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Figure 3.9 Variation of relative degree of crystallinity versus (a) temperature and (b)
versus time for neat PA6 sample.

Figure 3.10 Avrami plots of non-isothermal crystallization of (a) PA6, (b) 3%CNC and
(c)3%APS-CNC.
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Figure 3.11 Ozawa plots of (a) PA6, (b) 3% CNC and (c) 3%APS-CNC
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Figure 3.12 Lng vs. Lnt from the Mo’s equation for (a) PA6, (b) 3%CNC and (c)

3%APS-CNC nanocomposites.
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Figure 3.13 (a) Friedman plots of In (dX/dt) vs. 1/Tx for the PAG at different relative
degrees of crystallinity, (b) Dependence of the effective energy barrier on the relative
degree of crystallinity and (c) dependence of the effective energy barrier on average
temperature of PA6, 3%CNC and 3%APS-CNC nanocomposites.
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Figure 3.14 Schematic representation of (a) the y-crystal structure formed at the
interfacial area of the APS-modified CNC particles and (b) a-crystal formation in
absence of the grafted chains.
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Table 3.1

Thermal properties of PA6, PA6/CNC and PA6/APS-CNC nanocomposites.

Sample First heat run Second heat run after cooling at 10°C/min

Tur (°C)  Tw(*C) AHa(Vg) 7% (%) Tw(°C) Tw(°C) AHa(J/g) (%)

PAG 222.4(0.4) - 55.1(1.5) 29.0 218.6(0.2) - 52.6(04) 277
1%CNC 221.1(0.3) - 53.4(0.9) 281 218.1(0.2) R 484(12) 257
205CNC 219.8(0.1) - 48.8(0.4) 257 218.1(0.3) - 45.1(1.1) 242
306CNC 219.2(0.4) - 44.5(0.2) 234  217.3(0.5) - 42.6(0.6) 23.1
1%APS-CNC  221.2(0.2 - 53.6(0.4) 282 219.1(0.3) 213.3(0.4) 50.8(0.7) 27.0
206APS.CNC  220.8(0.3) - 50.8(0.6) 26.8 219.2(0.8) 2122(0.2) 48.3(0.2) 259
39%APS.CNC  220.1(0.5) - 482(0.4) 253  217.3(0.5) 211.1(0.1) 45.1(04) 245

Tml and Tm2 respectively denote melting temperatures of a- and y-type crystals. Values in parenthesis are standard deviation.

Table 3.2
Kinetic parameters obtained from Avrami analysis of isothermal crystallization of PAG,

PAG6/CNC and PA6/APS-CNC nanocomposites.

Sample T.(°C) n K*10%minY) t;z (min)

PAG 194 3.81 275.5 2.38
197  3.66 36.3 4.25
200 3.28 13.8 6.77
1%CNC 194 3.71 135.1 2.93
197  3.53 19.7 5.31
200 3.12 8.4 9.02
20%CNC 194  3.54 187.4 2.87
197  3.49 15.7 5.75
200 3.15 5.8 9.51
39%CNC 194  3.39 187.7 3.13
197  3.44 12.3 6.39
200 3.09 4.1 11.18
1%APS.CNC 194 3.66 438.1 2.15
197  3.48 55.5 3.86
200 2.98 23.6 6.73
2%APS-CNC 194 3.2 794.7 1.98
197 2.93 356.2 2.87
200 2.68 147.7 4.43
3%APS-CNC 194  2.67 27542 1.42
197  2.62 1000.3 1.78
200 2.30 380.2 3.45

The reported crystallization half-times (t1/2) are experimental values.
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Table 3.3
Parameters of Hoffman-Lauritzen analysis of isothermal crystallization of PAG,

PAG/CNC and PA6/APS-CNC nanocomposites.

PAG 3%CNC 3%APS-CNC

Kg*10° (K?) 1.17 1.25 0.95
6 (mJ/m?) 30 30 30
6e(MJ/m?) 7.46 7.87 5.91
q (3)*10% 2.46 2.62 1.91

Table 3.4
Kinetic parameters for non-isothermal crystallization of PA6 and PA6 nanocomposites

with 3% of CNC and APS-CNC.

Samples [0) Te tie n Zt Zc
(°C/min) (°C) (min)

5 187.3 1.12 3.9 0.47 0.86

PA6 10 182.9 0.62 3.6 3.11 1.11
15 179.4 0.48 3.2 5.92 1.12

20 176.8 0.42 3.0 11.65 1.13

5 185.6 1.18 3.7 0.38 0.82
3%CNC 10 181.1 0.75 3.4 1.95 1.06
15 177.6 0.58 3.2 4.52 1.10
20 174.4 0.48 3.0 7.94 1.11
5 188.9 1.05 35 0.61 0.90
3%APS- 10 186.1 0.71 3.4 2.63 1.10
CNC 15 182.1 0.57 3.0 4.81 1.11
20 178.4 0.46 2.8 8.34 1.11
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Table 3.5

Results of Mo’s analysis kinetic parameters at various degrees of relative crystallinity.

Relative PAG 3%CNC 3%APS-CNC
degree of (v} F(T) [} F(T) o F(T)
crystallinity
0.1 1.16 3.20 1.27 3.29 1.38 2.63
0.25 1.25 4.18 1.40 4.52 1.55 3.72
04 1.32 4.94 1.48 5.53 1.60 4.84
0.55 1.36 5.74 1.58 6.51 1.66 5.91
0.7 141 6.46 1.60 7.87 1.72 7.23
0.85 1.45 7.88 1.69 9.78 1.77 9.21
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CHAPTER IV — THE EFFECTS OF THE INTERFACE ON MICROSTRUCTURE
AND RHEO-MECHANICAL PROPERTIES OF POLYAMIDE 6/ CELLULOSE
NANOCRYSTAL NANOCOMPOSITES PREPARED BY IN-SITU RING-OPENING
POLYMERIZATION AND SUBSEQUENT MELT EXTRSUION

Manuscript submitted to Macromolecules
Abstract

Polyamide 6 (PA6) nanocomposites containing cellulose nanocrystals (CNCs)
were prepared via a multi-step process consisting of in-situ anionic ring opening
polymerization and subsequent melt extrusion. The effect of surface modification of the
CNCs with aminopropyl triethoxysilane (APS) was studied in detail using microscopic,
mechanical and rheological techniques and compared with those of the neat CNC
nanocomposites. Solid state NMR analysis was used to confirm the interfacial bond
formation between the PA6 matrix and surface modified CNCs. SEM images showed that
upon surface modification, the morphology of CNCs within the matrix transformed from
a fribrillar structure towards more individually dispersed nanocrystals with enhanced
dispersion and higher interfacial area. The matrix-particle interfacial region was further
investigated using quantitative nanomechanical mapping (QNM) to study the role of
interfacial modification on thickness of interphase and gradient of modulus across the
interface. The quality of dispersion and development of the rigid interfacial layer in
modified system resulted in significant improvement in solid state mechanical properties
of the nanocomposites. In addition, melt rheological studies suggested a significant
improvement of melt elasticity and strength in shear and elongational flows as well as
prolonged relaxation behavior in the hybrid systems.
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4.1 Introduction

Cellulose nanocrystals (CNCs) have received significant attention in academia
and industry in recent years as reinforcement nanofillers in polymer nanocomposites due
to their exceptional mechanical properties like a Young’s modulus values in the range of
100-170 GPa (depending on the source), high surface area of several hundred m?/g
providing a significant interfacial area to interact with the host polymer, inherent bio-
renewability and natural abundance, as well as, their lower density compared to that of
other nano-reinforcements such as clay 8.

The intrinsic abundance of surface hydroxyl groups on cellulose nanocrystals
provides a wide window of opportunity for design flexibility of surface chemistry and
potential strong interactions with polymers. However, CNCs have some practical use
limitations in terms of achieving a good dispersion in a polymer matrix . A typical
route for extraction of CNCs from various natural resource materials involves treatment
in acidic solutions followed by lyophilization that leaves the nanocrystals in highly
aggregated state due to strong hydrogen bonding, making their dispersion in polymers a
challenging task 214, As a consequence, most of the applications of CNCs have been
limited to either aqueous processing medium such as polymer latex or solution casting of
water soluble polymers in order to achieve a desirable state of dispersion due to the
colloidal stability of charged CNC surface 2 5. In a pioneering work done by Favier et al
16-17 cellulose whiskers were used as reinforcement fillers for poly(styrene-co-butyl
acrylate) latex through solvent casting method where a two orders of magnitude
improvement of the rubbery storage modulus was observed with the addition of 6 wt%
whiskers. This enhancement of mechanical properties was ascribed to formation of a
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percolated whisker network within the polymer matrix. Other water soluble polymer
nanocomposite systems such as poly (vinyl alcohol) 8 and poly(ethylene oxide) ° have
also been prepared using solution casting from aqueous medium.

In addition to water, a number of organic polar aprotic solvents such as
dimethylformamide (DMF), dimethyl sulfoxide (DMSQ), N-methylpyrrolidone (NMP),
m-Cresol and formic acid have been shown %° to be capable of dispersing CNC whiskers
depending on the surface charge of the CNC surface. For example, stable suspension of
CNC in DMF was used in preparation of polyurethane 2! and PMMA 22 nanocomposite
films via solution casting method.

In contrast, utilization of conventional melt processing methods widely used for
thermoplastic materials such as extrusion has been challenging due to the difficulty of
effective dispersion of CNC in the matrix, as well as, thermal degradation of the CNC at
typical elevated processing temperatures * 23, A large number of studies have been
focused on preparation of CNC based nanocomposites using extrusion process with
various polymer matrices including polyethylene 2?4, polypropylene 22, polystyrene %/,
polylactic acid (PLA) ** 28 polyvinyl chloride ?° and poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) *° ,poly(e-caprolactone) 3 and thermoplastic starch *2.
Different strategies have been developed in order to improve the dispersion of CNC and
enhance its compatibility with the polymer melt (for e.g., wrapping polymer layer such as
poly(vinyl alcohol) *2 in a PLA matrix or PEO layer in a polyethylene matrix 2). In other
approaches, use of anionic surfactant 2 was found to improve the dispersion of CNCs in
the PLA matrix during extrusion with improved mechanical properties up to a 5%
threshold of surfactant used. In another approach, Goffin et al 3 grafted PLA chains on
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the CNC surface via surface initiated ring opening polymerization and melt extruded the
modified CNC particles with PLA matrix. Their results showed enhanced compatibility
between the PLA-g-CNC and PLA matrix indicated by improvement of mechanical
properties and promotion of crystallization nucleation in the matrix. Using a similar
strategy, other researchers grafted poly(e-caprolactone) (PCL) on the CNC surface by
ring-opening polymerization and reported that the dispersion was significantly improved
as the result of PCL graft layer due to enhanced interfacial compatibility .

Surface modification of CNC particles has also been used in order to improve the
CNC dispersion quality and thus the structural properties of the final nanocomposite
material. These approaches are mostly based on surface silylation 3¢ by organo-silane
coupling agents and acetylation ¥ to convert the surface hydroxyls to alkyl esters. For
example, Grunert et al *8 trimehtylsilylated the CNC surface in formamide in order to
reduce the surface hydrophilicity and make the CNCs compatible with cellulose butyrate
acetate matrix. Yu et al 3 used 3-isocyanatepropyltriethoxysilane by the reaction of
isocyanate groups of the silane coupling agents with CNC surface hydroxyls and
incorporated the modified CNCs in silicone elastomer which resulted in significant
improvement of CNC dispersion and mechanical properties of the reinforced elastomer.

To our knowledge, the number of research efforts on incorporation of CNCs in
engineering thermoplastics with high melting points (above 200°C) has been very
limited. Kiziltas and co-workers “>-*? melt processed microcrystalline cellulose (MCC)
with polyamide 6 matrix in a Barbender® mixer to yield polyamide 6/MCC composites.
The rheological characterization of the composites by the authors just mentioned showed
that the melt elasticity and viscosity at high MCC content was increased due to molecular
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motion inhibition in crystal formation in presence of MCC. Correra et al 3 used a
combination of casting and melt processing method to fabricate nano-cellulose reinforced
PAG6 composites and their obtained results showed promising reinforcing capability even
at very low CNC content of 1 wt% compared to that obtained via direct melt mixing due
to better dispersion of CNCs in the matrix.

The current study described in this article is part of a long-range research program
aimed at developing a novel technique to process polyamide6/CNC nanocomposites
using in-situ anionic ring-opening polymerization (ROP) with enhanced and tunable
structure and properties that complements our previous study reported elsewhere®*°,
Here, we specifically describe an approach based on in-situ ROP and subsequent melt
extrusion of PA6/CNC systems and the role of microstructure development with regard to
the effect of surface modification of CNCs on rheological and mechanical properties with
special focus on the role of the interfacial characteristics. In addition, the obtained
PAGB/CNC systems will be compared with that prepared via conventional direct melt
processing for their mechanical properties. It is hoped that the current study will provide
a better understanding of the relationship amongst processing, structure, and properties of
polyamide 6/CNC nanocomposite materials.

4.2 Experimental
4.2.1 Materials and Sample Preparation

The AP-Nylon® caprolactam grade (purchased from Brueggemann Chemical,
Pennsylvannia) with low moisture content (< 100 ppm) suitable for anionic ring-opening
polymerization was used as the monomer. C20, a difunctional hexamehtylene-1,6-
dicarbamoyl caprolactam (activator), was supplied by Brueggemann Chemical.
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Analytical reagent grade ethyl magnesium bromide (initiator) was purchased from
Aldrich. Aminopropyltriethoxysilane (APS) was purchased from Gelest Inc.

The cellulose nanocrystals were prepared by sulfuric acid hydrolysis of bleached
cellulose pulp (obtained from Weyerhaeuser) following the method reported by
Capadona et al ¢ with slight modifications as described in our previous publication #°.

Surface modification of CNCs was carried out using aminopropyltriethoxysilane
(or APS). Briefly, a dispersion of CNC in distilled water (DI) water was sonicated for 20
minutes. In a separate flask, the APS was added (7 wt% of the CNC) to DI water and
mixed for 10 minutes in order to hydrolyze the ethoxy groups into hydroxyls. These
separate mixtures were mixed and the final dispersion was allowed to mix for 3 hours
under continuous agitation. The dispersion was then frozen in liquid nitrogen and freeze
dried to recover the CNC powder with APS adsorbed on the surface. The excess APS was
washed with acetone. Finally, the polycondensation of APS with the CNC surface
hydroxyl groups was carried out in a vacuum oven at 120°C under vacuum for 1 hour.

The PA6/CNC nanocomposites were prepared by in situ ring-opening
polymerization of caprolactam monomer in the presence of CNCs and subsequent melt
extrusion of the granulated master-batch nanocomposite following the method reported in
our previous work *°. The nanocomposites are named here as X% CNC where ‘x’ denotes
the CNC content in weight percent. The direct melt mixed (control) samples were
prepared by granulating a PA6 sample prepared by ROP (with no CNC) followed by

direct extrusion at the same screw speed with the desired amount of dried CNC.
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4.2.2 Microscopy

SEM images were acquired using a Sigma field-emission scanning electron
microscope (ZEISS®, USA) using a 5 kV accelerating voltage. Images were taken from
the smooth cryo-fractured surfaces as well as fractured surfaces of tensile test samples.
The surfaces of the samples were sputter-coated with silver for enhanced conductivity.

TEM images were acquired from CNC dispersions and nanocomposite samples
using a ZEISS EM10® transmission electron microscope at accelerating voltage of 50 kV.
For the CNC particle imaging, an aqueous dispersion of CNC (unmodified and APS-
modified) in the concentration range of 0.1-0.3wt% was prepared and a small drop was
placed on a TEM copper grid prior to TEM imaging. For the nanocomposite samples, a
thin slice of the sample was microtomed from the tensile dumbbell specimens in
perpendicular direction to gauge cross-section (i.e., parallel to injection molding
direction) taken from the middle of the sample (not surface layer) using a Leica
ultramicrotoming device equipped with a diamond knife. The samples were stained with
phosphotungstic acid (HsPW12040) when needed in order to enhance the contrast.
4.2.3 Thermal Analysis

Thermogravimetric analysis (TGA) was performed on the pristine and APS-
modified CNC as well as the nanocomposite samples using a Q500 TA® Instruments
TGA with a heating rate of 10°C.min under a nitrogen atmosphere with a gas flow rate
of 40mL.min™.
4.2.4 ATR-IR Spectroscopy

ATR-IR spectra were obtained from samples using a Nicolet 6700 FT-IR
spectrometer in the range of 4000-400 cm™ with a total number of 1028 scans with the
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resolution of 4 cm™. The samples used were thin films of pristine and APS-modified
cellulose nanocrystals.
4.2.5 Solid State NMR

Solid-state 1*C NMR spectroscopy was performed on a Varian Unity Inova® 400
NMR spectrometer equipped with a standard Chemagnetics 7.5 mm CP/MAS probe.
Samples were loaded into zirconia rotor sleeves, sealed with Kel-F™ caps, and spun at
rate of 4.5 kHz. Spectra were obtained via cross-polarization (CP) technique.
Cross-polarization spectra were acquired using a 10 ms contact time with the carbon
power varied from 41.3 to 50.5 kHz. Other relevant parameters used include a *H 90
pulsewidth of 5.5 ps, a recycle delay of 3 s, and an acquisition time of 45 ms. The
number of co-added scans was 7488. A H decoupling field of 53 kHz was implemented
during the data acquisition time in order to remove *H-3C dipolar coupling. Gaussian
line broadening of 50 Hz and zero-filling of 128k was applied to the data prior to Fourier
transformation. Baselines were corrected using a 3" order Bernstein polynomial as
implemented in the MestReNova® software.

Solid-state 2°Si NMR data was obtained using the Varian Unity Inova 400 NMR
spectrometer. The cross-polarization technique was used. Data acquisition parameters
were as follows: The *H 90 pulse width was 5.0 ps, the recycle delay was 3 s, and the
acquisition time was 45 ms. The contact time was 3 ms, with an amplitude of the 2°Si
channel varied linearly from 42 - 57 kHz. A *H decoupling field of 51.0 kHz was
implemented to remove *H-2°Si dipolar coupling. Samples were spun at 3.0 kHz, and the
number of co-added scans was 106,816. Gaussian line broadening of 100 Hz and zero-
filling of 256k was applied to the data prior to Fourier transformation. Baselines were
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corrected using a 3™ order Bernstein polynomial as implemented in the MestReNova®
software package.
4.2.6 Melt Rheological Characterization

Frequency and strain sweeps, melt relaxation and squeeze flow rheological
characterizations were performed using an Anton Paar® MCR501 rheometer. The
frequency sweep test was performed using a linear strain value of 2% previously found in
strain sweep experiments to be in the linear viscoelastic region of all samples at a
temperature of 229°C in a parallel plate geometry with a gap of 1mm. The melt relaxation
experiment was done using the same experimental conditions with an initial step
deformation of 5% (in the linear region) and data was collected in the 0.07-1000s time
frame. The data point cut-off value of storage modulus of 10 Pa was chosen because the
data was noisy (i.e., data scatter) below this value (due to sensitivity of the instrument)
which could negatively interfere with the data fitting process. Prior to the relaxation
experiments, a time sweep experiment was performed to reach constant viscoelastic
material functions in order to ensure the removal of any residual stress in the melt during
the relaxation experiment. The squeeze flow (SF) tests were performed using an initial
gap value of 0.9mm under a constant force of 1.5N and the variation of gap was
monitored over time. Prior to the test, the samples were relaxed in the initial gap phase
for a thermal soak time of at least 4 minutes. All specimens used for the SF tests were
disk-shaped samples with constant surface area. A squeeze time of 900s (previously
found as a reasonable timeframe to ensure sample thermal stability) and the variation of

gap versus time was recorded.
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Extensional rheological properties were investigated using a rotating drum
extensional viscosity fixture (EVF) mounted on an ARES® rheometer. Rectangular
samples with 18x10x0.75 mm? dimensions were compression molded at 235°C and
slowly cooled to room temperature under pressure to relax any residual stress in the
sample. The extensional rheological tests were performed at 226°C (slightly lower than
that of the shear rheological tests in order to prevent excessive creep and sagging of the
samples at higher temperatures). The samples were equilibrated in the oven at the desired
temperature for 4 minutes and pre-stretched with a rate of 0.001 s for 30 seconds to
compensate for any minimal sagging during the thermal equilibration followed by
elongation at 0.01, 0.1 and 1 s strain rates. It should be noted that all rheological
experiments were conducted under dry nitrogen atmosphere. Prior to all rheological
experiments, the samples were fully dried to constant weight in a vacuum oven at 80°C
for at least 36 hours under a dry nitrogen atmosphere and immediately transferring the
samples to vacuum desiccator for 24 hours prior to the tests.

4.2.7 Mechanical and Nanomechanical Tests

Tensile tests were performed on an Instron® 5582 tensile tester with a crosshead
speed of 10mm/min at room temperature. At least 5 injection molded dogbone shaped
specimens with a span length of 28mm were tested for each composition.

Quantitvative nanomechanical (QNM) properties of the nanocomposites were
studied using a peak force (PF) QNM mode of a Bruker Dimension Icon 3000® atomic
force microscope in tapping mode at room temperature with a standard Veeco RTESP®
silicon probe (cantilever length, 125 mm; nominal force constant, 40 N/m; and resonance
frequency, 350 kHz). The image size ranged from 507.8 x 507.8 nm? to 2 x 2 um?. At
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least 4 different spots on 2 different thin film samples prepared by compression molding
(same thermal and processing history) were analyzed to obtain the reported average
modulus values. All image processing techniques were performed on the Nanoscope
version 5.30 r2® image analysis software.
4.3 Results and Discussion
4.3.1 Surface Modification of CNCs, Nanocomposite Processing and Structure
Development

Surface silylation of cellulose nanocrystals are typically carried out in two major
ways. One method is the use of alkyl-chlorosilanes ¢ where the surface condensation
results in release of hydrochloric acid and a second method where modification reaction
proceeds through condensation between hydroxylated organosilane with the surface
hydroxyls of CNC in aqueous medium #’. We adopted the second method because the
aqueous medium provides a significantly more efficient dispersion of CNC and
possibility of achieving a more uniform surface modification in addition to the more eco-
friendliness of the method. The IR spectra of the unmodified and modified CNC particles
are shown in Figure 4.1(a). The modification of cellulose with organosilane coupling
agents has extensively been reported in the literature using IR spectroscopy *-4°. In the
present study, the evolution of the peak at 1090 cm™ corresponding to —Si-O-Si- and —Si-
O-C- band (broad peak at 1220 cm corresponding to —Si-O-C- band) the peak around
1520-1530 cm corresponding to NH. deformation, and also the evolution of peaks at
2850-2900 cm™ corresponding to aliphatic CH> stretching vibration and the peaks in the
range of 3500-3600 corresponding to NH> stretch vibration confirmed the formation of
the APS layer on the CNC surface.
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In order to further investigate the surface modification, as shown in Figure 4.1(c)
and (d), the TEM images of the unmodified and APS-modified CNC showed that the
modified CNC carries a layer of a graft thin film on the surface. The APS surface
modification does not seem to have noticeable effect on the dimensions and thus the
aspect ratio of the whiskers. The unmodified and modified CNC were also dispersed in
aqueous medium to assess the dispersibility of the particles in water. As seen in the
insertion image in Figure 4.1(a), while the unmodified particles are fully dispersed in
water at colloidal level forming a rather clear dispersion, the modified particles seem to
form less dispersed clusters increasing the dispersion opacity. This shows that the
dispersibility of the APS-CNC in water is reduced due to the masking of surface hydroxyl
groups by polysiloxane layer, making it less hydrophilic in agueous medium.

The amount of the grafted polysiloxane layer on the CNC surface was estimated
using TGA shown in Figure 4.1(b), the decomposition of the polysiloxane layer is shown
to occur in the range of 250-500°C %° . As evident in Figure in Figure 4.1(b), the
difference in mass loss in the unmodified and modified CNC in the temperature range of
250° - 500°C corresponds to an average value of 3.1 wt% which is the average content of
the grafted siloxane layer with respect to the CNC weight.

The effect of the presence of the CNC particles on the anionic ROP reaction of &-
caprolactam and the effect of the surface modification of the particles is shown in the
insertion plot of Figure 4.1(b). As can be seen in this figure, with increasing CNC content
from 1 to 3 wt% of the final PAG, the conversion of the monomer was reduced from
98.9% in the PAG6 sample to 95.1% in the samples containing 3%CNC. In a previous
publication 4, we reported a similar reduction of conversion with increasing CNC
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concentration in a PA6 sample initiated with sodium hydride. This reduction in
conversion is ascribed to both the presence of surface hydroxyl groups which could act as
a potential protonating agent that deactivates the growing anionic centers, as well as, the
reported so-called “peeling” effect of cellulose in strong alkali medium which has been
shown to be more prominent in the case of strong alkali °*. Because a weaker initiator
was used in the system in the current study, this effect was minimized. In addition, the
conversion of the monomer in the case of APS modified CNC particle showed slight
increase across all CNC content which again confirms the role of exposed surface
hydroxyls (i.e., methylol) as a deactivation path of anionic polymerization which is
expected to be less viable with a polysiloxane layer masking the hydroxyl groups. A
more thorough study on the effect of initiator and ROP deactivation in the presence of
cellulose is in progress and will be reported in a future paper.

The formation of interfacial bond between the APS-CNC and the matrix was
investigated through solid state 2°Si NMR analysis. It has been shown that the 2°Si NMR
spectroscopy is a powerful tool in determining the structure of the polysiloxane
oligomeric species %2. According to the nomenclature used by Glasser et al > the T
structures correspond to the R-Si- moieties with one organic moiety side group and three
siloxane bridges. In this context, the T° structure corresponds to the silicon moieties
without any siloxane bridge, the T structure is the dimer composed of two alkoxy-silanes
bonded through a siloxane bridge, the T2 structure is the linear form of polysiloxane
oligomers while the T2 structure is related to the 3-dimensional polysiloxane network
with the silicon atom of interest having three bonded siloxane bridges. The 2°Si NMR
spectrum of the APS-CNC particles is shown in Figure 4.2(a). It is seen from this figure
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that a major peak appears at -68 ppm which correspond to the majority of T2 structure,
showing that the polysiloxane layer formed on the CNC surface is mainly in the form of
3D crosslinked network. In addition, the minor peak at around -59 ppm is related to a
minority of linear T2 structure. In order to investigate the interfacial bond formation, solid
state 2°Si NMR spectra of the nanocomposite sample (3% APS-CNC) after the in-situ
ROP reaction and melt extrusion were acquired in order to analyze the differences. It is
seen from Figures 4.2(b) that a shoulder in the downfield region of the main peak at -66.1
ppm is appeared which is associated with the change in the polarity of the amine group
on the aminopropyl alkyl group where the polarity of N-H bond in primary amine reduces
when converted to amide bond. The upfield shift of the main peak could be attributed to
the formation of tertiary amine through chain branching of the APS layer with the matrix.
Thus, the solid state NMR result is an evidence of the interfacial bond formation.

It is worthy to note that the formation of interfacial bond proceeds via two major
routes as depicted in the Figure 4.2(d). The first path is through transamidation reaction
that occurs at elevated temperatures by nucleophilic attack of the primary amine group of
the aminosilane on the amide bond of the formed PAG6 chains in the bulk (i.e., grafting
onto CNC) which is a commonly accepted mechanism of the interfacial bond formation
in polyamide systems both in anionic polymerization and melt processing >*°°. The
second plausible pathway for interfacial bond formation is through the de-blocking of the
isocyanate capped activator (C20) which could consequently result in the reaction of the
free isocyanate group with the amino group (i.e., urea bond formation) on the APS
thereby chemically tethering the caprolactam monomer (initiating site) on the
polysiloxane surface layer resulting in further surface-initiated ROP reaction (grafting
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from CNC). This second path is rather less significant because the ROP reaction was
carried out at 150°C which is lower than the typical de-blocking temperature of C20
(which is around 162°C). However, the possibility of this second pathway cannot be
ruled out due to local elevated temperatures caused by reaction exotherm.

In addition, after the melt extrusion, the relative intensity of the shifted peak
(from -68.0 to -70.2 ppm) becomes greater compared to the shoulder (the deconvoluted
peaks) that was present at -67.3 ppm (Figure 4.2). This shoulder was indeed located at -
65.3 ppm in the APS-CNC particle samples which could be related to a fraction of the
linear polysiloxane structure which is also undergoing the upfield shift due to the
interfacial reaction with the matrix. These results suggest that the subsequent melt
extrusion after in-situ ROP enhances the interfacial reaction between the aminosilane and
PAG matrix.

The SEM images of the morphology of the nanocomposite samples are depicted
in Figure 4.3 where the microstructure and dispersion of the CNC (both neat CNC and
APS-CNC) in the nanocomposite are shown. Clearly, this figure shows that the cellulose
whiskers tend to form web-like fibrillar 3-dimensional network structure after in-situ
ROP reaction which is caused by the edge-edge effect of the CNCs resulting in
development of the fibrillar morphology. In our previous publication *, we demonstrated
the evolution of this 3D network structure of CNC fibrils as the concentration of CNC
increases from 1 to 3 wt% within the in-situ polymerized PA6/CNC samples. Initially, at
lower concentrations, smaller CNC clusters are developed that subsequently grow into

network-like structures as the CNC content increases.
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In contrast, it was observed that the melt extrusion step breaks up the fibrils into
relatively smaller individually dispersed whiskers. The APS-modified samples show that,
after the ROP reaction, the whiskers tend to form smaller bundles instead of large web-
like structures which, like the unmodified particles, tend to break up into smaller domains
due to the shear force field of the extrusion process. It is clear from these images that the
modification of the CNC surface with APS gave significantly improved dispersion of
CNC into more individual whiskers within the PA6 matrix, leading to increasing
polymer-particle interfacial area and associated enhanced structural properties as
described in the following sections.

In order to further investigate the dispersion of the CNC and APS-CNC in the
PAG matrix, solid state CP/MAS *C NMR studies were conducted on the composite
samples and the changes in the NMR peaks were correlated with the observed structural
changes. The CP/MAS *3C NMR of the neat CNC, APS-CNC, as well as, that of the
3%CNC and 3%APS-CNC nanocomposite samples are shown in Figure 4.4. Considering
the structure of the anhydroglucose units, the peaks at 62-65 ppm correspond to C6
methylol carbon atom where the strong peak at 65.2 ppm correspond to the crystalline
core region, the carbons of C2, C3 and C4 overlap in the 70-75 ppm region. In addition,
the C4 carbon which corresponds to cellulose | structure appeared at 84 and 89 ppm
where the peak at 89 ppm is related to the more ordered structure while the shoulder at 84
ppm correlates with less ordered surface units. The singlet peak at 105.3 ppm
corresponds to C1 carbon (allomorph cellulose Io)) %67, These results show that the
modification of the CNC with APS does not change the structure of CNC as evidenced
by the similar peaks in the NMR data.
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The spectra of the nanocomposite samples show that the PA6 peaks appeared in
the range of 20-50 ppm where the peaks around 37 and 40 ppm correspond to a- and w-
carbons of polyamide, respectively. The peaks at around 25ppm and 30 ppm correspond
to f- and d/y-carbons, respectively, and the carbonyl group appeared at 175 ppm. By
comparing the spectra of the neat CNC and APS-CNC in the PA6 matrix, it can be seen
that the peaks corresponding to crystalline CNC in the 60-90 ppm range merged and
formed a broad resonance in this region for the APS-CNC sample while these peaks are
nearly unchanged in the case of unmodified CNC in the PA6 sample. This observation
indicates that the modified nanocrystals are not in their original form when incorporated
into the PA6 melt in contrast to what was observed for the pure CNC and PA6/CNC
samples. Note that this observation is in excellent agreement with the morphological
images (SEM) showing a relatively finer dispersion of CNC whiskers in the case of APS-
CNC within the PA6 matrix compared to that of the neat CNC where larger clusters and
fibrillar structure existed in the matrix as already described. In fact, the broadening of the
resonance (60-90 ppm) suggests that the highly packed CNC clusters in their pure form
(due to strong hydrogen bonding) and in fibrillar form in the composite samples
(PAB/CNC) is disrupted in the PA6/APS-CNC sample due to the stronger interfacial
adhesion and compatibility and the associated enhanced dispersion within the matrix. It is
worthy to note that in a previous study Misra et al *® used a similar solid state NMR
analysis to confirm the improved dispersion of highly crystalline nanoscale polyhedral
oligomeric silsesquioxane (or POSS) molecules in polymer matrix by enhancing the
particle-polymer compatibility where resonance broadening was observed and attributed
to the reported improved nanoparticle dispersion.
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The thermal stability of the PA6/CNC nanocomposites was investigated after the
in-situ ROP reaction to investigate the structural stability of these systems during the
subsequent melt extrusion step. The TGA curves of the neat PA6, CNC and that of the
nanocomposite samples with 1-3 wt% of CNC are shown in Figure 4.5. Clearly, this
figure shows that the pure PA6 shows a predominantly single major thermal degradation
peak occurring at around 375°C. The first derivative of TGA graph (DTG) peak of the
CNC appears at 305°. The nanocomposite samples showed a relatively complex
degradation behavior where the 1%CNC sample showed a multi-step degradation process
with the first major DTG peak at 314°C, a second smaller peak at 357°C, and the third
major peak at 392°C. The samples with 2 and 3 wt% CNC showed slight improvement in
the thermal stability with the major degradation peaks occurring at 407°C and 415°C. Itis
evident in Figure 4.5 that the initial DTG peak shifted towards higher temperatures and
merge into a shoulder for the samples with higher CNC content. This shows that the
coating of the CNC with PA6 macromolecular chains during the ROP polymerization
increased the thermal stability of the hybrids. In addition, the thermal stability of the
nanocomposite samples (especially the 2 and 3 wt% of CNC samples) showed slight
improvement of 30 and 60% weight loss compared to that of PA6. This observation is
attributed to the synergistic effect and strong interaction of PA6 chains and CNC surface
through hydrogen bonding that delays the degradation of individual components. Similar
observations of the improved thermal stability of cellulose whiskers in presence of
polyamide have been reported by Correa et al ** in a system of solvent cast PA6/cellulose

nanocomposites.
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4.3.2 Mechanical Properties and Nanomechanical Analysis of Interface

The mechanical properties of the nanocomposite samples were investigated using
mechanical tensile tests. The results are shown in Figure 4.6 and the obtained values are
reported in Table 4.1. It is evident in Figure 4.6 and Table 4.1 that the Young’s modulus
of the neat PAG (i.e., 2.75 GPa) increased by 16%, 29% and 41% with addition of 1, 2
and 3 wt% of CNC, respectively. It is interesting to note that in the case of APS-modified
CNC the modulus values are higher at all CNC concentrations with a nearly 50% increase
to 4.1 GPa in the case of the nanocomposite sample with 3 wt% of APS-CNC. Similarly,
the tensile strength of samples progressively increased with increasing CNC
concentrations up to about 90 and 95 MPa, respectively, compared to a value of 60 MPa
in the case of neat PA6 matrix. The variation in the strain at break as a function of the
CNC concentration of the samples showed a decreasing trend in nanocomposite samples
with both the neat CNC and APS-CNC, indicating a higher elasticity and rigidity of the
nanocomposite samples compared to that of the neat PA6 and reduction of the plastic
deformation behavior like other researchers have reported in the case of other nano-
reinforcement additives such as clay platelets >° and silica nanoparticles %°. On the other
hand, Figure 4.6 and Table 4.1 show that the strain at break values of the APS-CNC
nanocomposite samples are higher than that of the neat CNC.

These results are consistent with the fact that the modification of CNC with
reactive APS groups and formation of the interfacial bonds enhanced the elongation at
break and toughness of the nanocomposites compared with that of the non-modified CNC
particles. To further investigate this effect, the cross section SEM images of the fractured
surfaces of the tensile test specimens of the nanocomposites with 3% of CNC and APS-
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CNC are shown in Figure 4.7. It is clearly seen from these images that the fractured
surface of the 3% CNC sample showed a rather smooth fracture plane with minimal
plastic deformation. However, an elongated fibrillar structure is evident on the fractured
sample cross-section of the 3%APS-CNC with a lot of ligament-shaped plastically
deformed areas.

This observation will be further discussed in the extensional rheological
properties section where elongation of the APS-CNC sample resulted in alignment of the
nanocrystals in the flow (tension) direction that consequently enhanced the strength of the
material in both solid and melt state. In Figure 4.7, the interfacial areas of the matrix that
are bonded to the nanocrystals domains are clearly elongated into plastic deformation
zones (i.e., stress-whitening regions) which is the reason for the observed enhanced
elongation at break for these samples.

In order to study and compare the effect of the processing method used in
preparation of the experimental samples of this study, the mechanical properties of the
sample with 1-3%CNC prepared by direct twin-screw extrusion process was also tested
and the obtained results are shown in Figure 4.6. As can be seen from this figure, the
modulus of this sample showed only minimal improvement with increasing CNC
concentration up to 2.8 GPa with 3% CNC sample. The tensile strength of the melt
processed samples initially dropped to 45 MPa with addition of 1%CNC and eventually
increased to a value of around 61 MPa at 2%CNC and showed negligible change with
further increase in the CNC concentration to 3%. Note that the strain at break of this
sample at all CNC concentrations studied gave lower values compared to that of the
multi-step processed samples (i.e., ROP followed by extrusion). The cryo-fractured cross-
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section of the melt processed samples is shown in Figure 4.7(c). Clearly, this figure
shows that the cellulose particles formed large agglomerates throughout the matrix due to
the difficulty in achieving good dispersion of the nanocrystals in the polyamide melt
which results in minimal polymer-particle interfacial area and effective aspect ratio of the
filler. This confirms the significant improvement of CNC dispersion in high melting point
thermoplastic matrix through the multi-step process of pre-polymerization and melt-
extrusion already discussed.

The reinforcement of the nanocomposites with cellulose nanocrystals were further
studied using a number of different micro-mechanical models. The Halpin-Tsai semi-
empirical equations are widely used successfully in predicting the elastic properties of
short fiber composites ®*. This model assumes a perfect alignment of short fibers in the
tension direction (i.e., unidirectional) in addition to the existence of a “perfect” matrix-
fiber interface. According to this model the modulus of the composite can be obtained by

the following equations:

E,. _ 1+ fn(af
E=Tong, ((4.2)
Ey
-
n= ((4.2)
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where the Ec, Em, Er are respectively the tensile moduli of the composite, matrix
and fiber, ¢ is the volume fraction of the fiber and the & parameter is the fiber
geometrical shape parameter which in the case of prediction of tensile modulus for
circular or rectangular fiber cross-sections is considered to be (£=21/d) where the (I/d) is

the fiber aspect ratio. The values of the model prediction for various fiber aspect ratios
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together with our experimental data points and the results of the fitting on Halpin-Tsai
model fit to the experimental data is shown in Figure 4.8(a). Figure 4.8 shows that the
experimental values lie in a reasonable range of the aspect ratios of the fiber which was
found in our previous study to be around 20 #4. Here, the fitting parameter in our analysis
(i.e., the shape parameter (£)) was found to be 12.2 and 17.1 for the unmodified and APS-
CNC samples, respectively. These back-calculated values are the “effective” in-situ
aspect ratios which are reasonably in agreement with the average experimental values
(1/d=20).

There are two inter-related key variables to consider in this analysis which are the
quality of interface and the aspect ratio of the CNC whiskers. As already discussed, the
dispersion of the CNC whiskers was significantly improved upon surface modification
with APS which theoretically results in enhanced aspect ratio of the whiskers (due to
dispersion of individual particles or smaller clusters). On the other hand, the enhanced
interfacial adhesion provided by surface grafting of the matrix on the APS layer provides
a higher “quality” interface. However, because the Halpin-Tsai equation assumes
existence of a perfect interface, this enhanced interfacial adhesion combined with finer
dispersion of the APS-CNCs within the matrix results in the surface modified particles
having higher effective in-situ aspect ratios as predicted by the model.

In order to investigate the effect of whisker orientation in the tensile specimens on
mechanical properties, the Halpin-Kardos model was applied to our experimental data. In
this model, the composite specimen is described as short fiber composite laminates of
four layers with 0°, 90° and £45° orientations where the properties of each laminate is
described using the Halpin-Tsai equation. The detailed derivation of the equations is
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presented elsewhere 2. Briefly, the components of the stiffness matrix (engineering

constants characteristics of each unidirectional ply) are calculated using:

Q=15 (=12) (4.3)
Q12 = Q1121 = Q22V12 (4.4)
Qs = G12 (4.5)

where the in-plane shear modulus can be estimated using the following equation:

_ Gm(1-vf)+Gr(1+vy)
GlZ - me Gm(1+vf)+Gf(1—vf) (46)

In Equation (4.6), the Gm is the shear modulus of the matrix (Gm= Em/2(1+vm)), Vs

is the fiber volume fraction and v is the Poisson’s ratio calculated using the following

equations:
Vig = VpUp + vm(l — vf) 4.7)
E
V21 == le.Eilj (48)

Where the E11 and E2. are ply stiffness parallel and perpendicular to the fiber
direction which can be obtained using the Halpin-Tsai equations:

Eiip (1+8ivp) +Eiip (1+8uvy) (i=12) (4.9

E.=E,.
u ™ Em(&ive)+Eip(1-vy)

Where the £11=21/d and &2 = 2. Upon calculation of the above stiffness
parameters, the invariant terms and the modulus of the composite laminate (Ec) can be

obtained using the following sets of equations:
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Uy = £ (3Qu1 + 3Qz2 + 2012 + 2Qs6) (4.10)

U, = %(Qu + Q22 —2Q12 + 4Q66) (4.11)

4U U, —4U2

E. =
c Uy

(4.12)

The values of vm, E11f, E22r, Gr and pr used for fitting were resepctively 0.3,
150GPa, 15GPa, 5GPa and 1.5g/cm?® 3 respectively and the vm value used was 0.35. The
result of the Halpin-Kardos analysis for various fiber aspect ratios is shown in Figure
4.8(b). This figure shows that, this model clearly underestimates the modulus values of
the nanocomposite samples both for non-modified and modified CNC particles. Using
this model, the in-situ aspect ratio of the whiskers was calculated to be greater than 200
(£>400) which is not in agreement with the geometrical characteristics of the CNC
whiskers. There are a number of different reasons that could result in the inapplicability
of the Halpin-Kardos model for this particular system. First and most important reason is
the fiber orientation within the matrix. This model is well suited for fiber composite
laminates with multiple orientation directions of fibers in the matrix. However, it was
shown in the TEM images (Figures 4.8(c) and 4.8(d)) that the whiskers are highly
oriented in the gauge section of the tensile specimens (longitudinal direction) for both the
3%CNC and 3%APS-CNC samples. Considering the anisotropic mechanical properties
of the fiber (significant longitudinal strength in the fiber axis direction compared to the
transverse direction), this highly-oriented arrangement of fibers results in enhancement of
the mechanical properties in the longitudinal direction, therefore, the modulus values
predicted by the Halpin-Kardos model are underestimated. In addition, it is known that

the Halpin-Kardos model does not take into consideration the large-scale fiber-fiber
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interactions and the presence of fiber network structures within the matrix which could be
the contributing factor in the present system as already described. In the non-modified
CNC samples, this effect could originate from the polysiloxane layers acting as bridges
with the interfacial rigid molecular layers as will be discussed later with respect to
percolation theory. In the non-modified CNC samples, the development of the fibrillar
structure of the whiskers is another contributing factor as already discussed.

In order to further study the relationship of the microstructure, mechanical
properties and reinforcing mechanism of the nanocomposites, the percolation model
which derives from the proposed parallel-series model of Takanayagi ®* and later
modified by Ouali  is used here. This simulation model takes into account three distinct
phases of matrix, percolating filler network and non-percolating filler phase where within
the framework of the model, the modulus of the composite laminate can be obtained
using the following equations:

_ (29 p)EmEp+(1-x,)YES
Ec - _ _
(xf—0)Em+(1-xf)Ef

(4.13)

where the subscripts m and f refer to filler and polymer phases and  is a
dependent variable on the volume fraction of the percolating phase (in this case the

whiskers) as follows:
Y=0 for xr < xc (4.14)

W=x,C0" forxs>xe (4.15)

where b=0.4 (critical percolating exponent) for a three dimensional percolating
network, Xc is the critical volume fraction at which the percolation begins. According to

Favier et al 1°, this parameter can be estimated using the equation of Xc = 0.7d/l where
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the d and | are the diameter and length of the whiskers. X: is the volume fraction of fiber.
The result of the percolation model analysis is shown in Figure 4.9(a).

As can be seen from this figure, the experimental values of the tensile modulus of
the composites are higher than those predicted by the percolation model framework.
Dufrense % and Tang ® suggested that in presence of strong interfacial interactions
between the CNC surface and the polymer matrix, a rigid interfacial “particle-bound”
polymer layer around the CNC particles will develop which would effectively increase
the “apparent” volume fraction of the rigid phase within the matrix thus resulting in
mechanical properties that are higher than that predicted by the model. A number of
previous studies %8-%° have also showed that there is an increasing trend in the
experimental values of elastic modulus of nanocellulose-based hybrid systems as the
polarity of the matrix (and thus the interfacial interaction with the CNC) increases in
comparison to simulated values obtained from the model.

In the current system, this explanation is in excellent agreement with the nature of
the matrix because polyamides can form strong hydrogen bonding interactions with the
CNC surface in the case of non-modified CNC, and for the APS-CNC samples, the
polysiloxane chemical bond further enhances the development of the apparent rigid
phase. In fact, this is thought to be the main reason for the samples exhibiting larger than
expected reinforcement effect even at low volume fractions of CNC.

Encouraged by the results of the micromechanical models and the effect of
interface quality on the model predictions, and considering the significant effect of the
whisker alignment on the mechanical properties as already discussed, we explored the
application of the shear lag theory modified with an interface parameter. The shear lag
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theory was originally developed by Cox © and the extensive derivation of the equations
for different fiber packing arrangements is provided by Piggott’:. This model assumes a
perfectly elastic and isotropic matrix and fiber reinforcement where the short fibers are
aligned and packed in an orderly manner. In addition, the stress transfer from the matrix
to the fiber occurs through interfacial shear stress where the stress at the end of the fibers
is assumed to be zero. In this theoretical framework, the longitudinal elastic modulus of

the composite can be estimated using the following equation "
tanh (%)
E.=E|1- — |t Epnom (4.16)
2

The original n function in Cox’s shear lag theory depends on the elastic properties
of the matrix and fiber as well as the packing factor of the fiber within the matrix which
is typically taken as a square or hexagonal arrangement. However, Nairn " improved the
classical shear lag function (1) based on the equations of elasticity of transversely
isotropic materials using axisymmetric stress condition and further modified the equation

to account for the quality of interface in a generalized case where the shape function

describes the shear stress in the form of the following equation:

n
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where the y is a correction factor in order to prevent the natural log term in the

denominator to approach zero in the case of low volume fractions of fiber and it has been

195



shown that the universal value of ¥=0.009 results in acceptable agreement of the model
prediction with finite element analysis results for a number of systems 2. The Ds in
Equation (4.17) is known as “interface parameter” which increases with increasing
interfacial adhesion or interface quality and eventually approaches infinity in the case of
“perfect” interface (Ds—0). The interface parameter accounts for the displacement

discontinuity at the interface which in the simplest form, can be written as "*:

Tint
Ds = W (4.18)

Where the zint is the interfacial shear stress and [w] is the axial displacement
discontinuity. A zero value of the interface parameter (Ds—0) implies a debonded
interface where the interfacial stress will be zero.

The results of the modified shear-lag simulation of the nanocomposite elastic
modulus for various interface parameter values along with the experimental modulus
values are shown in Figure 4.9(b). As suggested by Nairn 74, interfacial stiffening of the
polymer layer at the interface of the polymer-CNC hybrids, results in a “better than
perfect” interface which might even result in the negative values of the interface
parameter . As shown in Figure 4.9(b), the low volume fractions of the nanocomposites
with both CNC and APS-CNC are predicted by the negative value of Ds= -4x10°
GPa.mm* while the higher concentrations of the whiskers are predicted by the
significantly large value of Ds = 106 GPa.mm. This result is in agreement with the
results of the percolation model and the expected interface stiffening effect of the PA6
matrix at the polymer-CNC interface. In fact, especially at lower CNC concentrations
where a better dispersion (and thus larger interfacial area) is developed, this effect

196



becomes more prominent. The large values of the Ds that is needed to properly fit the
experimental data confirms the formation of the strong interfacial adhesion between the
highly polar PA6 matrix and CNC surface that resulted from the hydrogen bonding and
the interfacial polysiloxane chemical bonds between the APS layer and matrix in the case
of the modified CNC particles.

Further analysis of the interfacial region was performed by using Peak Force
QNM® which is a novel experimental tool for analysis of nanomechanical properties of
soft materials and polymers. To our knowledge, only a few studies have attempted using
this method in analyzing cellulose-polymer interfaces. For example, Nair et al "® used it
to study the effect of compatibilization of a PP based wood fiber composite modified
with maleic anhydride and their reported modulus mapping results showed the
broadening of interface or development of “interphase” upon chemical compatibilization.
In a recent study, Pakzad and coworkers 7’ studied the nanomechanics of the interface in
a poly(vinyl alcohol)-poly(acrylic acid)/CNC nanocomposite systems. Their results
showed a dependency of the thickness of interphase (or transitional zone from whisker to
surrounding polymer) on the size of the whisker particle where CNCs with larger
diameter are surrounded with a thicker interphase. This result is however, contradictory
to some previous reports by Brown "8 and Li ”® who showed independency of the
interphase thickness on the particle size using molecular dynamic simulations. In the
current study, an initial assessment of the interphase properties is presented and more
extensive investigation on the effect of the system variables (such as the size of the
CNCs) on the interphase thickness is a matter for further investigation that will be
reported in a future paper.
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In order to study the nanomechanical properties and thickness of the interphase in
the nanocomposite systems, bundles of CNC around 30nm or less in diameter were
chosen and the average interphase thickness was measured by studying two different
batches of each samples with measurements conducted on at least 5 different spots
(satisfying the above mentioned requirement) on both sides of the particles. Two
representatives QNM images of the 3% CNC and 3%APS-CNC samples together with the
modulus profile of the rectangular areas specified on the images are shown in Figure
4.10(a)-(c). It is worth noting that in all samples considered; more isolated areas of the
particle dispersion were chosen to minimize the effect of fiber overlapping in these thin
film samples.

First of all, in the 3% CNC sample, it can be seen in Figure 4.10 that the modulus
of the PA6 matrix regions vary in the range of 5-7 GPa and the modulus of the CNC
bundles are in the range of 11-15 GPa as seen in the representative images shown. The
modulus values of the CNC are in good agreement with the reported transverse modulus
value of 15 GPa ® and the interfacial thickness in the range of 11-13nm reported in a
previous study on poly (vinyl-alcohol)-CNC hybrid systems 7’. In the 3%APS-CNC
sample, the modulus of the CNC bundles are higher compared to that of the neat-CNC
samples ranging between 22-25 GPa. In addition, the interfacial region extending from
the matrix to that of the CNC peaks, show a higher value of modulus compared to the
neat CNC samples. This increase in modulus is attributed to the presence of the
polysiloxane layer together with the rigid portions of the matrix chemically bonded to the
CNC surface.
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Another important variable of interest is the interphase thickness which is the
distance from the CNC surface to the nearby matrix region. Here, the modulus profiles
show the CNC diameter and the thickness of interface measured from the AFM (QNM)
images. The average thickness of the interface for the 3%CNC sample was found to be
15.3nm (£4.1nm) which is surprisingly very close to the values reported by Pakzad et al
"in a PVA/CNC nanocomposite hybrid system (reported to be 11-13nm). In addition,
the average thickness of the interphase in the 3%APS-CNC system was found to be 118.2
nm (£23.6 nm). From the TEM images of the APS-CNC particles (see Figure 4.1) the
polysiloxane layer on the CNC was found to be in order of 30-50nm thick. Therefore, the
rigid portion of the interfacial matrix layer is roughly around 70-90 nm thick as obtained
from the difference between the polysiloxane thickness and the “overall” thickness of
interphase found by QNM. In addition to the thickness of the interphase, the modulus
gradient along the interphase can be considered. From the two representative graphs in
Figure 4.10, an average of the slope of the modulus profile along the interphase was
calculated. The values obtained are 0.27 (x0.02) for 3% CNC and 0.09 (+0.03) for the
3%APS-CNC sample. This clearly shows that the “broadness” of the interphase is higher
in the surface modified CNC particles indicating a relatively wider and more gradual
stress transfer region between the matrix and the CNC particles. It is conjectured that this
thicker interphase with a higher modulus gradient in the APS-CNC nanocomposite
samples results from the formation of the rigid PAG6 layer which is chemically bonded on
the APS surface. In addition, because the ROP polymerization of the PA6 occurs in the
presence of the polysiloxane layer on the particle surface, an interpenetrating polymer
network (IPN)-type structure can develop along the interphase where the polymerized
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PAG chains are in locked position (and chemically bonded) to the siloxane layer on the
CNC surface. The findings of the QNM technique are clearly consistent with the results
of the micromechanical modeling, confirming the presence of the rigid interfacial matrix
layer on the surface modified particles.

4.3.3 Melt Rheological Properties

Small angle oscillatory shear tests (SAOS) were carried out in order to study the
rheological behavior of the nanocomposites. The variation of storage, loss modulus, and
complex viscosity of the PA6 matrix and PA6/CNC nanocomposites versus frequency are
shown in Figure 4.11.

It is evident from this figure that increasing the CNC content in the matrix,
increases the storage and loss modulus of the nanocomposites significantly compared to
that of the neat PA6 matrix especially at lower frequencies; and it is also evident that the
storage modulus values are more sensitive to CNC concertation compared to that of the
loss modulus values. A similar data trend has been reported for a number of other
systems filled with anisotropic high surface area nano-particulates 881, The low
frequency region of the dynamic frequency sweep tests is dominated by large-scale chain
motions where polymer chains exhibit terminal behavior in their fully relaxed state. In
this region, the slope of the terminal zone of the storage and loss moduli can be described
by G’~0? and G”~w 8. In the case of the PA6 matrix, G’~0>® and G”~n"'® are
applicable. However, upon addition of increasing CNC concentrations to the matrix, the
terminal zone regions are described by G’~m! 048 and G”~w® 6084 with 1-3% of CNC.
The reduction in the slope of the terminal region (i.e., the development of the non-
terminal behavior) in the nanocomposite samples is ascribed to the formation of network-
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like structure of particles through the strong interaction of fibrillar CNC with PA6 chains
and other fibrils that restricts the viscous motion of polymer chains and enhances the
elasticity of the system thereby resulting in the observed pseudo-solid-like behavior
which is in agreement with the results of our previous report on in-situ polymerized
nanocomposite systems 4. Further evidence for this observation is the dominance of the
G’ values over G” for the 3%CNC sample throughout the frequency range studied which
further supports the pseudo-solid like behavior at higher CNC concentrations. This effect
is also observed in the complex viscosity data of the nanocomposites. With addition of
the CNC, the zero shear viscosity of the systems increases from 1013 Pa.s for the matrix
to 2390, 4620 and 21900 Pa.s in the 1,2 and 3%CNC samples, respectively. The effect of
the presence of the whiskers on the shear-thinning characteristic of the PA6 matrix is also
clearly evident in Figure 4.11(b). Note that while the neat matrix does not exhibit
noticeable shear- thinning behavior in the »” values (approximately constant throughout
the range studied), the addition of the CNCs from 1 to 3 wt% CNC leads to a
considerable decrease in viscosity at higher frequency as Figure 4.11(b) shows. This is
thought to be related to the orientation of anisotropic particles in polymer melts in the
flow direction which, in turn, results in disruption of the chain entanglement of the
polymer. With higher CNC particle concentration, this effect is enhanced as more
whisker orientation occurs, resulting in relatively higher decrease in viscosity values.

A similar trend in the data was observed in the nanocomposites with 1-3% APS-
CNC particles. However, for comparison, the storage modulus and complex viscosities of
3%APS-CNC and 3%CNC are plotted in Figure 4.11(c). First of all, it is seen that both
the storage modulus and viscosity values are higher for the sample with the modified
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interface especially at the low frequency region. It is also interesting to note that the slope
of the terminal zone of storage modulus changes from 0.48 in the 3%CNC to 0.31 in
3%APS-CNC, indicating a relatively higher restriction effect on the short range
dynamics. In addition, the absolute value of the shear thinning index changed from 0.36
to 0.51 for 3% CNC to 3%APS-CNC sample respectively, suggesting that the presence of
the interfacial bonds significantly enhanced the stress transfer from the matrix to
particles, enhanced whisker orientation, and therefore, showed a sharper drop in
viscosity. It is also very important to note that in the low frequency region (0.01-0.1
rad/s) there is a sudden sharp increase in the complex viscosity values for the 3%APS-
CNC sample. This is known as the nanostructure formation signature (which breaks up at
increasing frequency) where essentially an elastic fluid behavior which is a consequence
of the strong polymer-particle and inter-particle interactions as already described.

In general, in polymer systems filled with anisotropic nano-scaled particulates, the
response of the system in a given force field is governed by two major mechanisms. At
low particle loading, the overall rheological behavior is governed by the polymer matrix
while the particles affect the behavior to a certain extent through chain motion restriction.
However, as the concentration of the particles and the interfacial area increases,
nanostructure or network formation due to particle-particle and polymer-particles
interaction dominate the observed rheological behavior 8. The interface also plays a
crucial role as the bonded interfacial polymer chains may play a role in particle
interconnectivity even in cases where the particles are not overlapping (i.e., physical
connection) within the matrix. In addition, the efficient stress transfer from matrix to
particles (by the improved interfacial adhesion) could significantly change the rheological
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behavior as observed in the current PA6/CNC system. The interfacial area created by the
nanoparticles significantly changes the relaxation of the adjacent polymers in the
interphase as described in more detail in the following section.

The experimentally determined plots of linear stress relaxation modulus are
shown in Figure 4.12 for the nanocomposite systems with unmodified and APS-modified
CNC particles. Clearly, this figure shows that in both cases at each fixed time after
applying the strain, the modulus increased with increasing CNC content. A similar effect
was observed with the surface modified systems. This is thought to be due to the
significant chain relaxation restriction that is imposed by the cellulose whiskers which
reduces the viscous flow behavior of the polymer and results in extension of the modulus
relaxation under constant strain. In addition, incorporation of higher CNC concentration
that is highly rigid and elastic, contributes towards the longer delay in the relaxation
process. This effect is more pronounced in the APS-CNC systems because a relatively
better stress transfer from matrix to CNC is offered through strong interfacial adhesion.

The relaxation process of the polymers can be described by the generalized

Maxwell model with the following equation:

60 = Gexp(-) (4.19)

Where the zj and G; are the i-th relaxation time and modulus. The value of N
should be large enough to achieve a proper quantitative fit of the model to the
experimental data. The relaxation modulus along with the Maxwell model fits are shown
in Figure 4.12 and the spring constants and relaxation times are presented in Table 4.2 of

the supporting information. It is observed that compared with the neat PAG, the
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nanocomposite samples require a relatively large number of Maxwell elements to
properly describe their relaxation process. As the CNC concentration is increased in the
matrix, a higher number of Maxwell elements are required to fit the data. Similarly, More
Maxwell elements are required to properly fit the experimental data obtained from the
APS-CNC samples with improved interfacial adhesion compared with that required for
the unmodified CNC samples, indicating a delayed relaxation process that is consistent
with the observed significant reduction in viscous flow and enhanced melt elasticity. For
example, while 3 elements are sufficient to adequately fit the PAG relaxation data, 5 and
7 elements are needed to fit the samples with 3%CNC and 3%APS-CNC, respectively.

Further, the relaxation time of the elements as well as the corresponding modulus
(spring constant) increases with increasing CNC content, and the interfacial adhesion is
enhanced. In the neat PA6 matrix, the longest relaxation time is 0.87s, this value
increased to 3.1, 7.9 and 9.4s for the 1%, 2%, and 3%CNC, respectively, and further
increased to 120.3s for the 3% APS-CNC sample. This last observation is attributed to
significant chain motion restriction of the APS modified cellulose whiskers on the
polymer chains that is exacerbated by the strong interfacial adhesion in the surface
modified samples.

Theoretically, each relaxation element corresponds to a certain mechanism within
the material that undergoes this relaxation process. For the nanocomposites samples, we
adopted the previously reported approach 84 where three Maxwell elements were used in
order to account for the three major relaxation process namely: the polymer chains
relaxation (intermediate relaxation time), interfacial relaxation at polymer-filler interface
or fiber “pull-out” (longest relaxation time) and fiber-fiber interaction break-up (shortest
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relaxation time). The 3-element fit to the data obtained from 3%CNC and 3%APS-CNC
is shown in Figure 4.12(c) of supporting information. This figure does not provide an
adequate fit to the experimental data especially at longer relaxation times. Nevertheless,
the fitting parameters are shown in Table 4.3. It is seen that the 3%APS-CNC sample has
higher interfacial relaxation time (6.7s) compared to that of the 3%CNC (i.e., 2.6s),
indicating a significantly harder fiber pull-out mechanism due to the strong adhesion at
the interface. This effect is further supported by the better dispersion of APS-CNC within
the matrix (as already shown in the microscopic images of Figure 4.3) that depicts
significantly higher surface area for fiber-matrix interactions that hinders the relaxation
processes.

The extensional rheological properties of polymer nanocomposites reinforced
with cellulose nanocrystals have not been a subject of study especially in engineering
thermoplastic matrices. This is an important property of these systems due to the
anisotropic properties and needle-like geometry of these nanoparticles that can
significantly change the material properties due to their orientation. The extensional
viscosity of PA6 and the nanocomposites as a function of time with an extension rate of
0.1s! are plotted in Figure 4.13 showing that, with increasing the CNC content within the
matriX, the extensional viscosity increased with increasing CNC concentration. For all the
samples studied, it was observed that the extensional viscosity values initially show a
gradual increase with time until it reaches a plateau in the long-time region. As the CNC
content is increased, the viscosity starts to show a sudden further increase at longer times
which is even more prominent in the case of APS-CNC samples. This behavior is known

as “strain hardening” and has been observed previously in the case of layered-silicate
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based nanocomposites . For the 2% and 3% APS-CNC samples, no fixed plateau region
was observed because the viscosity show an increasing rate until the strain hardening
zone. As the CNC content increases, the slope of the strain hardening zone is increased.
The elongated samples of 3% CNC and 3%APS-CNC were immediately quenched in
liquid nitrogen and the SEM images of the surface of these stretched strings are shown in
Figure 4.13(c) and (d).

Clearly, this figure shows that there is a clear orientation of cellulose whiskers in
the extension direction. A primary reason for the observed strain hardening at this strain
rate (which is not seen in the neat matrix) is ascribed to the orientation of whiskers in the
applied force direction. In addition, the images of Figure 4.13(e) show that the thread of
3%APS-CNC sample has not ruptured after the elongation at up to 4 Hencky strain due to
its higher “melt strength” compared to that of the neat PA6 matrix which ruptured. This is
a beneficial attribute in applications where these nanocomposite systems are to be used in
the fiber form and high melt strength of the melt is required.

The effect of various strain rates on elongational viscosity was studied on the PA6
matrix and PA6/APS-CNC nanocomposites (due to their higher melt strength) and the
results are shown in Figure 4.14. It is clearly evident from this figure that for the lower
strain rates of 0.01 and 0.1s™ no strain hardening behavior was observed for the neat
matrix and 1%APS-CNC sample. For the 2 and 3%APS-CNC samples, the plateau region
slowly disappears as the viscosity shows an increasing trend with time especially for the
highest CNC content sample. In addition, the slope of the hardening region increases

even at these relatively slower strain rates for the 3%APS-CNC samples. For the highest
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strain rate (1s), all samples show an increase of elongational viscosity to various extents
with the highest slope observed for the 3%APS-CNC nanocomposite.

Further, Figure 4.14 clearly shows that as the CNC content increases within the
matrix, the response of the samples becomes more sensitive to the applied strain rate in
terms of the long-time strain hardening character. This experimental fact is ascribed to
the orientation of CNC whiskers in the uniaxial elongational force field which contributes
to the strain hardening and enhanced thread strength at larger Hencky strains (long
extension times). The favorable interfacial interactions and improvement in melt
elasticity due to the presence of high surface area rigid nanoparticles in polymers has
been shown to enhance the strain hardening character even at lower strain rates .

In order to better understand the role of the CNC structure within the PA6 melt in
the rheological analysis results already described, the effect of pre-shearing on the
structure break up and subsequent associated effects was studied through squeeze flow
experiment. Squeeze flow tests have received considerable attention in investigation of
various fiber suspensions, nanoparticle dispersions and gels 8 and an extensive analysis
and modelling of the flow with various boundary conditions and viscoelastic behavior of
materials are presented elsewhere . The squeeze flow test was carried out in the
constant force mode and reduction of gap as a function of time was recorded. In addition,
tests were carried out in the constant area mode where the material was squeezed out of
the plates as the gap between the top and bottom plates were reduced. Although it has
been shown that buildup of material on the periphery of the plates results in an unknown
pressure buildup 8, nonetheless, this mode was preferred over the constant mass mode as
the area of the sample under squeezing force was known throughout the experiment. In
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addition, the boundary condition of the squeeze flow plays a critical role in flow behavior
and is closely related to the roughness of the plates *°. As shown by Shaukat et al &,
smooth plates provide the slip boundary condition that results in development of the
elongational flow in addition to the shear flow and, therefore, larger deformations and
flow driving force. In contrast, rougher plate surface provides a no-slip boundary
condition that eliminates the in-situ elongational flow. In this study, abrasive papers were
used to achieve a surface roughness of above 35um that has been suggested as a no-slip
boundary condition °*. The reason for this consideration was to eliminate (or minimize)
the elongational flow that could contribute to the orientation of whiskers so that the
exclusive effect of pre-shear could be studied. The results of the squeeze flow of the PA6
matrix and nanocomposites with 3% CNC and 3%APS-CNC are shown in Figure 4.14(d).
This figure shows that, initially, the gap decreases rapidly followed by the reduction of
the slope of the curve ultimately reaching a plateau-like zone. The residual finite gap in
the plateau region is indicative of a material with yield stress and has been used in a
number of previous studies to find the yield stress. It should be noted that a squeeze time
of 900s is based on a reasonable timeframe of the material to remain thermally stable.
The yield stress of the Herschel-Bulkley model associated with limiting gap under no-slip
boundary condition can be found by using the following equation °:

_ 3Fd,

Ty = S (4.20)

Where the d is the limiting gap, F is the applied force and R is the radius of the
plate. Using this equation, the yield stress of the 3%CNC and 3%APS-CNC samples
before shear were found to be 16.9 and 23.2 Pa, respectively. After the pre-shearing step,
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the yield stress values were found to be 15.9 and 19.1 Pa for the 3%CNC and 3%APS-
CNC. This shows an approximately 18 and 6% drop in the yield stress values after the
pre-shearing step. This clearly shows that, firstly, the nanocomposite samples undergo
structural changes during the pre-shearing that results in what is believed to be the break-
up of the nanostructure and a consequent reduction of the final yield stress.

Secondly, this shows that the nanostructure of 3%APS-CNC sample shows a
higher sensitivity to the shear as the stress drop is more significant for this sample due to
the more efficient stress transfer from the melt to the whiskers and higher interfacial area
that could significantly affect the structural changes during the shear. It should be noted
that we have not ruled out the fact that a number of other factors may contribute to the
results including the time and scale of the pre-shear, squeeze force and the effect of plate
roughness. This is a matter for further investigation in a future proposed study.

4.4 Conclusion

A novel multi-step process based on in-situ ring opening polymerization and
subsequent melt extrusion was developed to incorporate cellulose nanocrystals (CNCs)
into polyamide 6 (PA6) matrix and the effect of surface modification of CNCs with
aminopropyltriethoxysilane (APS) on microstructure development, mechanical and
rheological properties of the resulting nanocomposites were studied and compared with
that of the neat CNC. Solid state NMR studies confirmed the interfacial bond formation
and better dispersion of modified CNC in the matrix. Microscopic images showed that in
the case of the neat CNC, a relatively significant fibrillar structure developed within the
matrix while for the surface modified CNCs a much better dispersion was obtained.
Mechanical testing results suggested a significant improvement of tensile properties (at
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small CNC concentrations < 3wt%) compared to that of the neat PA6 or nanocomposites
prepared by direct melt mixing. This was attributed to the significantly better CNC
dispersion within the matrix using the current process. The observed reinforcement effect
was found to be higher than that predicted by a number of micromechanical models in the
literature, suggesting the development of a rigid interphase around the CNC particles due
to the strong interfacial interaction and polysiloxane bond formation.

This hypothesis was tested and confirmed by Peak Force-QNM modulus mapping
technique (using AFM) where, especially for surface modified CNCs, a thicker
interphase with higher modulus was detected. Small amplitude oscillatory shear
rheological tests showed that upon incorporation of CNCs in the PA6 matrix, the
magnitude of rheological properties increased even at the relatively low CNC
concentrations studied. At higher CNC content, a non-terminal (in the low frequency
zone) and an enhanced shear-thinning property were observed which is known to be a
nanostructure formation signature. As expected, this effect was found to be pronounced
in the case of APS-CNC samples. Melt stress relaxation and extensional viscosity results
showed a considerable enhancement of melt elasticity and increases in relaxation time. In
addition, orientation of the CNCs (in their axial direction) along the extension direction
was found to be significantly improved by the strain hardening and melt strength of the
PA6 matrix. Squeeze flow test was used as a novel tool to probe the effect of pre-
shearing on the nanostructure of the neat and APS-modified CNC in the matrix. It was
found that break-up of the nanostructure caused by the pre-shear was more pronounced in
the case of modified particles which, in turn, gave a relatively higher magnitude of
reduction in the melt yield stress. Overall, the results of this study point to a better
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understanding of the in situ tailoring of the interface, nanostructure, and rheo-mechanical
properties of polymer nanocomposites containing CNCs with enhanced benefits in

applications where conventional micro (nano)composites are not useable.
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