equipped
with a tungsten carbide blade. The samples were quenched using
liquid nitrogen prior to cutting to prevent ductile failure from the
blade. A similar sampling approach was developed to observe the
relaxation of FIC precursors in poly(lactic acid) using fast calorimetric
techniques, but crystallization behaviors were not observed.” Prior to
placing the sample on the FSC chip, a thin layer of thermally stable
silicone fluid (Wacker AK 60000) was applied to the surface of the
chip to aid in heat transfer and to prohibit the sample from fusing to
the chip.

2.7.1. Isothermal Crystallization. The FSC protocol to analyze the
isothermal crystallization behavior of PA 66 was similar to the protocol
used in previous work, except that the maximum temperature of the
melt chosen in this work, typically 275 °C, is lower than the
equilibrium melting temperature of 277.4 °C determined for this grade
of PA 66.° The method is depicted in Figure 3a. The lower maximum
temperature ensures that FIC nuclei formed during the shearing
process were not destroyed in the melt but were preserved through the
series of calorimetric studies. The samples cut from the microtomed
discs were placed onto a FSC sensor chip and then subject to a
temperature profile that first melted the PA 66 at 275 °C, followed by
a rapid (2000 K/s) quench to the isothermal crystallization
temperature of interest. After isothermal crystallization was complete,
the sample was quenched to —60 °C and then heated at a rate of 1000
K/s to 275 °C, melting the sample in preparation for the next target
isothermal crystallization temperature in the series. The process was
repeated until each isothermal temperature was complete. The half-
time of crystallization, defined as the time when 50% of the
crystallization is complete, is experimentally determined from the
crystallization isotherm.

2.7.2. Nonisothermal Crystallization. FSC analysis was then
employed to study the nonisothermal crystallization behavior of PA
66 at differing specific work conditions. In this thermal analysis
method, the sample was heated at a rate of 1000 K/s from 25 to 275
°C and held in the melt at this temperature for 0.5 s, again remaining
below the equilibrium melting temperature to preserve any flow-
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Figure 3. Methods for FSC analysis: (a) isothermal crystallization; (b)
nuclei survival studies executed on the FSC.

induced structures. The polymer sample was then cooled at a specific
rate between 1 and 5000 K/s to —60 °C where it was held for 0.5 s. A
subsequent heating rate of 500 K/s was used to analyze the
crystallinity that was formed during cooling. Once back at the
maximum temperature of 275 °C, the PA 66 sample was conditioned
at the next cooling rate in the sequence. This process was repeated
until all cooling rates were analyzed. The enthalpy of any cold
crystallization on heating was subtracted from the melting enthalpy to
obtain an enthalpy value that represents the crystallinity formed on
cooling. This enthalpy value was then converted to a percent
crystallinity based on the sample size.

2.7.3. Nuclei Survival Method. The sheared samples tested in the
FSC for the nuclei survival evaluation were analyzed using the same
sample, repeatedly, according to the method shown in Figure 3b. In
order to confirm that the nucleating characteristic of the shish was not
deteriorating in the melt between isothermal steps, the experiment was
duplicated with the same sample and isotherms from each series of
experiments were identical. To establish the rate of shish disassociation
or relaxation in the melt, a survival experiment was designed to
determine the onset time of disassociation, evidenced by slower
isothermal crystallization. To establish the amount of time that shish
survive at specific temperatures, samples containing shish from the 22
MPa location of the 73 MPa disc were selected. In this experiment, the
sample was first taken to 275 °C for 0.2 s, quenched at 2000 K/s to
200 °C, and allowed to isothermally crystallize for 3 s. 200 °C was
chosen for the crystallization temperature, as it has previously been
proven to produce spherulitic structures in this system.’® After
crystallization was complete, the sample was quenched at 2000 K/s to
room temperature and imaged using POM. After imaging, the same
sample was placed back into the FSC and heated to the target
maximum temperature, where it was held for 1 s, and quenched at
2000 K/s to crystallize at 200 °C prior to POM imaging. The thermal
trace of the isothermal crystallization along with the resulting POM
images allowed for calorimetric and kinetic evaluation of the shish
stability at 275 °C (below T9,) and 280 °C (above T9). New samples
were prepared for each temperature of interest.

3. RESULTS AND DISCUSSION

This study aims to determine the sensitivity of crystallization
behavior to the exact amount of specific work imparted to the
material prior to solidification across the relevant temperature
spectrum and during a series of cooling rates. Because the
sample size for FSC is sufficiently small (approximately 7S ng),
it is possible to isolate shish-kebab structures created under very
exact, known conditions and then quantify their influence on
subsequent crystallization processes. The concept that the flow-
induced precursors can survive temperatures in the melt up to
but not exceeding T, remains central to this study. Each of the
following studies will confirm that the flow-induced accel-
eration of crystallization repeatedly occurs as a single sample is
melted, undergoes crystallization and solidification, and is again
melted for subsequent studies. In the final section we discuss
how these flow-induced effects diminish with increasing time at
T > T°.

3.1. Isothermal Crystallization. The isothermal crystal-
lization half-time data detailed in Figure 4a represent the first
unambiguous, quantitative evidence that flow-induced nuclei
precursors formed during a shear step survive to nucleate
subsequent crystallization events at moderate supercooling, but
they do not dominate crystallization at high supercooling. In
this experiment the flow-induced precursors and the visible
shish structures, formed during shearing in the rotational
rheometer, were present for subsequent isothermal crystal-
lization studies in the FSC because the temperature of the melt
was limited to 275 °C, which is below the equilibrium melting
temperature.

At isothermal crystallization temperatures higher than 135
°C the accelerating effects of flow-induced nucleation, the
magnitude of which parallel the amount of work (W) to which
each sample was subject, are obvious. With increasing work
experienced by the PA 66 there is a systematic decrease in
crystallization half-time relative to the unsheared sample even at
relatively high supercooling (AT, = 145 K at a crystallization
temperature of 135 °C). These reduced peak times occur across
the range of temperatures known to facilitate heterogeneous
nucleation, between 135 and 230 °C. The mechanism is clearly
optimized at the isothermal temperature of about 170 °C,
where crystallization occurs at the highest rate. The flow-
induced structures in the melt act to nucleate in a fashion
reminiscent of systems containing purposely added heteroge-
neous nucleating agents or those containing nanofillers.””

In the low-temperature range (T, < 135 °C), crystallization is
dominated by a homogeneous nucleation mechanism,
supported by the lack of any accelerated crystallization of our
sheared samples in this temperature range. Several researchers
have shown that heterogeneities only control crystallization at
lower supercooling, despite being present in the matrix at all
temperatures.’”*" At low temperatures and high supercooling,
the concentration of flow-induced precursors is likely too low
to compete with homogeneous nuclei.'® The heterogeneous
crystallization process is limited by chain diffusion to nucleation
sites; therefore, homogeneous nucleation dominates, and the
presence of shish or threadlike precursors logically does not
influence this process. The half-time of crystallization of all
sheared samples converges with the nonsheared sample at a
crystallization temperature of about 110 °C; this low-temper-
ature peak-time minimum is likely due to the onset of the
formation of homogeneously nucleated domain-like y-meso-
phase. Previous studies of the PA 66 have established 110 °C as
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Figure 4. Isothermal crystallization. (a) Half-time of crystallization for each PA 66 sample at each temperature studied. (b) POM images depicting
the resulting crystallinity formed upon isothermal crystallization at the indicated temperature on the FSC sample chip. The black circle containing
the sample is the heated area of the FSC sensor chip and has a diameter of 500 ym. At 70 °C, the lack of birefringence is characteristic of the y-
mesophase. At 200 °C, visible birefringence indicates a-phase structure.*® (c) Percent crystalline conversion as a function of time for PA 66 samples
in the heterogeneous nucleation range (200 and 170 °C), at the homogeneously nucleated, low-temperature minimum (110 °C) and squarely in the
homogeneous nucleation range (90 °C). Colors are defined in the Legend of part (a).

the transition temperature, above which spherulitic a-
crystallization occurs and below which there is the fast
formation of the mesophase.”® Indeed, microfocused wide-
angle X-ray analysis confirmed that the 22 MPa sample,
isothermally crystallized at 70 °C, also primarily formed the y-
mesophase, while isothermal crystallization at 200 °C formed
the stable a-phase.

Figure 4b shows POM micrographs of sheared and
unsheared PA 66, isothermally crystallized at 70 and 200 °C
as indicated, with sample preparation taking place in the FSC.
After the isothermal crystallization step, the samples were
quenched (—1000 K/s) to 25 °C to prohibit any structural
changes and then examined using both POM and microfocus
wide-angle X-ray diffraction (XRD). The POM images illustrate
that there is a qualitative difference in the transparency/
birefringence of the samples crystallized in the homogeneous,
low-temperature range relative to the high-temperature,
heterogeneous nucleation range. In the samples crystallized at
200 °C, there is a higher nucleation density observable in the
sample previously subject to shear. XRD analysis reveals
identical structures that had ultimately developed at 70 °C (y-
mesophase) and 200 °C (a-phase) for sheared and nonsheared
samples. However, the rate at which each of these micro-

structures formed reveals much about the process of
crystallization within the two temperature regimes. Figure 4c
details the development of crystallinity with time for each
sample at four different temperatures of interest. At all
temperatures detailed, the no-shear sample requires more
time to complete crystallization. In the heterogeneous
nucleation regime (170 and 200 °C) the onset of crystallization
also requires more time for the no-shear sample, while the
onset of crystallization—driven by nucleation—decreases with
increasing exposure to shear work. In the low temperature
range (70 and 110 °C) the onset of crystallization is not
influenced by any shear precursors present, though the
conversion process requires more time to reach completion
at 110 °C relative to the sheared counterparts.

Other insights from this straightforward isothermal crystal-
lization behavior are noteworthy. At the levels of specific work
studied, the acceleration of crystallization in the high-temper-
ature regime did not saturate, indicating that further
acceleration may be possible if the PA 66 melt is subject to a
higher amount of work. Second, one can observe a 15 K shift in
the temperature at which the polymer transitions from the
high-temperature process to the low-temperature process with
increasing shear work. For the no-shear sample, the transition
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Figure 6. Subsequent heating curves, obtained at 500 K/s after the sample was subject to the indicated cooling rate.

temperature is 140 °C while the 86 MPa sample transition
temperature is 125 °C, indicating that the formation of the
stable a-phase is likely feasible at lower temperatures than are
possible in the unsheared sample.

3.2. Nonisothermal Crystallization and Critical Cool-
ing Rates. Next samples were equilibrated at 275 °C and then
cooled at the rate of 1 K/s to —60 °C. Immediately after
cooling, the sample was remelted by heating at a rate of 500 K/
s to 275 °C. After data collection, the method was repeated on
the same sample, systematically increasing the cooling rate from
1 to 5000 K/s (Figure Sa). The cooling scans revealed the
temperature and enthalpy of crystallization, while the

subsequent heating scans were used to determine the fraction
of crystals formed during cooling by considering both cold-
crystallization and melting enthalpies.

The absolute amount of crystalline content formed during
cooling of the PA 66 melt is a function of both the cooling rate
and the level of shear work previously experienced by the
sample. At slow cooling rates, shear-induced precursors actively
nucleate the crystallization process and result in a detectable
increase in crystalline content with increasing shear work; the
nonsheared PA 66 results in approximately 20% less crystalline
content than the highly sheared counterpart. As the cooling rate
is increased to 100 K/s, the sheared samples consistently
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275 °C: total 0.2 s

275 °C: total 2.2 s

275 °C: total 4.2 s

Figure 7. Optical and calorimetric evidence of flow-induced structure lifetime. PA 66 (22 MPa sample) shish-kebab structures on FSC sensor as cut
and then after each condition indicated (maximum 275 °C top row, 280 °C bottom row).

develop more crystalline content, the magnitude of which
tracks with the prior shear work loading. Wide-angle X-ray
analysis of the samples on the FSC sensor indicates the a-
crystalline phase has developed after cooling at 10 and 50 K/s
(Figure Sc,d). As cooling rates approach 200 K/s, however, we
observe an interesting phenomenon. The 3 and 22 MPa
samples suddenly begin to track with the unsheared sample, all
three of which result in an absolute crystallinity of 15%. At this
rate, the shear-induced structures present in the 86 MPa sample
are still able to nucleate crystallization and result in a slightly
higher 21% absolute crystallinity. Above 200 K/s all samples
produce about the same amount of crystallinity upon cooling,
and if cooling at rates higher than 1000 K/s, then PA 66 is
vitrified to the amorphous glass (Figure Se).

Examination of the heating curves obtained after each
cooling rate experiment reveals a difference in the shape of the
melting peaks for the 3 MPa sheared and the unsheared PA 66,
likely indicating a more complex microstructure population in
the sheared sample. Each sheared sample displays an
asymmetric melting peak with a broader, lower peak melting
temperature of approximately 231 °C, notably lower than the
typical peak melting temperature of 248 °C observed in the
unsheared sample. While the onset of cold crystallization upon
heating begins after approximately the same cooling conditions
for both the sheared and unsheared sample, the magnitude of
cold crystallization is greater in the sheared sample. This
indicates that the flow-induced precursors also nucleate cold
crystallization. This is particularly evident in the cold-
crystallization behavior after cooling at 100 K/s.

3.3. FIC Nucleating Structure Survival at T,, > T, At T
> T9, any structures formed during FIC should be destroyed
and melt memory erased. For PA 66, TS has been

experimentally determined at 277.4 °C, using the linear
Hoffman—Weeks approach.*® The HW approach is exper-
imentally simple; the linear regression of experimentally
observed T,, for samples crystallized at specific temperature
(T.) is extended to the equilibrium line, where T. = T,,. The
HW approach assumes that lamellar thickening at a given T is
responsible for the subsequent observable T, and in some
cases it has been shown to fail for polymers crystallized at very
low undercoolings.62 While a more robust calculation of T°, is
possible with additional experimental rigor, T%, as calculated
here (277.4 °C) provides an estimate that proves useful.”’
Samples heated to temperatures less than T do not lose their
flow-induced crystallization behavior with repeated cycles, while
the samples heated to T, > To lose their flow-induced
crystallization behavior with time. To study the survival of FIC
structures at T > T3, we employ both POM and FSC in an
effort to differentiate the presence of visible shish structures
from the potential nucleating influence of flow-induced
precursors that may persist in the melt after the dissolution
of the chain-extended shish crystal. Practical implications
abound, as polymer engineers are challenged to erase the
thermal history of a melt prior to advanced characterization or
manufacturing techniques. Adopting the same sample prepara-
tion techniques, the lifetime of shish at a specific temperature in
the melt was studied on the FSC sensor, where the sample was
subject to a series of very short (1 s) holds in the melt followed
by an isothermal melt-crystallization step at 200 °C, a
temperature known to induce growth of large spherulitic
structures.”® Between each isothermal step, the sample was
quenched at 2000 K/s, and the FSC sensor chip was taken out
of the calorimeter to analyze the evolved structure through
POM.
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Care was taken to ensure at least one shish structure was
clearly visible in the FSC sample prior to running each
experiment. First, each sample was heated at 500 K/s to 275 °C
for 0.2 s, then quenched at 2000 K/s to 200 °C, and allowed to
crystallize. The sample was then heated to the target annealing
temperature for 1 s and then quenched at 2000 K/s to the
target isothermal crystallization temperature of 200 °C, and the
crystallization isotherm was collected. The material was
quenched back to —60 °C, and the cycle was repeated 20
times. The final isotherm collected for each sample represents
crystallization after a cumulative 20 s in the melt.

Between isothermal crystallization steps, the sensor contain-
ing the PA 66 sample was examined under POM. In Figure 7a,
we show the samples on the FSC chips for both the study at
275 °C and the study at 280 °C. Initially, both samples contain
visible shish-kebab structures. After 4 s in the melt at 275 °C
the shish structures remain, though the sample begins to form a
droplet shape, indicative of melt relaxation. While chain
relaxation is evident in portions of the melt, chains that
comprise the flow-induced precursors remain associated in the
melt.”* Meanwhile, there is a visible loss of oriented structure
that occurs after 2.2 s above the equilibrium melting
temperature of 277 °C, and after 4.2 s oriented structures
appear to be destroyed. However, the loss of visible structure
does not equate to a loss of nucleating function in the melt.

The isothermal crystallization traces for the 22 MPa sample
aged at 275 °C (Figure 8a) indicate that the peak time of
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Figure 8. (a) Isothermal crystallization curves collected for the PA 66
(22 MPa disc) at 200 °C from the same sample, after being held in the
melt at 275 °C for the indicated time. Notice the peak isothermal
crystallization time does not change after 20 s in the melt at 275 °C.
(b) Isothermal crystallization curves collected for the PA 66 (22 MPa)
at 200 °C from the same sample, after being held in the melt at 285 °C
for the indicated time. For reference, the no-shear sample peak time is
0.5 s at 200 °C, indicated by the red dotted line.

crystallization is constant at 0.24 s even after 20 s in melt at 275
°C, a logical result in accord with the POM discussed above. In
contrast, the accelerating influence of the nucleating structures
formed under shear began to diminish after 2 s in the melt at a
temperature of 280 °C, paralleling the loss of orientation in
POM. Here more time is required to reach the peak of
crystallization at 200 °C (Figure 8b), indicating a loss of
nucleating efficiency driven by the destruction of shear-induced
structures at the equilibrium melting temperature. However,
the loss in efficiency is not complete after 4 s as expected from
POM. With each successive stay in the melt at 280 °C the peak
time of crystallization increases slightly until, after a cumulative

time of 20 s in the melt at 280 °C, the peak time of
crystallization increases to that of the zero-shear PA 66,
approximately 0.5 s.

4. CONCLUSIONS

This study details the first experimental approach to quantify
the influence of specific amounts of shear work on polymer
crystallization across all levels of supercooling. The concept that
specific shear work in the melt results in accelerated
crystallization at low supercooling has already been shown for
iPP and other polymers.’®***"*> The unsheared crystallization
behavior of PA 66 is also qualitatively similar to several other
polymers.'” Therefore, it is logical to expect that most other
polymers will display the shear-induced work sensitivity across
the entire heterogeneous nucleation temperature range.

While FSC is an established tool for the investigation of
quiescent polymer crystallization, we are the first to apply it to
flow-induced crystallization, the important mechanism induced
by nearly all forms of polymer processing. Because the sample
size for FSC is sufficiently small, shish-kebab structures created
under very exact, known shearing conditions in the melt have
been isolated for FSC analysis, and their influence on
subsequent crystallization processes was determined at both
low and high supercooling. This study reveals that the polymer
crystallization process is remarkably sensitive to the amount of
shear experienced in the melt across all temperatures where the
heterogeneous nucleation mechanism dominates crystalline
growth (T, > 135 °C for PA 66) and that the sheared samples
are able to crystallize via the heterogeneous nucleation route 15
K below thermal limit of the unsheared materials. Many
polymer manufacturing processes such as injection molding
rapid cooling push solidification into this low-temperature
regime, and so extending the a-polymorph development to
lower temperatures is relevant. In the lowest temperature
regime, the presence of flow-induced precursors has no
influence on homogeneous nucleation-driven crystallization.
The magnitude of previous shear flow drives crystalline
conversion rate, a-/y- crystalline phase development, and
crystallization during cooling. Precursor lifetime, as observed by
accelerated crystallization, is very long at 275 °C (below
the TY,) but is quite short at 280 °C (above T%,). We have also
discovered that the nucleating influence of shear-induced
structures is not limited to shish visible in POM but that the
accelerating influence persists up to 15 s after visible shish
disappear at a critical temperature near the calculated T9,.

We expect that the crystallization behavior here is not unique
to PA 66 and that this technique is useful to develop important
thermodynamic and kinetic insights to describe the crystal-
lization behavior of many important polymers and polymeric
systems. Increasingly, polymer applications demand attributes
such as controlled degradation, predictable phase separation,
and microscale feature development. In the future, the
development of precise and predictable microstructure during
manufacturing will require results such as those exemplified in
this study to improve and inform crystallization models. For
instance, we discovered that shear does nothing to the
imperfect y-phase that form at temperatures near T, but
shear provides a strong acceleration of the desirable a-crystals,
effectively tipping the balance to favor these crystals, which are
known to result in better mechanical properties after injection
molding. These specific results can be used to design an
optimized melt-flow process for PA 66 that includes control
over flow strength, time in the melt, and cooling conditions in
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order to produce such intentional microstructure during
manufacturing. Generalizing this concept to develop a broad,
new approach for the design of polymer manufacturing
processes will require comprehensive studies that investigate
microstructure development and stability at all levels of
supercooling, and this study provides a template for such
future work.
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