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Abstract: Poly(para-phenylene) (PPP) is one of the strongest and stiffest thermoplastic polymers due
to its aromatic backbone structure. However, because of this chemistry, this also means that typical
processing techniques require high temperatures and pressures to allow for formability. This study
demonstrates that, unlike similar aromatic thermoplastics, PPP has the unique ability to be solvent-
cast using conventional solvents, which allows for facile fabrication of thin films and coatings under
ambient conditions. The purpose of this research was to investigate the properties of solvent-cast PPP,
which is not currently available in literature. In addition, through the solvent-casting technique,
composite materials can be created by combining PPP with multi-walled carbon nanotubes
(MWCNTS) in attempts to enhance structural properties and electrical conductivity. A method was
developed for solvent-casting of PPP through chloroform evaporation and subsequent methanol
soaking, resulting in homogenous average thicknesses of 0.10 #0.04 mm. Mechanical testing of
solvent-cast PPP resulted in an elastic modulus of 4.2 £0.2 GPa with 13 +2.3% strain-to-failure.
The addition of MWCNT reinforcement increased ultimate tensile strength at the expense of ductility.
Composites maintained a yielding response up to 6 vol.% of MWCNTS, which also corresponded to
the largest strength values observed. Ultimate tensile strength increased from 96 MPa from the
matrix to a maximum of 121 MPa. Electrical conductivity of the composites increased from
45 %10 °to0 1.02 %102 S/cm from 3 to 20 vol.% MWCNTSs, although values plateau at 5 vol.%.
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1. Introduction

Poly(para-phenylene) (PPP) has been shown to exhibit high tensile stiffness and strength values.
Depending on the specific side chains present, tensile elastic modulus values range from 5 to 9 GPa,
and yield strengths vary between 120 to 200 MPa [1-4]. The high strength of this polymer system is
associated with the repeating aromatic phenyl rings in the backbone structure [4]; PPP has been
explicitly noted as one of the strongest unreinforced polymers available [2]. In addition to high
strength, PPP has several other favorable properties, which include good thermal stability [2], scratch
resistance [3], biocompatibility [4—6], and shape-memory properties [7].

For typical PPP processing, temperatures upwards of 320 °C must be employed in fabrication
methods such as pressing or injection molding [5,8,9]. This is characteristic of other aromatic
polymers as well, such as commercially available polyphenylene sulfide (PPS) [10-12] and
polyetheretherketone (PEEK) [13-15]. Despite the high temperatures required for fabrication,
alternative solvent-casting techniques for PPS or PEEK are not typically utilized because they are
insoluble in most solvents, with the exception of strong acids [16—18]. To the authors’ knowledge, no
studies have investigated the material properties of solvent-cast PPP, in spite of interest in
manipulating the chemistry of PPP to improve solubility behavior [19,20].

Due to the convenience and ease of casting, which can be prepared in ambient conditions,
solvent-casting is an advantageous technique for creating PPP films or coatings. Combining this
manufacturing advantage with the beneficial properties of PPP, solvent-casting could be an effective
way of creating biocompatible surfaces with robust tribological properties. For example, a potential
orthopedic implant with high promise made from PPP has been previously investigated, however it
required high compression molding techniques for manufacturing [4,5]. Furthermore, the ability to
solvent-cast PPP opens new doors for polymer matrix composites by allowing for inclusion of
reinforcements into a liquid PPP matrix during manufacturing.

Carbon nanotubes (CNTs) have frequently been considered as reinforcement for polymer-
matrix composites [14,21,22] due to CNT’s theoretical elastic modulus values on the order of 1 TPa
and tensile strengths in excess of 50 GPa [23]. In addition to the mechanical properties, CNTs have
excellent electrical and thermal properties [24]. Unfortunately, CNT reinforced polymers do not
typically reach theoretical material properties [25]. This disparity between theoretical and empirical
values may be due to the weak interfacial bonding between CNTs and their polymer matrix [26—28].
Conventional theories for composite behavior dictate that for load transfer from the matrix to the
reinforcement, the adhesion properties between the reinforcement and matrix must be relatively
strong; this is also the case with CNT composites [29]. Weak adhesion likely results in debonding of
the reinforcement from the matrix, leading to premature crack nucleation and fracture. In addition,
CNTs tend to aggregate due to secondary bonding of van der Waals forces [30], preventing good
physical contact with the matrix. CNT agglomerations have been associated with negative impact on
composite mechanical properties [24,31-36].

In an effort to increase the dispersion of CNTs within the polymer matrix, surface modified
CNTs have been developed [37,38]. These functionalization techniques aid in the nanotube
dispersion as well as increase the strength of the interface between CNTs and polymer matrices [39].
Several functionalization techniques, however, can disrupt the covalent bonding of the CNTSs,
creating a significant flaw in the tube which will severely weaken the theoretical strength of the
material [24,31]. Using multi-walled carbon nanotubes (MWCNTS) can allow for functionalization
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of the exterior tube to facilitate dispersion, while maintaining mechanical properties of the inner
tubes. Functionalized MWCNT-polymer composites have shown to blend the desirable properties of
CNTs with polymer matrices [24,31,40] and PPP-MWCNT composites have been previously studied
resulting in a favorable increase of the mechanical properties adding to the already strong and stiff
polymer [41,42]. With successful creation of PPP-MWCNT composites, stiff wear resistant materials
can be manufactured along with the possibility of tailoring shape memory transition temperatures for
targeted uses, such as in the biomedical field.

In this study, a methodology for solvent-casting fabrication of thin film PPP and PPP-MWCNT
composites is established. The properties of solvent-cast PPP are investigated first as a baseline, as
solvent-casting of PPP has not been explicitly studied in the literature. The effects on the mechanical
and electrical properties were tested over a range of increasing volume fractions of carbon nanotubes
from pure PPP to up to 20 vol.% MWCNT. In addition, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) were employed to investigate the microscopic features of
the composites. Understanding the properties of solvent-cast PPP and composites is crucial for future
development of coatings.

2. Materials and method
2.1. Materials

PrimoSpire PR-250 PPP was provided in powder form with a density of 1190 kg/m® by Solvay
Specialty Polymers, LLC (Alpharetta, GA, USA). Functionalized MWCNTs were provided in
multiple lengths and diameters by Haydale (Tycroes, Wales). The outer diameters of the MWCNTSs
ranged between 10 and 30 nm with lengths between 0.5 and 2 pm with a true density of 2200 kg/m®
quoted. The functionalization process was realized via a proprietary plasma etching technique by the
manufacturer, and resulted in —COOH functional groups. Chloroform (>99.8% purity), 1-methyl-2-
pyrrolidinone (>99% purity), benzyl chloride (99% purity), and dichloromethane (>99.5% purity)—
solvents used for solvent-casting—and methanol (>99.9% purity) were purchased commercially from
Sigma-Aldrich (St. Louis, MO, USA).

2.2. Solvent-casting

Solvent-casting of PPP was achieved by dissolving powdered PPP in a solvent, and allowing the
solvent to evaporate and diffuse out of the system. Extensive preliminary testing was performed to
evaluate a potential solvent for PPP. Polymer to solvent ratio was maintained constant at 1:19 by
weight, which—depending on the solvent—resulted in an optimal thickness, viscosity, and
mechanical integrity of the final samples. The mixture was shaken vigorously by hand to disperse
PPP into solvent followed by 90 minutes of mixing on a shaker table (J-Kem Scientific MaxQ2000)
at 300 rpm and room temperature, ensuring all powdered PPP was completely dissolved in the
solvent. Through several tests outlined in Section 3.1, chloroform was chosen as the optimal solvent.

After the PPP powder was dissolved in chloroform it was immediately poured into an aluminum
dish and covered tightly with foil for 48 hours. This allowed for controlled, slow evaporation of the
solvent at room temperature, and accounted for most of the solvent removal. Continued evaporation
was done uncovered under 22 in Hg vacuum at 90 °C for 5 days. This process was followed by
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soaking in methanol for 24 hours at room temperature to remove any excess chloroform retained in
the polymer, followed by 12 hours of drying at atmospheric conditions.

For MWCNT composite samples, the desired amount of carbon nanotubes was subsequently
added to the chloroform and PPP mixture. Mass of carbon nanotubes was calculated based on the
targeted volume percent of carbon nanotubes as well as the mass of the PPP in the solvent, noting the
densities of PPP and the carbon nanotubes. This is seen in Eq 1,

Moy = %(vol.%) 1)
where mey and mppp are the masses of carbon nanotubes and PPP, respectively. Similarly, pc: and
pppp are the density of carbon nanotubes and PPP, respectively (figures provided by each
manufacturer). The vol.% was the target volume fraction of carbon nanotubes to be added to the
solution.

For dispersion of the MWCNT, various methods were investigated: hand mixing, vortexing
(Scientific Industries Vortex-Genie 2) at 3600 rpm for up to 1 hour, and shaking at 500 rpm for up to
3 hours. All of these methods yielded unfavorable MWCNT dispersion and severe re-agglomeration
of the particles. Tip-sonication (Q-Sonica Q55) performed at 20 Hz for a duration ranging between 1
and 8 minutes, in increments of 30 seconds, was also investigated as a possible method for dispersion
of the reinforcement in the PPP matrix. Ultimately, final sonication duration of 4 minutes was chosen.
Shorter times resulted in incomplete dispersion, while increased amounts of time exhibited no
pronounced change on mechanical properties or dispersion. The equipment was pulsed at a rate of
1 Hz rather than continuous mode to reduce the accumulation of heat in the solution during
sonication. Therefore, the sonication technique was favored in fabrication of the composites.
Composite solvent-cast films were prepared using the same technique as described for the pure PPP.

Pure PPP and composites with volume fractions from 1 to 20 vol.% MWCNT reinforcement
were manufactured for characterization. Mechanical properties of the composite reinforcements were
tested through 10 vol.%, as composites with reinforcement in excess were brittle and fractured upon
punching into dog bones and therefore volume fractions above this point could not reliably be
mechanically characterized. In contrast, electrical properties of the composites were tested
throughout the range of reinforcements fabricated.

2.3. Microscopy analysis

MWCNTs were observed as-received via transmission electron microscopy (TEM) in bright
field microscopy mode. Observation occurred on a FEI Tecnai G2 F20 S-Twin microscope operating
at 200 kV. Samples were prepared by drop casting onto a copper TEM grid from an ethyl-alcohol
solution.

Morphology of the MWCNT distribution in the PPP matrix was observed using scanning
electron microscopy (SEM) by investigating the surface of fractured samples. Samples were
fractured by loading in bending for the explicit purpose of observation via microscopy. Fractured
surfaces were subsequently coated with a layer of gold several nanometers thick for conductivity
needed for electron microscopy. Investigations of such fractured surfaces allowed for internal
characterization of the MWCNTSs in the PPP matrix. Observations were made using a field emission
Zeiss Supra 55VP using both a backscatter electron detector (BSD) and a secondary-electron in-lens
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detector (I-L). Operating parameters included a working distance of 6.1 mm, accelerating voltage of
10.0 kV, and a probe current of 1.6 nA.

2.4. Mechanical testing

Tensile samples were punched from bulk solvent-cast samples according to the dimensions of
ASTM standard D638-14 type V dog bone tensile coupon (0.10 mm thick, 3.8 mm wide, and 9.5 mm
gauge length). Tensile testing to failure was performed using a uniaxial mechanical tester (Instron
1125) using a 900 N load cell with strain measured by a laser extensometer (MTS LX500). Each
sample’s effective length for engineering strain calculations was taken from the laser extensometer’s
data immediately before loading. All samples were deformed at a rate of 0.010 mm/s (corresponding
to a strain rate below 107%/s) to failure. Ultimate tensile strength, ours, Was taken to be the maximum
stress reached in the loading curve. The strain at which the sample failed under fast fracture was
denoted as the strain-to-failure, &, and its complement failure stress is denoted, or. The elastic
modulus, E, of each material was calculated as the slope of the linear elastic region.

2.5. Electrical properties

Rectangular samples were cut with approximate dimensions of 3 mm > 10 mm from solvent-
cast composites with vol.% varying from 1 to 20 vol.% with each of the investigated MWCNT.
Samples were lightly ground with a 600 grit sandpaper to remove any surface effects. Sample
resistance was measured with a multimeter (Fluke 867B) using two alligator clips attached to the
sample. The width of the composite as well as the distance between the two leads of the multimeter
were measured using digital calipers and thickness was measured using a micrometer screw gauge.
Resistance was normalized by sample geometry, calculating conductivity, as seen in Eq 2,

L

Oc = — (2)
where o is conductivity (S/cm), R is the measured resistance, w is the width, t is the thickness, and L
is the measured distance between the multimeter leads [43].

3. Results
3.1. Solvent-casting

Dissolving the PPP in the solvent created a solution with a viscosity on the order of 10™* Pa s,
comparable to olive oil. From all solvents used, films were fabricated using the same ratio of mass of
the initial solvent to mass of the PPP mixture (1:19). When solvent-casting with either 1-methyl-2-
pyrrolidinone or benzyl chloride, the color of the pale-yellow PPP would change to a dark yellow,
indicating some additional interaction between the polymer and solvent. When the solvents were
allowed to dry leaving the polymer substrate, they would be heavily warped as well. The 1-methyl-2-
pyrrolidinone and benzyl chloride were not used for any additional tests beyond this as they were
deemed unsuitable. For this study, both chloroform and dichloromethane were initially targeted as
solvents. In both cases, seemingly robust initial films were created from the preliminary evaporation
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of the solvent over a 48-hour period at room temperature. However, upon further drying of the
samples at 90 °C under vacuum, the samples manufactured using dichloromethane tended to warp,
resulting in a film of nonhomogeneous thickness that also often included residual bubbles. In contrast,
chloroform, once optimized, resulted in a thin, homogenous, and bubble-free film which could then
be further characterized.

Although the chloroform was superior to the dichloromethane as a casting solvent, multiple
variables had to be optimized before obtaining a satisfactory PPP solvent-cast method and a
combined PPP/CNT solvent-cast method. Some of these issues can be observed in Figure 1. For pure
PPP solvent casting, a mass ratio of 1:19 (PPP to chloroform) was determined optimal. Employing
solutions with much lower ratios of PPP to chloroform (e.g, 1:39) resulted in a much thinner final
film after solidification, as there was less PPP in the final substrate with similar volumes of mixture.
Increasing the ratio (e.g., 1:9) created a solution much higher in viscosity, on the order of 10 Pa s and
comparable to honey, resulting in a material that was difficult to process, and ultimately a mixture
that would not settle into a homogenous thickness before reaching the critical evaporation point of
the chloroform and solidification.

Figure 1. Various issues with solution casting are listed, as well as optical images of the
outcomes of these manufacturing issues: (a) high volume-to-surface-area ratio, (b) poor
dispersion of the MWCNT as well as a marginally high volume-to-surface-area ratio, (c)
slanted drying surface resulting in a nonhomogeneous thickness throughout final
solution-cast substrate, and (d) curved aluminum dish resulting in reagglomeration of
MWCNTSs near the center of the sample. Examples of ideal solution-casted (e) PPP and (f)
a MWCNT-PPP composite are shown for comparison.

Various methods to distribute the MWCNTSs into the optimized chloroform-PPP solution were
attempted, including mixing by hand, vortexing at 3200 rpm for up to one hour, and shaking at
600 rpm for up to 24 hours. Amongst the methods attempted the most effective was sonication for
four minutes. Sonication of the composite solution in durations exceeding the four-minute threshold
produced no change in appearance of the final product, while sonication for shorter durations
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resulted in noticeable agglomerations. Apparent fluid viscosity and mechanical properties of pure
PPP solvent-cast materials not containing nanotubes were analyzed and showed no change from
standard mixing described in the previous section, indicating that the sonication process didn’t affect
the material properties of the PPP. Pulsing of the sonication was utilized to limit heating of the
solution. Thermocouple measurement showed that under constant sonication the temperature of the
solution increased more than 28 °C above room temperature, whereas pulsing resulted in a max
temperature increase of 9 °C from room temperature over a four-minute test duration.

Chloroform solvent-cast materials after solvent evaporation had thicknesses averaging 0.10 =+
0.04 mm. Volume fractions exceeding 7 vol.% MWCNT would occasionally fracture or tear in
attempts to remove them due to their thin and brittle nature, rendering the sample useless for future
testing. Beyond 10 vol.% this issue was exacerbated, leading to frequent failures of films during
removal from the aluminum dish. Furthermore, the higher volume fraction composites resulted in a
final composite with a rougher surface due to larger areas of concentrated MWCNT agglomerates.

For adequate material characterization, sample preparation of the composites needed to be well
controlled. Several issues noted during solvent-casting as well as examples of successful films can be
seen in Figure 1. For instance, limiting the volume to free surface area ratio of the poured solution
was key to producing a satisfactory result. If the total volume was too large relative to the amount of
free surface in the pour, this would initially result in a thicker film after 48 hours of chloroform
evaporation in air, but during further drying under vacuum would result in a bubbled surface as the
bulk of the remaining chloroform was removed from of the sample. An extreme example of this is
shown in Figure 1a. Finally, solutions needed to be poured into a dish that was both very flat and
placed on a flat surface, otherwise films of variable thickness and MWCNT dispersion would result.
Several side effects of a curved or slanted aluminum dish during the evaporative solidification
process can be seen in Figure 1b—d. In Figure le,f, these show examples of successfully solvent-cast
PPP and a MWCNT-PPP composite, respectively. Overwhelmingly, the issues seen in the casting
process arose in areas where the distance to the free surface was too high for effective mass transport
of the chloroform. For example, if the bottom of the aluminum casting dish was convex, the PPP-
chloroform solution would pool around the edges of the dish, which would create a high localized
thickness and, if a composite material was being produced, re-agglomeration of the MWCNT would
also occur.

An additional variable that required careful control was the chloroform evaporation rate. If the
chloroform was allowed to evaporate in an uncontrolled environment, the rate was too fast, resulting
in re-agglomeration of the MWCNTSs in the solution. Therefore, during initial solvent evaporation,
covering the dish tightly served to control this evaporation rate by transforming the relative partial
pressure of the chloroform in the air space, and thus the diffusion rate across the free surface
boundary. To ensure any remaining chloroform in the material was removed, cast films were soaked
in methanol to aid in the removal of any excess chloroform still trapped in the film.

3.2. Microscopy analysis
Bright-field transmission electron micrographs of the MWCNTS used in this study are seen in
Figure 2. The average and standard deviation of tube diameters was measured to be 16.5 =9 nm,

with a maximum size of 34 nm and a minimum of 6.5 nm, as determined from ten representative
TEM micrographs. The lengths of the MWCNT are orders of magnitude larger than these diameters,
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and are not quantified. However, the lengths are stated by the manufacturer to be between 0.5 and
2 M, which seemed a reasonable value from results observed in subsequent SEM imaging. Catalysts
from the chemical vapor deposition manufacturing were also found distributed with the sample of
tubes, visible as darker contrast spheres in the TEM images [44]. A sample of multiple tubes can be
seen in Figure 2a, while a section of a single tube at higher magnification is seen in Figure 2b. At this
magnification, the individual concentric walls of the multiwall tube can be deciphered. Though it is
expected to be present, the —COOH functionalization of the tubes is undetectable through this
technique.

Figure 2. Bright-field TEM micrographs of the MWCNTs showing (a) multiple
MWCNTs of varying diameters with some interspersed catalyst and (b) higher
magnification on a single multiwall tube, showing the multiple shell nature of the tubes.
Overall tube lengths were indeterminate at these magnifications because of limited field
of view.

SEM micrographs in Figure 3 are of an edge-on view of a fractured cross-section from a
10 vol.% MWCNT in the PPP matrix. The sample was observed at lower magnifications,
highlighting the relative distribution and character of the MWCNTSs in the PPP matrix, seen in Figure
3a, and at higher magnifications to highlight how individual MWCNTSs interacted first with each
other and second the PPP matrix material. The inset area highlighted in white on Figure 3a, is shown
in Figure 3b, while the area highlighted in black is shown in Figure 3c. The micrographs are
compilations of both BSD and semi-transparent I-L images overlaid on top of each other. In this case,
the BSD aids in depth perception while the I-L accentuates the MWCNTSs themselves, appearing as
individual spots with high brightness in contrast to their surroundings. The relative distribution of the
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MWCNTSs in the matrix can be seen in Figure 3a, where both large MWCNT agglomerations, on the
order of tens of micrometers, can be seen intermixed with more homogeneous areas of PPP and
MWCNT spread throughout the material.

Figure 3. Edge-on composite SEM micrographs of the fracture surface of a 10 vol.%
sample. Images are comprised of overlaid in-lens and backscatter electron detector data.
Backscatter aids in depth perception, while in-lens highlights individual MWCNT’s
within the matrix. (a) Micrograph of the full thickness of the sample with the free surface
during casting located on the left of the image. Insets highlighted for detail (a) are
represented in (b) from the white box, showing an agglomeration area, and (c) from the
black box, showing an area of higher homogenization.

It appears that these agglomerations acted as possible locations for crack nucleation and growth
in the bending fracture that occurred on the observed sample, with hackle regions apparently
emanating from the agglomeration. This can be seen in the large agglomeration on the left side of the
sample near the top of the image in Figure 3a. Closer observation of an agglomeration region can be
seen in Figure 3b. At this scale, individual MWCNTSs are clearly visible. In the central part of the
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agglomeration, there appears to be a higher ratio of MWCNTSs, with a lower dispersion of the PPP,
though the PPP is still observable somewhat within. In addition, in these regions the nanotubes
appear to have a much higher degree of random orientation. Moving away from the center of the
agglomeration to an adjacent area however produces a more uniform distribution of MWCNTSs with
the PPP. As such, on close inspection, individual nanotubes can be seen jutting out of the fracture
surface, clearly within the PPP matrix.

On further inspection of Figure 3a, this distribution of MWCNTSs protruding from the PPP can
be noted throughout the thickness of the sample save for areas of clear agglomerations where the
MWCNTS seem more energetically favorable to bond with each other instead of the matrix. These
agglomerations are visible again as individual spots with higher relative brightness. However,
although MWCNTSs are seen to be present across the entire cross section, it is also apparent that there
is some spatial distribution gradient increasing when moving from the left edge to the right edge. In
this case, the left edge would have been the free surface during the solvent-casting process. An
emphasis of this area can be seen in Figure 3c. Here we see MWCNTSs aligning with the sample edge,
visible in the bottom right quadrant of the inset. This region highlights a strong interface of the
MWCNTSs and the PPP matrix, though there is one area devoid of MWCNTSs. It is here that the PPP
appears to have underwent a crazing deformation process during fracturing of the sample for imaging.

3.3. Mechanical properties

The elastic modulus of the solvent-cast PPP calculated from tensile testing was determined to be
E = 4.2 £0.2 GPa by curve fitting a line within the elastic region of the deformation process, and on
average tested samples would fracture at just over a strain to failure of & = 13 %2.3% with an
ultimate tensile strength of 96 5.1 MPa . Using this data as a baseline, the effect of the MWCNT
reinforcement on the mechanical properties was analyzed. The stress-strain behavior of the solvent-
cast PPP was compared against a selection of PPP-MWCNT composites (Figure 4), while the
highlights from the tensile properties were measured and compared as a function of MWCNT
concentration (Figure 5). Like the bulk PPP, stress-strain behavior of the composites manufactured
with volume fractions between 1 and 6 vol.% show yielding behavior prior to failure. With as little as
the addition of 1 vol.% of reinforcement to the PPP, the strain-to-failure drops from an average of
13% to 5%. Throughout the range of composites, the modulus of elasticity does not appear to be
significantly affected, with the modulus measurements within the standard deviation of the polymer
matrix for all materials. There was, however, a change in the ultimate tensile stress, cyrs, Where
values ranged from a minimum of 98 MPa to maximum of 121 MPa. Throughout this analysis, it was
noted that ultimate failure strength and elongation to failure were relatively repeatable with little
variation between self-similar measurements. This is demonstrated the standard deviation as
displayed by the error bars in Figure 5.

Increasing MWCNT volume fraction beyond 10 vol.% resulted in exceedingly brittle materials
which would fracture upon removal of the aluminum dish or in the punch process; therefore, volume
fractions beyond this limit were not tested mechanically. Beyond the 6 vol.% mark, there is a
transition in the characteristic stress-strain behavior from ductile to brittle as composites fail prior to
yielding. Unexpected fracture was also noted in the removal of the films from the aluminum dish at
volume fractions above 6%. Above this volume fraction removing in-tact films was cumbersome,
with many samples tearing or breaking upon removal.
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Figure 4. Plot of characteristic stress-strain behavior for select volume fractions of small
functionalized composites in comparison to 6 vol.%, 7 vol.%, and 9 vol.% are shown in
comparison with the solution casted PPP. The volume fraction of 6 vol.% represents the
maximum realized benefits of MWCNT reinforcement, 7 vol.% displays the stark drop-
off of mechanical properties measured, and 9 vol.% further highlights the drop-off of
mechanical properties.
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Figure 5. Ultimate tensile strength (cyts) and strain to failure (ef) plotted within one
standard deviation as a function of volume fraction MWCNT in the MWCNT-PPP
composites.

3.4. Electrical properties
The conductivity of PPP-MWCNT composites was investigated by measuring resistivity and
normalizing it to the sample dimensions (Figure 6). Overall, the conductivity of the composites

approaches a plateau on the log scale beginning at 5 vol.% and continuing to 20 vol.%. Over this
plateau, the conductivity increases about 300% from 3.5 < 10™* S/cm +9.8 x 107" S/cm to 1.02 x
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1072 S/em +5.2 x< 107 S/cm. However, this increase is minor when compared with the 2 orders of
magnitude jump in resistivity seen over a transition from 3 to 5 vol.%, where conductivity is first
measured at 4.5 x10° S/cm +2.1 x 107" S/cm at 3 vol.%. When composites were manufactured
using lower volume fractions of material than 3 vol.%, no measurable conductivity was recorded.
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Figure 6. Comparisons of conductivity of the MWCNT-PPP composites shown within
one standard deviation on a logarithmic scale. Conductivity was measured at 1, 2, 3, 4, 5,
10, 15, and 20 volume%. Volume fractions of 1% and 2% showed no measurable
resistance values. Conductivity is normalized by sample dimensions.

4. Discussion

As the evaporation rate of chloroform was so rapid, if the chloroform-PPP solution was left
fully exposed to air a solid layer of PPP would form on the top of the solution. This effectively
trapped the residual solution which would not allow for diffusion of the chloroform out of the
solution. To mitigate this issue, the aluminum dish used for evaporation was covered tightly with
aluminum foil. This effectively transformed the relative partial pressure of the chloroform between
the free surface of the solution and the air trapped between the dish and the cover. Thus, the diffusion
rate across the free surface boundary was controlled and evaporation occurred at a lower rate not
allowing the PPP to solidify on the surface and removing nearly all the chloroform from the PPP.

Issues of large volume-to-surface-area ratios in chloroform-PPP films where large bubbles
appear on the surface are exhibited in Figure la. As these bubbles render the films useless,
manufacturing thicker films was limited using the exact methods outlined here and is likely caused
by a similar diffusion limitation. As the outer layers of the polymer become solid and complete
evaporation of solvent cannot be achieved. The outcome of these samples is strikingly similar to
films using dichloromethane as a solvent despite any increase in volume of the samples. These
current limitations should also be of note for future applications. Processing the material though
solvent-casting has some outstanding potential to make composite materials of this form more
appealing. Unfortunately, although the final material thickness would be ideal for a thin film or
coating, and current limitations on the thickness noted in this study may be elevated with more
advanced techniques, this remains beyond the scope of this study.
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During initial studies, PPP was solvent-cast as described in the Section 2, with the exception of
soaking the materials in methanol for 24 hours. Preliminary mechanical characterization revealed
properties much lower than expected from the literature, with an average elastic modulus of
2.8 +0.4 GPa and an average strain-to-failure of &r = 7.2 £3.1%, values which were nearly half of
what was anticipated [7]. It was determined that the discrepancy between solvent-cast PPP and
previously studied materials is likely due to the interaction between the chloroform and the PPP
powder or due to some effects of residual solvent retained in the material after drying. To remove
excess chloroform from the final solvent-cast materials, samples for characterization were soaked in
methanol for 24 hours. Several studies have investigated soaking polymers and polymer films in
methanol to reduce the amount of solvent swelled in the films [45-47]. As the mechanical properties
were positively impacted by the soaking in methanol, it suggests that excess chloroform trapped in
the PPP and PPP composite materials can play a large role in diminishing the mechanical properties.
However, as the values of the solvent-casted films, 4.2 GPa modulus of elasticity and 96 MPa oyrs,
still do not reach lower boundary values seen in previous studies of PrimoSpire PR-250 (5 GPa and
140 MPa modulus and oyrs, respectively) [4,7]. This indicates that there may still be some remaining
chloroform in the sample which cannot be removed through this process, or that the chloroform is
being replaced to some extent by the methanol, which also has some negative effects on mechanical
properties. While these effects persist, measured values after soaking in methanol are much closer to
target values than those affected by the excess chloroform with modulus values of 2.8 GPa.

During the manufacturing process of the composite films, the high-energy process of sonication
heats up the material as it is perturbed. Pulse sonication was utilized to avoid any unwanted effects of
heat during manufacturing, the total introduction of energy from the sonication. If temperatures from
sonication became too great, the PPP-chloroform mixture would often begin to boil, which indicates
that temperatures likely approached 61 °C, the boiling point of chloroform. Neglecting any additional
effect of heating, boiling of the chloroform leads to an increased ratio of PPP to chloroform, which
increases the viscosity of the mixture leading to the associated manufacturing issues of the solvent-
casting. As the mechanical properties of the PPP were not affected by the sonication process, this
mixing method does not appear to have any drawbacks and yields improved nanotube dispersion.
Previous studies have observed increased influences on properties when dispersing MWCNTS using
tip sonication, therefore it was chosen as the preferred method for this study [14].

TEM results of the CNTs suggest that the carbon nanotubes provided for this experiment are
multi-walled in nature and manufacturers dimension specifications reflect what is seen. From the
TEM results seen in Figure 2, it is clear the manufacturing process used for these tubes is via a vapor
deposition method as determined by the observations of the resultant catalyst remaining in the
system. However, there is little reason to believe that this remaining catalyst should have any impact
on the behavior of the composite material. Though there is no way of directly observing the -COOH
bonds using the conventional TEM methods used here, there is reason to believe that this
functionalization will have a large impact on the effectiveness of the MWCNT, by creating a larger
affinity for the PPP than non-functionalized MWCNT would, ultimately assisting in decreasing the
agglomeration size.

Though the agglomerations were limited in size, as functionalized MWCNT were used and as
the processing methods mitigated re-agglomeration in the solvent, bundles of MWCNTSs were not
completely eradicated. Such agglomerating structures are common in composites manufactured with
MWCNT reinforcement [14,48-54], and careful preparation is required to minimize their size and
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distribute them homogenously throughout. That being said, a well-mixed solution is necessary for the
manufacturing of a strong and functional composite material. One way to mitigate agglomerations
and increase homogeneity is, first and foremost, by using a solvent-cast technique; some of the
agglomeration issues can be immediately alleviated through this technique when compared with, for
example, a more typical powder press method. As the PPP-MWCNT mixture is entirely suspended in
the solvent, MWCNT dispersion is simplified by the variety of mixing methods that become
available for use. This includes multiple sonication techniques, one of which is tip-sonication which
produced the best results in this study.

Results from the final method utilized here can be seen in the SEM images, shown in Figure 3.
At 10 vol.% MWCNT, some agglomerated MWCNT pockets are seen through the thickness of the
sample with an apparently homogenous mixture of MWCNT and PPP everywhere else. In
composites consisting of large volume fractions of MWCNTSs these agglomerations become more
common. This is noted even in traditionally manufactured high temperature thermoplastic-CNT
composites. Ribeiro et al. reports that in MWCNT-PPS composite, agglomerations are more
prevalent in 4 wt% reinforced composite as opposed to 1 wt% composite [11]. Even though great
strides were made in minimizing the agglomerations via the method developed here, the
agglomerations that are present appear to act as nucleation sites for crack propagation shown by the
hackle region emanating from the larger agglomerations in the SEM image. This partially explains
the increasing brittle nature with an increase in MWCNT composition shown in the mechanical
testing. As the MWCNT composition increases so does the likelihood of agglomerations, both in
number and in size. These locations, without any PPP matrix, can no longer effectively transfer the
load, and instead act as stress-concentrating internal voids. There is also some variability in
distribution of these agglomerations through the thickness of the observed sample. As indicated, the
free surface of the sample would have been on the left side of the SEM images and includes the side
with more agglomerations. The increase in density of agglomerations near the free surface is likely
due to two effects. The first effect is the possibility of a re-agglomeration process occurring as the
chloroform moved towards the free surface; the second effect is the lower density of the
agglomerations within the homogeneous mixture tended to migrate to the free surface during the
solidification process.

At low-volume fractions of MWCNT, up to 6 vol.%, the PPP composite’s mechanical
properties increase as expected with composite theory when compared with the baseline solvent-cast
PPP. With an increase in reinforcement, the strain-to-failure of the composite materials decreases
significantly, while the strength increases as seen in Figures 4 and 5. However, as the concentration
increases past low-volume fractions the strength actually begins to decrease. Therefore, not only does
the MWCNT reinforcement act to increase the strength of the composites when well distributed, but
due to the agglomerations, also induces a defect in the material which influences the ductility of the
composites. Despite increasing amounts of added reinforcement, the benefits of MWCNTS are not
fully realized, only causing minor changes in the ultimate strength and keeping the modulus
relatively constant across the range of volume fraction tested. While theoretical, the addition of the
MWCNT should increase the stiffness and strength of these materials according to composites theory,
but there is competition of other factors such as adhesion of the MWCNT to the PPP matrix or
clustering of the reinforcement into agglomerations. In the 5 vol.% and 6 vol.% composites, an
optimal concentration of MWCNTS is reached in the current study such that it leads to an increase in
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ultimate tensile strength, with the matrix adequately transferring the load to the reinforcement while
overcoming the issues that cause detrimental effects with further increase in MWCNT concentration.

As the volume fraction of MWCNTSs increases, pockets of agglomerations become larger and
more numerous, enough to dictate and cause premature failure. It is expected that without the
competing negative effects, the strength of the composites would show an increasing trend in
ultimate tensile strength as shown in many other nano-reinforced composite materials [55-58]. The
drop in mechanical properties is consistent with the premature failure 7 vol.% threshold, where
sample removal would lead to tearing of the films. It is expected this tearing occurred when films are
deformed to strains that would otherwise be in the elastic regime. It is also expected that the
MWCNT gradient noted in SEM played a role in diminishing the mechanical properties of the final
composites as the tested films trended further from a homogenous nature.

The asymptotic behavior of the conductivity of MWCNTSs composites is as expected as it has
been noted in previous studies [51]. The conductivity of low-volume fraction materials (1 vol.% and
2 vol.%) is unmeasurably low; despite this, it is likely that the material is still conductive to a very
small degree. Conductivity values on the order of magnitude of 102 S/cm as observed for higher
volume fractions in Figure 6 are well within expected values when compared with previous
studies [11,14,51,59]. While values of conductivity are not as large as some MWCNT-polymer
composites [14]—despite the fact that PPP alone is a relatively strong electrical insulator [60] when
compared with other polymers—the likely cause of this drop in conductivity is due to the surface
modifcations of the MWCNTSs [61,62]. It is unlikely that increasing volume fractions of MWCNT
beyond the concentrations investigated in this study would further increase the conductivity.
Throughout the range of MWCNT reinforcements tested the materials reached the percolation
threshold at approximately 5 vol.% reinforcement, maximizing electrical conductivity of the samples.

5. Conclusions

A thin film of PPP thermoplastic was fabricated via a novel solvent-casting method, opening the
door to many potential new applications for this strong polymer. Employing the solvent-casting
methods developed here could realize potential PPP films suitable for creation of thin substrates or as
coatings to harness the material’s superior scratch resistant or biocompatible properties. Solvent-
casting of PPP allows for mitigation of the high manufacturing temperatures and pressures
traditionally required for PPP, and could be applied as a coating to materials which have previously
been difficult or impossible to coat. The mechanical properties of the resulting polymer film were
experimentally measured, marking the first time solvent-cast PPP has been characterized. The
solvent-casted PPP shows an average modulus of 4.2 GPa, an average ultimate tensile strength of
96 MPa, and an average strain-to-failure of 13%.

Furthermore, manufacturing composite materials via solvent-casting was investigated using
functionalized MWCNTS. Properties of the solvent-cast composites were investigated as a function
of increasing volume fraction of MWCNT within a PPP matrix, and their mechanical and electrical
properties were measured. Overall, solvent-casting proved to be an effective manufacturing method
for not just PPP substrates, but MWCNT-PPP composites as well. However, despite using sonication
to disperse the MWCNT in the polymer matrix, some agglomerations were still observed using
microscopy techniques and are expected to hinder the optimal strength the material could reach. The
influence of the MWCNT on the mechanical properties of solvent-cast composites was relatively
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little, with the exception of a drop-off in strain-to-failure, with ultimate tensile strength increasing to
121 MPa and elastic modulus remaining relatively constant with increasing volume fraction of
reinforcement. It is expected that this can be improved with further studies in processing to further
remove the agglomerated species of MWCNT and reduce re-agglomeration while suspended in
solution during the solidification process. The electrical conductivity of the measured composites
reached near maximum potential around 5 percent volume fraction, with little change noted with
further increases in carbon nanotube density of the composites. The maximum conductivity observed
was 1.02 x 107 S/cm. At present, solvent-cast thin film PPP and composites can be easily
manufactured, although further investigations are necessary to allow for increased material
thicknesses of cast PPP and improvements upon the mechanical characteristics of the composites.
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