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Figure 1.2.3: Image showing interphase region of particle reinforced matrix composite.

of the bulk filler and bulk matrix where the density, chain mobility, degree of cure, and
transcrystallinity can be affected.?>%® In Figure 1.2.4 shown below, Zheng and coworkers
observed transcrystallization of poly(vinylidene fluoride) (PVDF) in carbon fiber

composites where crystallization is enhanced at the filler interface.>> Conversely, the

Figure 1.2.4: CF/PVDF composite showing transcrystalline regions from ref[ 31].

phenomenon of aggregation results in dense particle collectives where filler-filler type
interactions are predominant. It has been widely shown that particle aggregates can cause
lead to a deterioration of the mechanical properties due to a reduction in matrix-filler
surface interactions or by introducing defects and areas of high stress concentration in the
material as well as cause processing problems or poor aesthetics.®2-3* However, various
reported studies have shown a reinforcing effect not attributed to classic matrix-filler
interactions.>>% As shown in Figure 1.2.5, Tauban et al. demonstrated the dependence of
composite mechanical properties on the complex geometries of the filler aggregates and

their spatial arrangement.®® Pioneering work by Dzenis®® and Dorigato et al.* describe
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Figure 1.2.5: Image showing correlation between complex filler morphology and
reinforcement from ref[40].

models where the unconstrained bulk polymer matrix can be subdivided into regions of
constrained matrix and as shown in Figure 1.2.6. Deformation of the constrained matrix is

impeded primarily by the presence of a rigid particle framework and additionally by
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Figure 1.2.6: Image showing the constrained and unconstrained bulk matrix in a particle
reinforced polymer composite.

entanglement of the polymer chains with the filler.>¢#* Therefore in these systems the
particle morphology defines the volume of constrained matrix. The composite materials
industry has various additional limitations that restrict their potential applications.
Microcrystalline cellulose is often used as a reinforcing material, however it requires
surface modification to improve particle dispersion.***® The works by Miyasaka and
Ahmad et al. discussed above only reach optimal mechanical performance at high inorganic
filler loading levels (sometimes exceeding 45 vol. %) and this can potentially lead to

challenges during composite processing.?>?* Moreover, there are often expensive, difficult
8



to control, and complicated multi-step processes necessary in order to mill or synthesize
complex particle architectures. The use of in situ compositing, where the fillers are
synthesized internally in the matrix during composite fabrication is a current approach to
overcoming many of those inherent limitations. Nanosized hydroxyapatite granules in
chitosan films formed homogeneous and high strength composites via in situ

compositing.** Li et al. synthesized spherical and rod-like Ag nanoparticle morphologies
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Figure 1.2.7: Spherical and rod-like Ag nanoparticle morphologies in silver-polyarylene
ether nitrile nanocomposites from ref[45].

using in situ compositing as seen in Figure 1.2.7 for the fabrication of silver-polyarylene
ether nitrile nanocomposites of tunable mechanical properties.*® Additionally, Selim et al.
improved the pervaporation potentials of ethanol-water mixtures using the in situ
generation technique for AgNPs-PV A In this thesis, the CTC architecture was selectively
tuned in situ using a controllable melt-mixing process. The TTF-TCNQ is crystalline in
nature and has previously been shown to have a Youngs modulus of ~20-55 GPa*'~°, In

the Ashby chart shown in Figure 1.2.8 below, this is significantly higher than most



polymers indicating that if the matrix-filler interactions are compatible a reinforcing effect

can be expected.>

Young's modulus - Density| Technical
ceramics 8

1000

100+

104

107"

Young's modulus, E (GPa)

Density, p (Mg/m?)

Figure 1.2.8: Ashby plot showing Young’s modulus vs. Density of various groups of
materials from ref[51].
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CHAPTER Il - EXPERIMENTAL METHODS

Melt-mixing Process:

Composite samples comprising the CTC and LDPE (DOW LDPE 133A or DOW
LDPE 132I) were fabricated in a melt mixing process described below. Low-density
polyethylene was used as the polymer matrix due to its hydrophobicity, melt
processability, and because dendritic CTC particles have been previously shown to form
in LDPE matrices.>? The CTC used in this research is based on TTF and TCNQ as it is
one of the most commonly studied CTCs and is relatively cost-effective (TTF ~$200/g;
TCNQ ~$122/10g) in comparison to others. In a typical procedure, ~2.25¢g of the LDPE
pellets were compression-molded in a Carver™ Model 4386 melt press for 10 seconds at
160 °C to form neat LDPE films transparent in appearance. The desired amount (0-2
wt.%) of TTF (orange powder) and TCNQ (brown/green crystals) were then measured
out and pressed between two films under the same conditions in an effort to minimize
loss of the CTC during handling as seen in Figures 2.1 and 2.2. The inhomogeneous

film was then cut into pieces approximately <1 cm? before being transferred to a conical

Figure 2.1: Image showing TTF (orange) and TCNQ (greenish-brown) powders between
two LDPE films prior to compression-molding.
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Figure 2.2: Image showing the film after the initial press, the TTF and TCNQ are
embedded in the LDPE matrix.

twin-screw Xplore™ MCS5 Micro-Compounder for blending. The micro compounder was
heated to 160 °C with a screw rotation speed of 160 rpm and a residence time of 3
minutes. The LDPE composite had a transparent yellow color immediately upon
extruding and turned to a dark black color within 30 seconds upon cooling to room
temperature as seen in Figure 2.3 below. Neat LDPE was prepared in an identical

manner without the CTC additives to make control samples.

Figure 2.3: Image showing transparent yellow composite extrudate cooling into a dark
black/ brown color at room temperature.

12



Sample Preparation:

Figure 2.4: Mold for tensile bars between Teflon™ coated fiberglass sheets for ease of
removal.

Approximately ~0.9g of the extruded filament was then placed in each dogbone

mold as shown in Figure 2.4 and compression molded for 3 minutes under 2 metric tons
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Figure 2.5: Fast cooled samples quenched in an ice-water bath.
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Figure 2.6: Normal cooled samples placed on the counter-top to cool.

of pressure at the designated temperature. The samples were then cooled at the desired

rate and removed from the mold.

Figure 2.7: Slow cooled samples left on the Carver™ Melt-press as it cools to room
temperature.
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Three cooling speeds as shown in Figures 2.5, 2.6, and 2.7 above were used in
this study to control the CTC morphology; i.) quench cooled in an ice-water bath to
minimize CTC crystallization where a greenish brown composite forms, ii.) normal
cooled under ambient conditions on the counter-top to form small needle-like micro-

crystals which appears as a light brownish color, and iii.) slow cooled on the melt-press

as its cooled to room temperature over an hour where highly branched dendritic CTCs

Figure 2.8: Images showing the composite samples at the various cooling rates.

form seen as a speckled pattern. The temperature of the normal cooled samples was
monitored via a PTC® Instruments Spot Check® Surface Thermometer. The optimal
CTC weight % and melt press temperature was determined from an initial temperature vs
concentration screening study- LDPE composites containing CTC weight fractions
ranging from 0.15 — 2 wt. % were slowly cooled to room temperature over an hour from
initial melt-press temperatures ranging from 120 °C to 190 °C. LDPE composites
containing 0.25 wt. % CTC cooled slowly from 170 °C was chosen as a starting point
based on the ability to form relatively large dendritic CTC microparticles. Upon quench-
cooling the composite samples an inhomogeneous greenish-brown appearance forms, the
normal cooled samples appear light brown, and the slowly cooled dendritic samples have

a speckled pattern throughout as seen in Figure 2.8 below.
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Characterization:

Optical Imaging:

Figure 2.9: Representative image of LDPE_0.85CTC_180C_normal showing needle
length measurement.

A Zeiss™ Smartzoom 5 microscope with Plano 5.0x, 1.6x, and 0.5x objectives
was used to obtain optical images of the composite samples and to visualize the
microstructure of the CTC crystallite particle inclusions. Additionally, the image
analysis software ImageJ was used to measure the average diameter and length of the
needle-like micro-crystallites, the longest diameter and radius of the dendritic inclusions,
as well as estimate the average area, 2D number density, and 2D surface area fraction as
shown in Figures 2.9, 2.10. and 2.11 respectively. The linear measurements were taken
from an average of 10 particles, from only those crystallites that are in focus and not

aggregated to adjacent crystals.

16



Figure 2.10: Representative image of longest diameter measurement of a dendritic CTC
particle in LDPE_0.3CTC_180C_normal.

Figure 2.11: Representative image of LDPE_0.3CTC_180C_normal showing ImageJ
particle analysis tool to determine average size, 2D surface area fraction, and 2D number
density.
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Fourier-Transform Infrared Spectroscopy (FTIR)

A PerkinElmer™ Frontier FT-IR Spectrometer was used to spectroscopically
confirm the formation of the TTF-TCNQ complex in the composite samples. The TTF
and TCNQ have been shown to readily complex in acetonitrile.>® In a typical procedure,
20 mg of the TTF and TCNQ were dissolved separately in 10 mL of acetonitrile (2 mg/
mL), 5 mL of each were added to a new scintillation vial whereupon a black substance
immediately began to precipitate out giving a visual indication of the complexation. The
CTC was collected by gravity filtration and dried under vacuum. As shown in Figure
2.12 the solid TCNQ appeared as fine greenish-brown crystals, the solid TTF appeared
bright orange, whereas the CTC complex appeared black. The characteristic shifts
observed from the parent TTF and TCNQ to the complexed TTF-TCNQ is then used to

confirm complexation in the LDPE composite samples.

Figure 2.12: Image showing color differences between the parent TTF and TCNQ
compounds versus the black complexed TTF-TCNQ (CTC).

Thermogravimetric Analysis (TGA)
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Thermogravimetric analysis was performed using TA Instruments Q500 TGA on
the three compounds shown above in Figure 2.12 as well as the neat LDPE matrix to
understand the thermal stability of the compounds during the melt-mixing and
compression-molding processes. Approximately 5-25 mg of the samples were heated

from 25 °C to 600 °C at 20 °C/min in the presence of an air atmosphere.

Differential Scanning Calorimetry (DSC)

A TA Instruments Q100 DSC was used to perform differential scanning
calorimetry on the neat and composite LDPE samples at their respective cooling rates
(slow, normal, fast) in order to determine the effect on the LDPE polymer matrix
crystallinity. In a standard protocol, approximately 3-8 mg of the samples were heated
from -80 °C to 200 °C at a ramp rate of 10 °C/min in a heat/cool/heat cycle and run in
triplicate at a minimum. The enthalpy of fusion AH, is determined experimentally by

integrating the endothermic melting peak from the initial heating cycle. While the theoretical

enthalpy of fusion, AHZ is based on a 100% crystalline LDPE and is determined to be 293 J/g.%
The degree of crystallinity is then estimated by normalizing the experimentally obtained AHy to

the theoretical AHE as seen in equation (2.1) below.

AHf
an? * 100% (2.1)

% crystallinity =

X-ray Diffraction (XRD)
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In conjunction with DSC, X-ray diffraction is another technique that is used to
estimate the % crystallinity of the LDPE as well as the LDPE crystallite dimensions. A
two-phase model is employed where the diffraction pattern is deconvoluted into the
crystalline and amorphous regions using a gaussian fit function shown in Figure 2.13

below where the full width at half max (FWHM) and peak areas can be determined.
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Figure 2.13: Representative plot of LDPE_CTC_normal showing deconvolution into
amorphous (red) and crystalline (green and blue) regions.

The degree of crystallinity is determined by taking the ratio of the crystalline regions to
the total area as seen in equation (2.2) below. Where I, represents the scattering intensity
of the crystalline peaks and I, for the amorphous region respectively, and in this model

the scattering intensity can be assumed proportional to the peak areas as found above.>

IC
Ig+l,

% crystallinity = ( ) * 100% (2.2)

20



Similarly, the LDPE crystallite dimensions are determined for qualitative comparison
using the Scherrer equation as shown below in equation (2.3) where the crystallite size
Ly 1s inversely proportional to the FWHM, g (rad). Additionally, 6 represents the
Bragg angle of the hkl reflection, A is the instrument wavelength (1.54 A), and K is a
dimensionless Scherrer constant assumed to be 0.9 for spherical crystals with cubic

symmetry.>

K*A

Lt = grcos @ (2.3)

Tensile Testing

-

Figure 2.14: Representative tensile testing setup of LDPE_0.16CTC_180C_normal with
DIN EN 1SO 527-1 molded dog-bones.

Lastly, the mechanical properties of the composite and neat LDPE samples were

measured using an MTS Insight® Electromechanical Testing System — 10 kN Standard
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Length with a 500 N load cell attachment. Dog-bones were pressed according to DIN EN
ISO 527-1 with cross-section of approximately 6 mm x 0.4 mm (width x thickness) as
seen in Figure 2.14 below. The samples were run in sets of 5 and a strain rate of 50
mm/min was used throughout. The average Young’s Modulus, stress at yield, maximum

strength, and strain at break were determined and compared.
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