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A B S T R A C T

Understanding the crystallization kinetics and microstructure that result after an imposed shear flow in an
additive-containing polymeric system is imperative for the development of robust polymer composites suitable
for advanced engineering applications. Both nucleating agents and flow accelerate the crystallization kinetics as
well as alter the ultimate polymer microstructure. During melt processing, polymers are subject to shear flow
prior to the solidification of the melt. As an unsheared baseline in this study, the addition of 5 wt % cellulose
nanocrystals (CNC) into quiescent polyamide 12 (PA 12) revealed that CNCs act as a natural nucleating agent to
the quiescent PA 12 during slow cooling and at high temperatures, as measured by standard differential scanning
calorimetry. To evaluate the role of shear work in promoting flow-induced crystallization, both neat and PA 12/
CNC composite were subjected to known amounts of shear work. Then fast scanning calorimetry was used to
differentiate the nucleation activity from both flow-induced precursors and CNC particles during isothermal
crystallization across a wide temperature range. It was found that the addition of the CNC accelerated crys-
tallization in the heterogeneous nucleation regime (T > 100 °C) in the quiescent material. With the addition of
shear, the neat system displayed a reduced crystallization peak time with increasing shear history. In the na-
nocomposite system, the CNCs are an extremely efficient nucleating agent, achieving a saturating limit for
nucleation of crystallization, such that shear was only a factor at low supercooling, specifically at temperatures
greater than 140 °C.

1. Introduction

Polyamide 12 (PA 12) is an engineering thermoplastic that is used in
diverse applications, ranging from automotive tubing and connectors to
medical fabrics and bristles [1]. In recent years, the polymer has also
proven to be an attractive choice for additive manufacturing, com-
prising the majority of selective laser sintering powders available on the
market today [2]. Likewise, the polymer is increasingly adopted as fi-
lament for extrusion-based printing techniques, with several commer-
cial options on the market [3]. Because PA 12 is a semi-crystalline
polymer, the proper development of the semicrystalline microstructure
is critical to yield the requisite engineering properties for application.
The evenly-spaced polyamides, such as PA 12, have parallel chains in
the γ-phase and antiparallel chains in the α-phase. In general, four
crystal polymorphs have been reported for PA 12; α, α’, γ, and γ’. It is

known that the pseudohexagonal, γ-phase is the primary phase which
forms at atmospheric pressure when slowly cooled from the melt [1].
However, the microstructure development is strongly dependent upon
cooling conditions, and quenching from the quiescent melt induces the
γ’-phase, which is also of hexagonal structure [4]. Due to the similar
crystallography between γ and γ’-phases, it is often difficult to distin-
guish them by wide angle X-ray diffraction (WAXD). The monoclinic α-
form develops when the melt is cooled under high pressures
(> 500MPa) or after drawing [1,4,5]. The monoclinic α’-phase can
form at high temperatures, but transforms into the γ-phase on cooling
[6]. The isothermal crystallization across the full temperature range
spanning from the glass transition temperature (Tg) to the melting
temperature (Tm) was recently evaluated by Paolucci et al. [7], and it
was discovered that like other polyamides [8–10], PA 12 has a bimodal
halftime of crystallization that corresponds to a change in nucleation
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mechanism. In the low temperature regime, at temperatures less than
100 °C, PA 12 forms a mesophase, which is typical of a homogeneously-
nucleated polyamide. In the high temperature regime, the γ-phase was
produced between temperatures of 80 and 130 °C. At isothermal crys-
tallization temperatures greater than 130 °C, the α’-phase was formed
[7]. Drummer and coworkers recently established a link between the
microstructure of PA 12 and the resultant mechanical properties; bulk
samples of PA 12 crystallized in the γ’-polymorph were found to have a
secant modulus 18% higher and a tensile strength 28% higher than
their γ-polymorph equivalents [11].

To enhance mechanical properties of PA 12 for engineering appli-
cations, nanomaterials such as carbon nanotubes and nanofibers, hal-
loysite nanotubes and nanofibers, and graphene nanoplatelets have
been incorporated, yielding composite and nanocomposite materials
[12–14]. Recently, cellulose nanocrystals (CNCs) have been in-
corporated into polymer systems, including PA 12, in an effort to pro-
duce enhanced polymer composite properties through the incorpora-
tion of a renewable and readily biodegradable filler [15]. For PA 12/
CNC composites of 10% by weight loading, the inclusion of CNCs
proved to double both Young’s modulus and maximum strength relative
to neat PA 12 [15]. Since the CNCs can be produced from a variety of
organic materials including wood, cotton, hemp, and agricultural waste
products such as nut shells [16–21], the CNCs boast a sustainable, en-
vironmentally-friendly lifetime in the polymer matrix. The physical
dimensions of CNCs after acid treatment can range from 20 nm×
200–2000 nm, depending on the development procedure and source
materials [22,23]. Typical nanoscale particles are known nucleating
agents in the polymer melt, resulting in the acceleration of crystal-
lization across a broad temperature range, even at high supercooling
[24].

It is critical to study the crystallization kinetics of materials at
process-relevant cooling and shearing rates in order to predict the
consequential microstructure development. It has been established that,
during injection molding, cooling rates can occur at> 600 K/s at the
location where the molten polymer meets the mold wall. The polymer
experiences a gradient of cooling rates through the thickness, with the
lowest rates typically 10 K/s in the center of a molded part [25]. Rapid
cooling rates drive crystallization to occur at low temperatures. In ad-
dition to the rapid cooling, the polymer also undergoes shear flow prior
to crystallization in both injection molding and fused filament additive
manufacturing. Shear rates in the cavity of an injection molded part
have been reported to range from 8,000 to 15,000 s−1 [26], but the
duration of the high shear may be as short as a fraction of a second
during mold filling. During the fused filament extrusion additive
manufacturing processes, the shear rates are much lower and typically
range between 100–200 s-1 [27]. These conditions play a key role in the
microstructure development, and further understanding the crystal-
lization kinetics after the melt experiences these conditions can help to
predict final polymer microstructure, which drive ultimate bulk prop-
erties.

Polymers crystallized after shear flow display several differences
relative to their quiescently-crystallized equivalents. The additional
energy and polymer orientation that results from shear flow will yield,
in the solidified polymer, an increased number of crystal nuclei and an
oriented microstructure, accelerated crystallization kinetics, and crystal
precursors that display an increased lifetime at temperatures below the
equilibrium melting temperature (T )m

0 [28]. To quantify the influx of
energy to the polymer due to shear flow, a specific work (W) term is
often adopted [29–32]. This specific work drives the development of
flow induced precursors that affect subsequent crystallization processes
[33,34]. While many studies focus on the individual influence of shear
rate, shearing time, or shear stress, it is the combination of these factors
that give comprehensive information on the flow strength developed in
sheared polymers. In this study the specific work was calculated for all
samples of interest, and each sample will be referenced according to the
specific work to which it was subjected in the melt. The specific work

introduced in the sample is the product of the shear stress ( ) and the
shear rate ( ) experienced by the polymer. Experimentally, shear stress
is represented by parameters of viscosity ( ), shear rate, and shearing
time (ts), as shown in Eq. (1).

= =W ts
2 (1)

In previous work with polyamide 66, it was determined that the
flow-induced precursors were sufficiently stable such that they would
repeatedly nucleate crystallization in the sample after several melt-
quench cycles in fast scanning calorimetry, provided that the melting
temperature remained lower than the equilibrium melting temperature.
This approach was used to obtain crystallization kinetics at process-
relevant cooling rates and temperatures [35]. In this study, the same
methodology was applied to a PA 12/CNC nanocomposite in order to
establish nucleating influence of both the CNC particles and shear flow,
and to determine if the nucleating influence of shear is intensified or
overshadowed by the nucleating effects of the nano-additive.

2. Experimental

2.1. Materials

The PA 12 used for this evaluation was purchased as a fused de-
position modeling filament from Rigid Ink due to its interesting prop-
erties related to the additive manufacturing community. The material
supplier of this resin is Evonik Industries (Essen, Germany). This PA 12
has a glass transition temperature (Tg) of 45 °C and a melting tem-
perature (Tm) of 178 °C, which is lower than most nylons [1]. The
equilibrium melting temperature (Tm

0 ) of PA 12 is 187–190 °C [36,37].
No additives were found in the material, as characterized by proton and
Carbon 13 nuclear magnetic resonance spectroscopy. Both spectra
showed only peaks from PA12 resin and peaks from the extraction
solvent. Gas Chromatography / Mass Spectroscopy was also used to
confirm that no additives were present in the as-received PA 12. As
outlined in the Supplemental Information, the peak-time of crystal-
lization of the PA 12 used in this study was greater than those reported
for a low molecular weight PA 12 [7], indicating that the molecular
weight of this PA 12 was greater than that of the EOS PA2200 employed
in the referenced work.

Cellulose nanocrystals (CNCs) were obtained as freeze-dried product
from Forest Products Lab (FPL) (sulfuric acid hydrolysis, from wood
pulp; 0.94 wt% sulfur content on dry CNCs). A Brabender torque rhe-
ometer with mixing chamber was used to compound the PA 12+5%
CNC material batches. Compounding was performed at 200 °C for 5min
at 50 RPM mixing speed. The composite was then taken from the
Brabender and hot pressed to form a flat, 1 mm thick specimen using a
Carver press at 200 °C.

2.2. Instrumentation

2.2.1. Nuclear magnetic resonance (NMR)
To confirm no additives were present that could nucleate the base

polymer resin, NMR was employed to analyze the dissolved as-received
PA 12. Approximately 28mg of the PA 12 resin was placed in a mixture
0.2 mL triflouroacetic acid and 2mL of deuterated chloroform. The
extract was analyzed using a Bruker Avance II 400MHz spectrometer. A
16 scan proton spectrum and a 1024 scan Carbon 13 spectrum were
obtained.

2.2.2. Gas chromatography–mass spectrometry (GC–MS)
The extract prepared for NMR was also injected in to Hewlett

Packard 6890 gas chromatograph with a 5972 mass selective detector.
The procedure was programmed from 50 to 280 °C at a heating rate of
6 K/min. The separation was performed on a 30m×0.25mm column
(0.25 μm film thickness). The mass spectrometer employed electron
impact ionization and a scan mode of 50m/z to 500m/z.
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2.2.3. Particle size analysis
The particle size of the as-received CNC was established by homo-

genizing the 0.1% cellulose aqueous suspension by IKA T25 digital
Ultra Turrax. Then dynamic light scattering was carried out using a
Zetasizer Nano ZS.

2.2.4. Parallel plate rheometry
To systematically study the effects of shear at known levels of spe-

cific work, parallel plate rheometry was employed for sample pre-
paration. An ARES-G2 rheometer (TA Instruments, New Castle, DE)
equipped with 8mm stainless steel parallel plate fixtures was used to
fabricate the shear discs. All neat and composite PA 12 samples were
dried in a vacuum oven at 80 °C overnight to minimize moisture effects.
Prior to loading the material, Kapton tape was attached to the top and
bottom plates to facilitate easy removal of the sheared disc after soli-
dification [38]. The sheared discs were then preserved for subsequent
X-ray and calorimetric analyses. The geometry gap between plate and
plate was ˜0.9mm (without Kapton tape thickness) for both neat and
5% CNC / PA 12 samples. The Kapton film thickness was ˜0.05mm
(˜50 μm). The PA 12 disc thickness was ˜0.9mm which was slightly
thinner than the geometry gap due to densification during crystal-
lization.

A time-temperature protocol that employed both steady and oscil-
latory shear was developed for the sheared-disc fabrication. The plates
were heated to 190 °C, where the sample was loaded and held for 1min
to fully melt. A constant shear rate of about 0.5 s−1 was then applied to
the molten pellets for 3min to aggregate the pellets to rid the melt of
any air bubbles. To erase any shear history in the materials from the
pelletizing or compounding methods, the material was held at 220 °C
without shearing for an additional 2min. After the annealing step, the
melt was cooled at 10 K/min to 190 °C, held for 3min to achieve a
constant temperature, then it was sheared for 1min at 100 s−1. Once
shearing was complete, the samples were cooled to room temperature
at 10 K/min. The solidified material was then taken from the instru-
ment for subsequent analyses.

The shear history, which influences crystallization kinetics, is de-
fined by both shear rate and shear time. To quantitatively investigate
the combination of these variables on the flow-induced crystallization
kinetics, the applied specific work model described in Eq. (1) was used.
As explained by Janeschitz-Kriegl et al. [39], the shear-rate dependent
viscosity, ( ), can be obtained from rheological shear thinning models.
In this study, Cross model was adopted to systemically determine ( ).
Assuming that the shear rate is linearly proportional to the disc radius,
the applied specific work was calculated at each point of interest along
the disc radius. After the polymer experienced these known shear

conditions, the sample was removed from the rheometer and sectioned
for subsequent crystallization studies.

2.2.5. X-ray diffraction (XRD)
Wide-angle XRD measurements were performed on a Malvern

Panalytical Empyrean Series 3 system using a Cu radiation source and a
GaliPIX3D CdTe area detector. The analysis was done in transmission
mode. A 300 μm monocapillary incident optic produced a 500 μm spot

Fig. 3. Particle size analysis of CNC as-received prior to melt processing.
Analyses showing intensity (a), volume (b), and cumulative volume fraction (c)
are displayed. Peak intensities are displayed at approximately 24 and 220 nm.

Fig. 2. Fast Scanning Calorimetry method for determining peak time of crys-
tallization in PA 12 and its composites. The maximum temperature in the
method was limited to 194 °C to ensure the shear history in the specimen was
not erased.

Fig. 1. Standard DSC method for high temperature isothermal crystallization
between 160 and 170 °C.
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size on the sample. The measurements were taken at 45 kV and 40mA
for 75 s. The 2D image was analyzed using XRD2DScan software
(Malvern Panalytical).

2.2.6. Differential scanning calorimetry (DSC)
A standard DSC1 from Mettler-Toledo with a Thermo Scientific

EK90/MT intracooler was used to collect isothermal and non-iso-
thermal crystallization data of the quiescent materials. All measure-
ments were performed under nitrogen purge gas, with samples of ap-
proximately 5mg loaded into a 40 μL aluminum pan with pierced lid. A
non-isothermal analysis was performed by heating the sample at 10 K/
min to 220 °C, where it was held for 5min. The sample was then cooled
at the specified rate to 25 °C, where it was held for 5min and then the
cycle was repeated until all cooling rates were analyzed. The cooling
rates studied in this experiment include 5, 10, 20, and 30 K/min.

Isothermal crystallization experiments of the unsheared samples
were carried out by first heating the sample to 220 °C for 5min to erase
any previous shear history in the material, followed by cooling to the
target crystallization temperature where the exotherm was monitored
as a function of time using standard DSC. For sheared samples, the
maximum temperature of the melt used was 194 °C, because this tem-
perature is below the reported equilibrium melting temperature of PA
12. A maximum temperature of 194 °C was also used to stay consistent
with the degree of supercooling used in the FSC experiments. The
method is detailed in Figure 1.

Fast scanning chip calorimetry (FSC)
The equipment used was a power-compensating Mettler-Toledo

Flash DSC 1 with a Huber intracooler TC100. Prior to sample evalua-
tions, the empty sensor was conditioned and temperature-corrected per
specifications of the instrument provider. The sensor environment was
purged with ultra-high purity nitrogen gas at a flow rate of 60mL/min
to avoid sample oxidation and prevent atmospheric moisture in the
sample chamber. Specimens were prepared by microtoming the as-re-
ceived pellets to a 12 μm thickness, then cutting laterally with a scalpel
under a stereo microscope to achieve approximately a
100 μm×100 μm square. A thin layer of Wacker AK 60,000 silicon oil
was painted between the sample and sensor membrane to improve
thermal contact. The method used for FSC is detailed in Figure 2.

2.2.7. Polarized-light optical microscopy (POM)
The molded samples were imaged employing a Leica DM2700 P

microscope equipped with a Leica DFC 7000 T camera. Prior to sample
imaging, both the neat PA 12 and the PA 12 / CNC composite were
annealed at 165 °C for one hour and slowly cooled to room temperature.
For imaging, samples were cut to a thickness of 10 μm using a rotary
microtome equipped with a tungsten carbide knife Fig. 1 , Fig. 2 .

2.2.8. Atomic force microscopy (AFM)
AFM measurements were performed using a Bruker Dimension Icon.

Samples were conditioned at 160 °C [8]. 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. To ap-
proximate lamellae thickness, 20 measurements were randomly se-
lected to determine the average thickness.

Fig. 4. Polarized light microscopy images of the neat PA 12 polymer (a) and PA 12 / CNC composite (b) after slow cooling of the melt. An image of the same
nucleated sample (b) in transmission without polarizers is also displayed in (c) to show CNC agglomerates that are present in the material.
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3. Results and discussion

Prior to melt mixing, the particle size distribution of the CNCs was
established using dynamic light scattering. The intensity and volume
plots are displayed in Fig. 3. While there is a population of large
(> 10 μm) particles that can be seen in microscopic images in Fig. 4,
analysis confirmed that 90% of the particles by volume are less than
400 nm in size, and 70% of particles are less than 100 nm. Therefore,
we expect the thermal analysis of the composite to be dominated by the
nanoparticles confined within the polymer matrix. This nano-filler nu-
cleating behavior is evidenced by FSC analysis where the composite
sample size is< 100 ng, which is too small to accommodate large CNC
agglomerates.

While a homogenous, agglomerate-free composite was desired, it is
not surprising that such particle distribution was not achieved during
melt-mixing. Torkleson and coworkers have determined that, in order
to produce a homogenous distribution of CNC without agglomerates in
polyolefins, solid state shear pulverization techniques must be used
[40]. However, a fraction of nanoparticles was distributed in the matrix
and it is these nanoparticle-rich regions from which samples were ex-
tracted for FSC crystallization kinetic studies. The semicrystalline mi-
crostructure obtained on slow cooling after annealing at 165 °C is
shown in Fig. 4. Polarized light microscopy images of the neat PA 12

polymer (a) and PA 12/CNC composite (b) after slow cooling of the
melt are shown in Fig. 4. The neat material forms large spherulites of
about 30 μm in diameter, while the composite PA 12/CNC material has
a much finer crystalline microstructure of much higher nucleation
density. Large CNC agglomerates are observable in Fig. 4(b), but no
crystal growth is observed from the surface of the CNC agglomerates.

Standard DSC studies of the neat PA 12 and PA 12/CNC composite
reveal the strong nucleating effect of the CNCs in the quiescent
polymer. As shown in Fig. 5, both the neat and the nucleated materials
were subjected to high temperature isothermal crystallization ranging
between 160 and 170 °C. It is shown that the isothermal crystallization
of unfilled PA 12 could only be quantified up to temperatures of 166 °C.
At higher temperatures, the crystallization rate was too slow to produce
a detectable calorimetric signal. However, the PA 12/CNC composite
was able to crystallize at temperatures up to 170 °C. At 160 °C, the peak
time of crystallization for the neat material was 294 s, while the peak
time of the PA 12/CNC composite was only 87 s, a reduction of about a
third of the time required for crystallization, indicating a significant
nucleating effect of the CNCs in the system.

The non-isothermal crystallization behavior for these materials are
displayed in Fig. 6. Fig. 6(a) displays the crystallization on cooling for
the neat material, while Fig. 6(b) shows that of the composite material.
The cooling rates analyzed in the standard DSC include 5, 10, 20, and
30 K/min. As is typical in DSC experiments, with increasing cooling
rate, the crystallization temperature is suppressed to lower tempera-
tures. At the lowest rate, 5 K/min, the neat PA 12 has a peak

Fig. 5. Isothermal crystallization of neat (a) and CNC composite (b) PA 12 using
standard DSC between 160 and 170 °C.

Fig. 6. Non-isothermal crystallization of neat (a) and CNC composite (b) PA 12
using standard DSC between 5 and 30 K/min.
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crystallization temperature (Tc) of 150.6 °C and the nucleated has a Tc
of 155.9 °C, resulting in a 5.3 K difference. At the maximum rate, 30 K/
min, the neat PA 12 has a Tc of 136.3 °C, while the nucleated has a Tc of
146.1 °C, resulting in a 9.8 K difference. It is apparent that the CNC
additive has a strong effect on non-isothermal crystallization at low
cooling rates, but is more pronounced at higher rates. The nucleated
system also is less dependent on cooling rate, as its Tc only shifts 9.8 K
within this cooling range, while the neat material is more easily influ-
enced, shifting 14.3 K depending on the cooling rate used in this range.

The objective of this study is to differentiate between the nucleating
influences of both CNC nanoparticles and shear flow in PA 12.
Therefore, after initial thermal characterization, both the neat and
composite PA 12 materials were subject to parallel plate rheology in
order to a) establish the rheological properties of each composition and
b) introduce a known amount of shear work into the materials in order
to create flow-induced crystallization and the resulting FIC micro-
structures. Polymer crystal microstructure formed under flow is known
to contain chain-extended structures that survive in the melt at tem-
peratures less than Tm

0 , and therefore these sheared samples, or samples
prepared using parallel plate rheometry, were preserved after viscosity
measurements for subsequent thermal analysis using FSC. As shown in

Fig. 7, both the neat PA 12 and the PA 12/CNC composite displayed
very similar rheological behavior at 190 °C, with a shear rate of 100 1/s
applied at the outer edge. Typically, it would be expected that the nano-
composite would yield a higher viscosity [41], but in this case the CNC
does not significantly affect the rheological behavior of PA 12 at high
temperatures because the PA 12 viscosity is so low that the effect of the
CNC is presumably negligible. Also shown in Fig. 7, the x-axis re-
presents shearing time in log scale. Thus, the degree of fluctuation

Fig. 8. Storage modulus and loss modulus as a function of temperature on
cooling at 10 K/min.

Fig. 9. Shearing conditions of each disc. The total shear rate at the edge for
each disc was held constant at 100 s−1 for 1 min.

Table 1
Summary of specific work and shear rate for sampling locations across the disc.
The center of the disc, where shear rate, and thus, specific work, should be 0, is
designated as 0* because drag forces are still imparted on the center of the disc,
and therefore not truly a shear-free state.

Disc Position Shear Rate Specific Work

Unit s−1 MPa
Center 0* 0*
1mm from Center 25 50
2mm from Center 50 200
3mm from Center 75 400

Fig. 10. Peak time of crystallization at 0* MPa comparing the neat and CNC
composite material. The lines are a guide for the eyes.

Fig. 7. PA 12 and PA 12/CNC viscosity as a function of time at 190 °C with a
shear rate of 100 1/s applied at the outer edge; measurement taken during the
shearing preparatory step in making the sheared disc for FSC analysis.
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increases at longer times. Weak edge fractures could also induce the
fluctuation and cause a decrease in viscosity at long shearing times.
Since the viscosity of the polymer and composite are required to cal-
culate the specific work (W) of flow, both the neat and CNC composite
PA 12 samples had similar viscosity contributions at each location used
for FSC analysis.

During melt crystallization, the viscosity and modulus increase be-
cause of the space-filling and subsequent physical network formation
with the crystallites [42]. The crystallization kinetics can be monitored

by conducting oscillatory temperature sweep [38]. Fig. 8 shows the
dynamic modulus evolution of sheared PA 12 with and without CNC as
a function of temperature on cooling at 10 K/min. Prior to the cooling,
identical shear rate of 100 s−1 and shearing time of 1min were applied
to both neat and PA 12/CNC. The sheared CNC composite PA 12 shows
˜ 5 K higher crystallization temperature than that of neat PA 12 pre-
sumably due to the higher nucleation rate by CNC. This result is con-
firmed by the DSC cooling rate analysis displayed in Fig. 5, where under
controlled cooling at 10 K/min, crystallization in the nucleated spe-
cimen occurred 7 K higher than in the neat PA 12. The composite ma-
terial also shows slightly higher storage and loss modulus at all tem-
peratures, presumably to the composite composition.

Since the sheared PA 12 discs with and without CNC were fabricated
using 8mm parallel plates, the sheared discs had a range of shear rates
from ˜0 s−1 to at the center to ˜100 s−1 at the perimeter. After forming
on the parallel plate rheometer, both the neat and polymer composite
discs were removed from the rheometer and then sectioned to obtain
access to the desired radial location on the disc. At this location, the
disc was microtomomed to obtain a 10 μm slice that isolated the
polymer at the specific radial location. This 10 μm slice was then lat-
erally cut with a scalpel to obtain samples appropriately sized for FSC
analysis [35]. Fig. 9 shows the calculated shear rate and specific work
as a function of the radius, as detailed in Fig. 8. The specific shear rates
and work levels for sampling locations are listed in Table 1. Sampling
for FSC measurements was limited to 3mm from the center of this disc
in order to eliminate any effects of edge fracture that may have oc-
curred during the creation of the samples, as indicated by Fig. 7.

Fig. 10 shows the peak time of crystallization for both the neat and
composite PA 12, with a sample obtained from the center of each
sheared disc, where minimal shear history was imparted on the melt.
The peak time curve displays a bimodal peak time of crystallization,
which has been proven to relate to the change in nucleation

Fig. 12. AFM images of samples of neat PA 12 isothermally crystallized at 160 °C after specific shearing conditions. Top row images show the disc center and bottom
row images show the disc edge. Images to the left represent error mode scans and the right show height mode.

Fig. 11. Peak time of crystallization for neat PA 12 at increasing levels of shear
work. The lines are a guide for the eyes.
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mechanism; the low temperature regime, shown here between 60 and
85 °C, corresponds to homogeneous nucleation in polyamide 12 [7,43].
Between 85 and 95 °C, nucleation changes to a heterogeneous me-
chanism, where a high temperature peak is displayed. FSC was able to
provide peak time data up to 145 °C for these specimens.

Both the neat and CNC composite PA 12 show an identical peak

time of crystallization in the homogeneously nucleated regime, while
crystallization is accelerated in the heterogeneous nucleation regime.
At 140 °C, the peak time of crystallization of the neat PA 12 is 5.7 s,
where the peak time of the CNC PA 12 nucleated system is 1.65 s. This
behavior of heterogeneous nucleation is in accordance with unsheared
polyamide 11 composite systems characterized using FSC [44] and the
systems established by Christoph Schick and coworkers such as poly(ε
-caprolactone) [45] and poly (butylene terephthalate) (PBT) [46]. For
comparison, the peak time of crystallization of PA 12 from Paolucci and
coworkers [7] is presented in the Supporting Information. Compared to
the work of Paolucci, this grade of PA 12 displays slower crystallization,
confirming the known behavior of an increased molecular weight [47].

Fig. 11 displays the peak time of crystallization across the neat,
sheared disc. Again, the specific work values listed in the legend cor-
respond to samples taken at 1mm (50MPa), 2mm (200MPa), and
3mm (400MPa) from the center of the specimen in the direction of
flow. Similar to the results displayed in Fig. 10, the homogeneous nu-
cleation regime maintains a consistent peak time of crystallization re-
gardless of the shear history imparted on the specimen. However, in the
heterogeneous nucleation regime, the shear flow develops crystal-
lization precursors that act as nucleating agents, resulting in a decrease
in crystallization time. It is shown that even at a specific work value of
400MPa, the peak time of crystallization is still decreasing, indicating
that the work level has not yet reached a saturation limit in the mate-
rial.

To further establish the effects of shear on the resulting crystal-
lization, AFM images were collected to more closely examine the mi-
crostructure of the materials. Specimens were collected at 0* MPa and
400MPa locations in the discs and annealed prior to imaging at 160 °C
[8]. Fig. 12 shows the resulting images of the neat disc at the center

Fig. 14. AFM images of samples of PA 12/CNC isothermally crystallized at 160 °C after specific shearing conditions. Top row images show the disc center and bottom
row images show the disc edge. Images to the left represent error mode scans and the right.

Fig. 13. Peak time of crystallization for PA 12/CNC at increasing shear work
levels. The lines are a guide for the eyes.
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(top row) and 400MPa (bottom row). Images are displayed in both
error mode (left) and height mode (right). It can be seen that the PA 12
crystallized in the center of the disc is able to form large lamellae,
nucleating from a specific point and fanning into a spherulitic geo-
metry. However, after the neat PA 12 is subject to 400MPa shear work,
it produced lamellae that do not have distinct nucleation points or
spherulitic geometry. The lamellae in the neat material at the center of
the sheared disc have an average width of 25 ± 4 nm, and the lamellae
at the edge of the disc, corresponding to 400MPa, have lamellae ran-
ging from approximately 18 ± 3 nm in width.

The peak time of crystallization for the sheared, nucleated material
is presented in Fig. 13. As already discussed, the nucleated material
crystallizes faster than the neat material in the heterogeneous nuclea-
tion regime. Interestingly, though, the nucleated material is not
strongly influenced by shear history. Only at the very high crystal-
lization temperatures (> 140 °C), does the shear history influence the
crystallization time. It appears that the CNCs are able to nucleate the PA
12 to a saturation point that even imposing shear cannot accelerate.

The AFM images associated with the nucleated materials also pro-
vide for intriguing results depicted in Fig. 14. The center of the disc
shows the ridges that are affiliated with individual CNCs dispersed in
the polymer matrix [15]. The CNCs in this figure are not aligning to a
specific direction of orientation, indicating that a strong shear force is
not present at the 0* location. Polymer lamellae contributing to a su-
perstructure are not seen in this image, indicating a fine, grainy
structure has been developed during crystallization. When the nu-
cleated material is subjected to a high level of shear (400MPa, bottom
row), both PA 12 lamellae and dispersed CNCs are oriented in the

direction of flow. The lamellae in the nucleated material at the center of
the sheared disc have an average width of approximately 22 ± 4 nm,
and the lamellae at the edge of the disc, corresponding to 400MPa,
have lamellae ranging from approximately 20 ± 4 nm in width.

XRD measurements were also collected across the disc cross section
to analyze any changes in polymorph due to shear. The scattering
profiles are displayed in Fig. 15(a) corresponds to the neat PA 12 disc
and Fig. 15b corresponds to the PA 12 nucleated with CNCs at intervals
of increasing work. All analysis scans show two peaks at approximately
19 and 20.8 ° (2θ). These peaks are indicative of the α’-crystal forma-
tion, expected as a result of crystallization at low supercooling of the
melt [7,48].

4. Conclusions

This study details the first investigation on the effects of flow-in-
duced crystallization with a nano-composite polymeric material at
process-relevant crystallization conditions. The use of a parallel plate
rheometer as both a characterization device and a sample preparation
tool allows for the development of samples with a very controlled shear
history for subsequent calorimetric analyses. By using a novel metho-
dology of staying below the equilibrium melting temperature, we were
able to re-activate the flow-induced precursors that provide for ac-
celerated crystallization.

The homogeneous-nucleation driven crystallization of neat PA 12
was impervious to previous shear flow, maintaining consistent crys-
tallization kinetics throughout the homogeneous nucleation regime,
between 65 and 95 °C. At temperatures greater than 95 °C, in the het-
erogeneous nucleation regime, the time required for crystallization
decreased with increasing shear work. At the greatest specific work
level studied, 400MPa, unfilled PA 12 underwent the fastest crystal-
lization rate, indicating that higher amounts of shear may yet increase
the nucleation rate. Microstructure developed as a function of shear
work in the unfilled PA 12, beginning at 0* MPa with a spherulitic,
radial growth, and transitioning to oriented lamellae at high work le-
vels.

When the PA 12 was nucleated with cellulose nanocrystals, the
crystallization peak time in the heterogeneous nucleation regime de-
creased markedly, as anticipated judging by other studies available in
the literature. Interestingly, when shear was applied to the composite
CNC PA 12 system, it did not have an effect on the time required for
isothermal crystallization below 140 °C. The nucleating effect of the
nanoparticles was enough to saturate the system to the point that shear
work up to 400MPa would not further accelerate crystallization, except
at very high crystallization temperatures (T > 140 °C). AFM studies of
the composite microstructures revealed that, at different work levels in
the CNC PA 12 material, different lamellar morphologies were devel-
oped. Specifically, the 0* MPa location at the center of the disc showed
individual, unoriented CNCs dispersed in the material and a fine, grain
structure was developed in the polymer phase. However, at high shear,
oriented CNCs were identified and oriented lamellae were grown in the
direction of flow, similar to that of the neat material.
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