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ABSTRACT

This study investigated improving the flexibility and adhesion of polyvinylidene fluoride (PVDF) coatings on polyvinyl chloride
(PVC) textiles by blending PVDF with polymethyl methacrylate (PMMA) and adding plasticizers. Because PVDF is inherently
stiff, blends were prepared with 10wt%, 30wt%, and 50wt% PMMA. Four plasticizers—di(propylene glycol) dibenzoate (P2),
dibutyl phthalate (P3), di(ethylene glycol) dibenzoate (P4), and benzyl butyl phthalate (P5)—were also incorporated into 10wt%
PMMA blends. Thin films and coatings were produced via solution casting and dip-coating, then characterized using differential
scanning calorimetry (DSC), dynamic mechanical thermal analysis (DMA), and scanning electron microscopy (SEM). A 10wt%
PMMA concentration improved adhesion and raised crystallinity (46.95% versus 30.87% for pure PVDF), while higher PMMA
resulted in amorphous structures. Plasticizers lowered melting temperatures by up to 12°C and glass transition temperatures by
up to 81.4°C (for P3), increasing flexibility. SEM revealed that plasticizers P3 and P4 generated uniform, nonporous morpholo-
gies, making them promising for UV-protective coatings. These blends maintained strong adhesion to PVC and demonstrated
good mechanical performance. Further studies on UV stability are advised to confirm their long-term durability. DSC indi-
cated increased thermal stability in PVDF/PMMA blends, while DMA confirmed enhanced mechanical integrity and material
performance.

1 | Introduction This research is part of a larger project focused on developing

more affordable construction materials for housing in underde-

Polyvinylidene fluoride (PVDF) is a semicrystalline polymer
valued for its outstanding weather resistance, chemical stabil-
ity, and gloss retention, making it a popular choice for protective
coatings across various industries [1, 2]. Pure PVDF-based coat-
ings are typically applied to rigid structures [3, 4], like metal, due
to the polymer's inherent stiffness, which limits its use on flex-
ible substrates like architectural textiles such as PVC tarps [5].
Advancements in polymer chemistry have enabled the produc-
tion of flexible PVDF copolymers [6, 7], expanding their use in
flexible coating formulations. However, the production of these
copolymers often requires sophisticated infrastructure, which
may be lacking or too expensive for underdeveloped countries.

veloped regions, with a primary emphasis on utilizing architec-
tural textiles, particularly PVC-coated polyester tarps. However,
non-UV-protected textiles have a very short lifespan; hence the
need for the development of a less expensive, easy-to-produce
flexible PVDF-based protective topcoat.

As an alternative to the creation of complex copolymers, the
addition of plasticizers could be considered to enhance PVDF's
flexibility. However, there is a significant scarcity of research
available focused on identifying effective plasticizers specifi-
cally for the production of flexible coatings. Most research fo-
cuses on plasticizers, more often called diluents, used in the
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melt processing of PVDF [8], in the creation of membranes for
filtration [9], in the optimization of PVDF's piezoelectric proper-
ties [10-12], or their effects on the mechanical properties of hard
elastic fibers [10].

A patent published by [13] provided some guidance in the field
of selecting a suitable plasticizer. The patent suggested that add-
ing small quantities of specific esters could enhance PVDF's
flexibility. Yet, the effects of these esters on the morphology and
physical properties of high molecular weight PVDF thin films
remain unexplored.

In addition to PVDF's inherent rigidity concern, PVDF coat-
ings often struggle with poor adhesion to most substrates due to
PVDF's innate chemical inertness [3]. Generally, in the indus-
try, an acrylic polymer, most prominently polymethyl methac-
rylate (PMMA), is added to aid with adhesion [4, 14, 15]. Several
studies have been performed on the blending and miscibility
of PMMA and PVDF [16-25]. These studies not only highlight
the different applications for these blends but also the effect
that the incorporation of different concentrations of PMMA has
on several thermal, morphological, and mechanical properties
of PVDF. However, most of the available literature focuses on
the formation and controlled production of the piezoelectric f3-
crystal phase of PVDF by incorporating PMMA.

Typically, PVDF-based coatings contain 70wt%—-80wt% PVDF,
with the remainder being a compatible acrylic. Increasing the
acrylic content beyond 30wt% can significantly reduce PVDF's
crystallinity, potentially diminishing mechanical reinforce-
ment, weathering resistance, and chemical stability. Research
indicates that PVDF-acrylic blends with more than 70wt%
PVDF maintain the dominant pure PVDF crystalline phase,
which is crucial for preserving protective properties [5].

The primary aim of this research was to develop a flexible, ad-
hesive PVDF-based protective coating suitable for use in archi-
tectural textiles, specifically PVC tarps, that would not require
the use of sophisticated infrastructure to produce. To achieve
this aim, the research focused on two key objectives. First, it ex-
amined the effect of varying PMMA concentrations in PVDF/
PMMA-based thin films and coatings. Thin films were created
through solution casting, while coatings were produced by dip-
coating PVC tarps in a PVDF/PMMA-based solution. The study
analyzed the thermal properties and surface morphology of the
thin films, as well as the surface morphology of the coatings.
Second, the research evaluated the flexibility of PVDF/PMMA-
based thin films and coatings by assessing the impact of four
different plasticizers—di(propylene glycol) dibenzoate, dibu-
tyl phthalate, di(ethylene glycol) dibenzoate, and benzyl butyl
phthalate. The plasticizers were selected from the list of esters
proposed in the patent published by [13]. As a control, pure
PVDF-based thin films and coatings were produced and ana-
lyzed in the same manner. The controls provided a baseline for
considering the various factors that influence the surface mor-
phology and crystal phase formation of PVDF during thin film
formation, the most significant being the solvent evaporation
rate [26]. This analysis aimed to identify the most effective com-
bination to develop a protective topcoat that is flexible, adheres
well to the PVC tarp, and possesses an optimal surface morphol-
ogy for maximum UV protection.

2 | Experimental
2.1 | Raw Materials

Polyvinylidene fluoride (PVDF, Solef 6020/1001) powder was
obtained from A. Schulman (currently part of LyondellBasell).
Solef 6020/1001 possesses a melt flow index of 2g / 10 min
(measured at 230°C under a 21.6kg load). Polymethyl meth-
acrylate (PMMA, Altuglas V920T) pellets were purchased
from Advanced Polymers PTY LTD; Altuglas V920T has
a melt flow index of 6g / 10min (230°C, 3.8kg load). N,N-
Dimethylacetamide (DMAc, ReagentPlus, Sigma-Aldrich,
Merch SA) was selected as the solvent for producing the
thin films. The solvent was procured from Sigma-Aldrich
(Merck SA) from their ReagentPlus range. All plasticizers
used were procured from Sigma-Aldrich (Merck SA). All sol-
vents and plasticizers were used as received without any extra
purification.

To ease analysis and reporting, each plasticizer was designated
a keyword as indicated below. Samples were named according
to the weight percentage plasticizer and plasticizer key (e.g.,
PVDF/PMMA/P2 indicates that the sample contains PVDF,
PMMA and plasticizer P2 (Di(propylene glycol) dibenzoate) in
the sample) (Table 1).

2.2 | Method
2.2.1 | Operating Conditions Determination

Initial exploratory experiments were performed in house to
determine the most important operating conditions, namely
the solvent, solids concentration in solution, dissolution tem-
perature, and drying temperature. These were all dependent
on the specifications of the larger overarching project. The
main aim of the overarching project was to produce a PVDF-
based solution to be used as a UV-protective topcoat on PVC-
coated polyester textiles applied via the dip-coating method.
While the coating method dictated the solids concentration in
solution due to the need for a particular viscosity, the degrada-
tion temperature of the base textile controlled the maximum
drying temperature of the solution to create the thin film. The
aim was to mimic the topcoat creation process as closely as
possible.

Thermal gravimetric analysis (TGA) was used to determine the
degradation temperature of the PVC-coated polyester textile.
The results indicated that an absolute maximum drying tem-
perature of 120°C could be used; however, for safety, a drying
temperature of 100°C was selected.

TABLE1 | Keywordsawarded to each plasticizer to ease reporting.

Key Chemical Key Chemical

P2 Di(propylene P4 Di(ethylene glycol)
glycol) dibenzoate dibenzoate

P3 Dibutyl phthalate P5 Benzyl butyl phthalate
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Next, the recommended solvent and solids concentration was
determined. Our study considered the dissolution and stability
of PVDF at room temperature and evaluated the performance of
the four most well-known PVDF solvents—Dimethylacetamide
(DMACc), Dimethylformamide (DMF), N-Methyl-2-pyrrolidone
(NMP), and Dimethyl sulfoxide (DMSO)—across various PVDF
concentrations (5wt%, 10wt%, 15wt%, 20wt%, 25wt%, and
30wWt%).

It was concluded that the absolute maximum weight percent-
age of solids in solution was 20 wt% with most of the solvents, as
any higher concentration caused the formation of very viscous
or gel-like solutions. The results also showed, as can be seen in
Figure 1, that DMAc was the only solvent that produced the

clearest solution over the widest range of concentrations. The
discoloration of the final solution was not just affected by solid
concentration but also by dissolution temperature. As shown in
Figure 2, the DMACc solution did not discolor with an increase
in dissolution temperature. A dissolution temperature of 50°C
was selected to make the system more energy-efficient and to
minimize solvent evaporation during dissolution.

2.2.2 | Casting Solution Creation
2.2.21 | PVDF and PMMA-Blended Casting Solu-

tion. PVDF powder was dissolved in a beaker using DMAc
as the solvent. The dissolution temperature was kept constant

FIGURE1 | Samples of the PVDF solution for each solvent taken at 25°C. For each solvent, the PVDF concentration increases from left to right,
starting with a 5wt% PVDF solution on the left and ending with a 30 wt% PVDF solution on the right, in increments of 5wt% PVDF. [Color figure can

be viewed at wileyonlinelibrary.com]
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FIGURE 2 | Samples of PVDF solution for each solvent taken at 25°C. For each solvent, the dissolution temperature increased from left to right,
starting at 50°C, 80°C, 100°C, and 120°C. Except for the DMSO solvent, as PVDF did not dissolve at 50°C. [Color figure can be viewed at wileyon-

linelibrary.com]
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at 50°C by submerging the beaker in a silicon oil bath. The
solution was stirred continuously using a mechanical stirrer.
After the dissolution of PVDF (approximately an hour disso-
lution time) a specified amount of PMMA granules was added
and stirred for one hour. During this time, the stirrer rate was
increased slightly, and the solution was left for one hour to
ensure homogeneity.

Three different concentrations of PMMA were investigated:
10wt% (PVDF/PMMA/10), 30wt% (PVDF/PMMA/30) and
50wt% (PVDF/PMMA/50). Enough solvent was used to ensure
an 80:20 weight percentage ratio between the solvent and sol-
ids (PVDF and PMMA). Hence, in a sample denoted as PVDF/
PMMA/30, 30wt% PMMA and 70 wt% PVDF were used, which
form part of the 20wt% solids in the sample that was dissolved
with 80 wt% DMAc.

2.2.2.2 | PVDF, PMMA and Plasticizer Blended Cast-
ing Solution. The same initial steps (dissolution of PVDF
and PMMA) were performed to create the plasticized films.
After the dissolution of PMMA, an equal amount of plas-
ticizer (weight-based with regard to PVDF) was added. The
stirring rate was increased slightly, and the solution was left
for an hour to ensure homogeneity. Enough solvent was used
to ensure an 80:20 weight percentage ratio between the sol-
vent and solids (PVDF, PMMA and plasticizer). Hence, in a
sample denoted as PVDF/PMMA/P2, 45wt% PVDF, 45wt%
plasticizer P2, and 10wt% PMMA were used, which forms
part of the 20 wt% solids in the sample that was dissolved with
80wt% DMAc.

2.2.3 | Thin Film and Coated Sample Creation

All castings and coatings were performed at 25°C. Hence, the
casting solution was removed from the oil bath and left to cool
to the desired temperature. Thin films were created by cast-
ing the solution on a clean glass surface, whereas the coatings
were created by casting the solution on a 10cm by 10cm piece
of PVC tarp. The solution was spread evenly over the relevant
surface before drying at 100°C in a conventional convection
oven for an hour. The samples were removed from the oven
and left to cool to room temperature. The thin films were re-
moved from the glass substrate by submerging them in warm
water. The same method was used to produce a pure PVDF
thin film and coated sample as a reference. A pure PVDF thin
film and coated sample were created using the same method.
The pure PVDF thin film is denoted as PVDFFilm, and the
coating is PVDFCoating.

2.2.4 | Influencing Variable Considerations

To eliminate the effects of random variables that could influ-
ence the results, all processing parameters were kept strictly
constant, including dissolution time and temperature, casting
temperature, casting substrate, and drying temperature and
duration. A drying temperature of 100°C—higher than the
dissolution temperature of 50°C—was selected to negate any
effects that the thermal history of the samples might have on
the outcomes.

2.3 | Analytical Instruments
2.3.1 | FTIR: Spectral Analysis Method

FTIR spectra were generated using PerkinElmer Spectrum
Timebase software on a PerkinElmer Spectrum 100 with an
installed Universal ATR sampling Accessory. The instrument
resolution was set at 4cm” ! with a data interval of 1cm™.
The wavenumber range studied was 4000cm ! to 550cm 1.
The force gauge on the ATR accessory was kept at 100 for all
the samples while performing 32 scans per sample to ensure
accuracy.

The generated spectra were smoothed, and the baseline was cor-
rected utilizing the asymmetric least squares method proposed
by [27]. Reference spectra for all raw materials were collected
in house.

2.3.2 | DSC Analysis: PVDF Degree of Crystallinity,
Melting and Crystallization Temperature Determination

A PerkinElmer DSC 4000 was used in combination with Pyris
software for data analysis. Thermal curves were obtained in a
N, atmosphere by heating the sample from 30°C to 250°C at a
rate of 10°C/min, while crystallization curves were obtained
by cooling the sample at the same rate from 250°C back down
to 30°C.

The degree of crystallinity (X)) of the thin films was determined
using Equation (1) as given in [28] which is the same as the equa-
tion used in [29, 30].

_AH, /e

X, =
AH,

X 100 )
where ¢ is the weight fraction PVDF in the blend, A H,, is the
melting enthalpy measured, and A H, is the melting enthalpy
of PVDF at 100% crystallinity. The value of AH, is 104.5kJ/
kg [31].

The cooling rate was shown to have a significant effect on
the crystallization temperature in the nonisothermal cooling
of PVDF/PMMA polymer blends [20]. Hence, the same cool-
ing rate was used to analyze all samples to ensure fair sample
comparability.

2.3.3 | Dynamic Mechanical Thermal Analysis
(DMTA): Determination of the Glass Transition
Temperature and Tarp Flexibility

The glass transition temperature (Tg) of the thin film samples
was determined using a PerkinElmer DM A8000 dynamic me-
chanical analyzer. Samples were placed in PerkinElmer ma-
terial pockets and subjected to single-cantilever mode with
multifrequency oscillations at 1Hz and 10Hz. A displace-
ment amplitude of 0.05mm was applied over a temperature
range from —100°C to 120°C, utilizing liquid nitrogen cool-
ing to achieve the desired temperature range. The Tg was
calculated as the average value obtained from three replicate
measurements.
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The flexibility of the dip-coated PVC tarps was analyzed using
an isothermal time scan on the DMA8000. Samples were placed
in material pockets and subjected to single-cantilever mode
with multifrequency oscillations at 1Hz and 10Hz, with a dis-
placement amplitude of 0.05mm, at a constant temperature of
30°C. Each sample was held at this temperature for 60 min. The
storage modulus was recorded for each sample to investigate the
effect of the coatings on tarp flexibility.

2.3.4 | SEM Analysis: Thin Film Surface Morphology

The surface morphology of the thin films and coatings was ex-
amined using one of two instruments depending on availabil-
ity: the Zeiss Crossbeam 540 FEG SEM or the Zeiss Ultra PLUS
FEG SEM. All the samples were prepared for analysis by coating
the surface with a thin layer of carbon in a Quorum Q150T Plus
coating unit.

3 | Results and Discussion
3.1 | Pure PVDF Coating Analysis

The surface morphology (at the air-surface interface and the
substrate—coating interface) of pure PVDF thin films was an-
alyzed for samples cast on both glass and PVC-based tarp. The
results, shown in Figure 3, highlight the distinct differences in
surface texture depending on the substrate and interface. When
coated on glass, PVDF coatings exhibited a notably smooth air-
surface interface, whereas the PVC-coated samples displayed
increased roughness.

Both coatings showed a certain amount of spherulite for-
mation on the substrate-coating interface. On the glass, the
PVDF coating exhibited sporadic spherulite formations sur-
rounded by smoother amorphous regions. In contrast, the
PVC tarp coatings formed a significantly rougher and porous
surface with smaller, well-defined spherulites. These findings
clearly show that the substrate properties strongly influence
the coating morphology at both the air-surface and substrate-
coating interfaces.

Similar results have been reported in the literature. Research
conducted by [32] demonstrated comparable effects, where
variations in the substrate led to corresponding changes
in the formation and distribution of spherulite size. The re-
search cited herein [33] studied this phenomenon further and
demonstrated that there is an interplay between the polymer—
substrate and solvent-substrate interactions. When the inter-
action between the polymer and substrate is stronger than that
between the solvent and substrate, the polymer chains will
preferentially wet the substrate, leading to a smoother, more
uniform thin film.

Glass, being hydrophilic [3] with high surface energy, interacts
differently with PVDF than the hydrophobic, low surface en-
ergy PVC tarp. As a hydrophobic polymer, PVDF aligns more
favorably with the PVC tarp, where stronger van der Waals in-
teractions promote attraction. Hence, the polymer-substrate

attraction is stronger between PVDF and the PVC tarp than
glass. Additionally, DMAc, a polar aprotic solvent, has a stron-
ger interaction with glass caused by hydrogen bonds between
the carbonyl oxygen of the solvent and the -OH groups of glass.
Therefore, when coating on glass, the solvent-substrate interac-
tion will dominate, causing dewetting of the polymer chains on
the substrate surface. The opposite is true when coating occurs
on the PVC tarp.

However, these interactions are not the sole factor influencing
the morphology, specifically when it comes to the formation of
PVDF spherulites. Research has shown that the rate at which
a solvent evaporates significantly influences the morphology of
the resulting film [26, 34-38]. Faster evaporation leads to the
formation of smaller spherulites, often accompanied by pore de-
velopment. In contrast, slower evaporation promotes the growth
of larger, more uniform spherulites. In the case where the sol-
vent preferentially wets the glass surface, a slight solvent con-
centration differential can occur between the air-surface and
the substrate-surface interfaces. At the air-surface interface,
solvent evaporation is accelerated due to the lower concentra-
tion, leading to the formation of smaller spherulites (Figure 3e).
At the substrate—coating interface, solvent evaporation is slowed
and the opposite occurs. On the other hand, when the polymer
preferentially wets the surface of the tarp, the opposite effect
occurs, causing a much higher solvent evaporation rate at the
substrate—coating interface.

The thermodynamic properties of the substrate, particularly its
heat transfer characteristics, also play a role in shaping these
differences. The rough, heterogeneous surface of the PVC tarp
increases nucleation site density for PVDF crystallization, fa-
cilitating the formation of smaller, densely packed spherulites.
These conditions promote rapid crystal growth, which can trap
residual solvent during the drying process, contributing to the
observed porosity in the film (Figure 3f).

These results clearly demonstrate that the interaction between
the substrate and the constituents of the coating should be con-
sidered when evaluating surface morphology and using this
evaluation to select the optimal protective coating.

3.2 | PVDF/PMMA Blend Film and Coating
Analysis

3.2.1 | DSC Analysis

The thermal properties of PVDF/PMMA blended thin films
were analyzed for samples cast on glass. The DSC thermogram
results presented in Figure 4 and Figure 5 confirm that the ad-
dition of PMMA reduced both the melting and crystallization
temperatures of all the films. A direct correlation was observed
between the increase in PMMA concentration and the decrease
in both temperatures, except for the crystallization temperature
of the PVDF/PMMA/50 sample, which was nonexistent due to
the sample being fully amorphous.

The miscibility between PVDF and PMMA was established as
none of the thermograms showed signs of peak separation.
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FIGURE 3 | Comparison of PVDF morphology on glass (“films”) and plasticized PVC tarp (“coatings”). Images (a—d) show 500x magnification
with a 20 um scale bar, and (e-h) show 5000x magnification with a 2um scale bar. (a, e) depict air-surface morphology on glass; (c, g) show the glass

substrate—coating interface. (b, f) present air-surface morphology on PVC tarp; (d, h) display the PVC substrate-coating interface.

The degree of crystallinity of the three different PMMA
blended samples is displayed in Table 2. Interestingly, the
degree of crystallinity increased for the thin film containing
10wt% PMMA, which contradicts the results found in the ma-
jority of the literature [14, 19, 20, 39]. Based on the literature,
the melting temperature, crystallization temperature, and de-
gree of crystallinity are expected to decrease with an increase
in PMMA concentration. However, in this case, PMMA may
be acting as a nucleating agent, which could explain the rise
in crystallinity (Table 2).

The increase in the degree of crystallinity at low PMMA con-
centrations could be explained by the two-step diffusion mech-
anism proposed by [22]. As described by [22], during the mutual
diffusion process, PMMA molecules migrate away from areas of
PVDF crystal formation; hence, they do not interfere with crys-
tal growth. They can act as crystal nucleating sites, promoting
the growth of more crystalline regions [30].

In the self-diffusion mechanism, the limited presence of
PMMA reduces chain entanglement within the PVDF matrix,
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FIGURE 4 | PVDF/PMMA-blended thin film melting DSC thermo-
grams compared to that of the pure PVDF thin film.
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FIGURE 5 | PVDF/PMMA-blended thin films' crystallization DSC
thermograms compared to that of the pure PVDF thin film.

TABLE 2 | The percentage crystallinity for all of the PMMA-
containing PVDF-based thin films in comparison to the pure PVDF
reference film.

Sample Crystallinity (%)
PVDFFilm 30.87
PVDF/PMMA/10 46.95
PVDF/PMMA/30 39.28
PVDF/PMMA/50 30.57

allowing PVDF chains to move, align, and integrate into
the crystalline structure more effectively. Although PMMA
slightly slows the crystallization rate, this delay provides
PVDF chains with more time to organize into well-defined
crystalline regions. The combination of additional nucle-
ation sites and a slower crystallization process results in an
increased degree of crystallinity. This is reflected in the rise
in the heat of crystallization from 43.5Jg~! for pure PVDF to
57.47J ¢! in the PVDF/PMMA/10 sample.

Even though PMMA may increase the degree of crystallinity,
its presence impacts the perfection and stability of the crystals,
reducing the melting temperature and delaying the onset of
crystallization. The broadening of the melting curves with in-
creasing PMMA concentration is due to the formation of a di-
verse range of crystals with varying degrees of perfection and
stability.

PMMA concentrations exceeding 30wt% to 40wt% are associ-
ated with the formation of an amorphous structure, as demon-
strated in multiple studies [18, 29, 40, 41]. The transition from a
semicrystalline to an amorphous structure is heavily influenced
by processing conditions, which likely explains the variability
in reported results across the literature. In this investigation,
the PVDF/PMMA/50 sample exhibited a fully amorphous
structure, confirmed by the absence of any measurable heat of
crystallization.

3.2.2 | SEM Analysis

The surface morphology of the different PVDF/PMMA blends
coated on two different substrates (glass and PVC tarp) was an-
alyzed and compared in Figure 6. The air-surface interface of
the samples coated on glass all look similar, with no spherulites
visible. The most significant morphology difference is observed
in the sample of PVDF/PMMA/10 that was dip-coated onto
the PVC tarp (Figure 6d). The surface appears to be rougher
than that of the glass cast films and the other samples coated
on the PVC tarp. This is likely due to two factors: the surface
enrichment phenomena [3, 42] and the polymer-substrate ver-
sus solvent-substrate interaction [33], both of which are caused
by the substrate properties. On the glass, PMMA preferentially
enriches the substrate interface, leaving an enriched PVDF air—
surface interface.

The rougher air-surface interface observed in the PVDF/
PMMA/10 sample likely results from the interplay between the
heterogeneous PVC tarp substrate and the low concentration
of PMMA. This combination increases nucleation site density,
leading to enhanced PVDF spherulite formation both at the in-
terface and throughout the bulk of the coating. Consequently,
this heightened nucleation activity influences the overall sur-
face morphology. As the PMMA concentration increases,
the nucleation effects decrease, and an increase in spherulite
growth suppression occurs, resulting in a more even distribu-
tion of much smaller crystals and higher amorphous content
(Figure 6 (e and f)).

Studies have shown that PMMA is miscible with PVC [43-47],
a property attributed to specific interactions between the car-
bonyl groups of PMMA and the hydrogen atoms in the CH-CI
groups of PVC. In contrast, PVDF is not miscible with PVC [48].
However, the hydrophobic and Van der Waals forces interaction
between PVDF and PVC does contribute to the polymer chain
wetting of the tarp surface. Even though the interactions be-
tween PMMA and PVC are not stronger than those of PVDF,
PMMA does improve the adhesion and compatibility of the
coating to the tarp surface. This may be due to the favorable in-
teraction between PMMA and the additives/plasticizers in the
PVC tarp, enhancing the compatibility of the coating and the
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FIGURE 6 | SEM images of surface morphology for PVDF/PMMA-blended films (cast on glass) with 10wt% (a), 30wt% (b), and 50wt% PMMA
(c). Comparative images of the same compositions dip-coated onto a PVC tarp are shown in (d—f). The images are at 5000x magnification with a 2-

wm scale bar.

surface. The increased adhesion is evidenced by the observation
that none of the PMMA-containing coated samples exhibited
any signs of delamination, whereas the sample coated with pure
PVDF delaminated completely.

In summary, the results show that even a concentration as low
as 10wt% of PMMA can be used to improve the adhesion of
PVDF to the PVC tarp and that all of the PMMA blended solu-
tions produced coatings on the tarp that displayed a uniform
surface morphology without any porosity or voids. Therefore,
any of the blends could serve as the base coating solution for
the next phase of the study, which involves analyzing and
identifying the most suitable plasticizer. However, PVDF-
based acrylic coating blends typically contain at least 70 wt%
PVDF in the resin mixture [5]. Based on this, the decision
was made to investigate the plasticization of films containing
10wt% PMMA exclusively to balance the enhanced adhesion
with the potential negative effects that the addition of acrylic
might have on the mechanical and weathering properties of
the PVDF-based coating [3].

3.3 | Plasticized PVDF/PMMA Film and Coating
Analysis

3.3.1 | Plasticized Film Analysis

3.311 | DSC and SEM Analysis. The thermal
properties of plasticized PVDF/PMMA thin films were
analyzed to assess the effect of the plasticizer on the film's
properties and to determine whether the mixture remains
miscible across a wide range of operating conditions. This
analysis aims to support the selection of the most suitable
coating mixture.

All the produced films exhibited a single melting (Figure 7) and
crystallization peak (Figure 8), confirming that all of the blends
are miscible at these temperatures. The incorporation of plas-
ticizers decreased the melting and crystallization temperatures
of the PVDF/PMMA films. Plasticizers P3, P4, and P5 had the
largest impact on the melting temperature—decreasing it by ap-
proximately 12°C.
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FIGURE 7 | Plasticized PVDF/PMMA films' melting DSC thermo-
grams compared with a pure PVDF film and the PVDF/PMMA/10 film
made under the same conditions. [Color figure can be viewed at wi-
leyonlinelibrary.com]
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FIGURES8 | Plasticized PVDF/PMMA film crystallization DSC ther-
mograms compared with a pure PVDF film and the PVDF/PMMA/10
film made under the same conditions. [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 9 | Comparison of the degree of crystallinity determined
by DSC for reference samples (PVDFFilm and PVDF/PMMA/10) and
the PVDF/PMMA /plasticizer blends. [Color figure can be viewed at wi-
leyonlinelibrary.com]

The plasticized films exhibited a broadening of their melting
curves, indicating that the addition of plasticizers altered the
crystallization behavior and thermal transition of PVDF within

the PVDF/PMMA blend. DSC analysis showed that the degree
of crystallinity of all the plasticized samples increased in com-
parison to the pure PVDF sample (Figure 9). Hence, the broad-
ened melting curves suggest a reduction in crystal perfection,
a greater variation in crystal sizes, or a combination of both ef-
fects. Examination of the surface morphology of the plasticized
samples (Figure 10 (e,g, and h)) showed the formation of very
large spherulites with a wide distribution in crystal sizes, sup-
porting that both factors are contributing to the widening of
the melting curve. In the case of sample PVDF/PMMA/P4, it
seems that the crystal perfection plays a larger role in broaden-
ing the melting curve as the variation of spherulite sizes is less
pronounced.

A significant broadening of the crystallization curve was ob-
served in the PVDF/PMMA/P3 sample. The addition of P3 al-
tered the crystallization kinetics, causing crystal formation to
start at a higher temperature but also to extend over a larger
range than compared to the other plasticizers. This indicates
that P3 increases the PVDF chain mobility, enabling it to start
ordering into crystals at a higher temperature than compared to
the PVDF/PMMA/10 sample. The crystallization peak height of
PVDF/PMMA/P3 decreased significantly again, pointing to the
heterogeneous nature of the crystalline domains.

The DSC peak shifts are also influenced by the intermolecu-
lar interactions between PVDF, PMMA, and each plasticizer.
PMMA and PVDF exhibit dipole-dipole attractions between
their carbonyl and CH,-CH, groups, respectively. The addi-
tion of a plasticizer disrupts this interaction by competing for
these dipole-dipole interactions, resulting in a shift in the ther-
mogram peaks. Plasticizers P2 and P4 caused the most signifi-
cant downshift in crystallization temperature. This may be due
to their ether and ester groups that can interact with PMMA's
carbonyl groups, which affects crystallization kinetics. Bulkier
plasticizers like P3 and P5 introduce larger side groups that in-
terfere with the regular packing of PVDF chains. This leads to
the formation of less perfect crystals, resulting in a broader melt-
ing peak, especially in the case of P3. The very broad crystalli-
zation peak of PVDF/PMMA/P3 could also be attributed to the
steric hindrance that P3 introduces due to its bulky nature. It is
important to note that the exact mechanism of plasticization re-
mains poorly understood, particularly in high-molecular-weight
semicrystalline polymers, such as PVDF, which can coexist in
multiple crystal conformations. Several theories have been pro-
posed to explain the mechanism of plasticization, notably the gel
theory, the lubrication theory, and the free volume theory [49].

The addition of plasticizers led to an increase in the degree of
crystallinity, as shown in Figure 9. This suggests that the plas-
ticizers either enhanced nucleation site density or effectively
mobilized the PVDF polymer chains, enabling them to align
more efficiently into crystalline structures. Examination of the
surface morphology (Figure 10) reveals that, in the presence of
both PMMA and plasticizers, the samples containing P2, P3,
and P5 exhibited increased chain mobility due to the presence
of very large spherulites. These plasticizers acted primarily as
diluents concerning nucleation, resulting in the formation of
larger, well-defined spherulites. In contrast, the addition of P4
predominantly increased nucleation sites, leading to the devel-
opment of smaller, more evenly distributed spherulites. It should
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FIGURE 10 | SEM images illustrating the surface morphology comparison of plasticized PVDF reference films with PVDF-based plasticized

films containing 10wt% PMMA. The images are at 500X magnification with a 20-um scale bar (except for (f), which has a 30 um scale bar).

also be considered that the addition of plasticizers might be af-
fecting the solvent evaporation rate due to interactions between
them and the solvent, which might also be affecting the surface
morphology observed.

As a reference for comparison, plasticized PVDF films without
PMMA were produced and cast on a glass substrate using the
same method described. The surface morphology of these sam-
ples is shown in Figure 10 (a-d). The difference between the
plasticized PVDF films and the plasticized PVDF/PMMA films
is quite stark. For samples containing P2, P3, and P5, the addition
of PMMA increased spherulite size, with the most pronounced

effect observed in the sample containing P3 (Figure 10 (b and
f)). Polymer crystal growth is primarily influenced by two fac-
tors: the solvent evaporation rate and the nucleation rate. These
factors are interrelated, but the solvent evaporation rate typi-
cally has a more dominant influence [34-38].

The interaction between the solvent and the glass substrate, as
demonstrated, reduces the solvent evaporation rate. Introducing
additives, such as plasticizers or PMMA, alters this dynamic.
The porous surface morphology observed in the PVDF/P3 sam-
ple (Figure 10b) indicates that the addition of P3 significantly
accelerated solvent evaporation. This effect surpassed the
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influence of the solvent-substrate interaction, leading to rapid
nucleation. The swift growth process likely entrapped solvent
within the matrix, explaining the pronounced porosity in the
resulting structure.

Among the plasticizers, P3 exhibited the weakest intermolec-
ular interactions with DM Ac due to its low polarity, attributed
to nonpolar butyl groups that reduce dipole-dipole interac-
tions and overall affinity for DM Ac. This characteristic allows
for unimpeded solvent evaporation, potentially even acceler-
ating the process. Studies [50, 51] have shown that plasticizers
can increase the solvent diffusion coefficient by raising the
free volume within the system. Faster evaporation restricts
the time available for crystal growth, resulting in smaller
spherulites and an elevated nucleation rate. However, the
addition of PMMA counteracted this by reducing the solvent
evaporation rate. PMMA's strong dipole-dipole interactions
with DMAc, stemming from its high polarity, prolonged the
solvent retention time. This extended time allowed P3 and
PMMA to enhance PVDF chain mobility, leading to the for-
mation of fewer but larger crystals (Figure 10f). The decrease
in the degree of crystallinity, from 63% in PVDF/P3 to 52% in
PVDF/PMMA/P3 (Figure 9), reflects this shift in crystalliza-
tion dynamics.

Plasticizer P2 exhibits stronger intermolecular forces with
DMACc compared to P3, due to its ester groups, which enable
more robust dipole-dipole interactions. The addition of P2 to
PVDF (Figure 10a) slowed the solvent evaporation rate, lead-
ing to the formation of larger spherulites. When combined with
PMMA, which also interacts strongly with DM Ac, the evapora-
tion rate was further reduced, resulting in even larger spherulite
growth. This combined effect highlights the interplay between
solvent dynamics and crystal growth.

The addition of PMMA caused a significant decrease in the de-
gree of crystallinity, dropping from 67% in PVDF/P2 to 51% in
PVDF/PMMA/P2 (Figure 9). The stronger combined interaction
of PMMA and P2, compared to P3, likely amplified PMMA's ca-
pacity to disrupt the self- and mutual diffusion of PVDF chains.
This disruption inhibited chain alignment and increased the
proportion of the amorphous phase, contributing to the ob-
served reduction in crystallinity.

The interaction between DMAc and PS5 lies between that of P2
and P3 in strength. As a result, the presence of P5 increases the
solvent evaporation rate, though not as significantly as P3, as
evidenced by the larger spherulites observed in Figure 10d. This
increased evaporation rate contributed to the porous surface
morphology of the plasticized PVDF film. When PMMA was
added, the spherulite size increased further, but unlike other
systems, the degree of crystallinity rose from 45% in PVDF/P5
to 53% in PVDF/PMMA/P5 (Figure 9).

This result contrasts with the trends observed for other plas-
ticizers, where PMMA typically reduces the degree of crys-
tallinity. The unexpected increase may stem from the specific
interactions between P5 and PMMA. While the addition of
PMMA slows the solvent evaporation rate, as reflected in the
larger spherulite size (Figure 10h), the rise in crystallinity sug-
gests that the combination of PMMA and P5 diminishes their

individual capacity to enhance the PVDF amorphous content.
This interplay may favor the alignment of PVDF chains into
crystalline regions, counteracting the usual trend of increased
amorphous phase content. Interestingly, the melting tempera-
ture decreased by 2°C with the addition of PMMA, indicating
that even though the crystallinity increased, the perfection of
the crystals decreased slightly.

The surface morphology of the samples containing P4 exhibited
a distinct trend compared to other systems, with a significant
reduction in spherulite size following the addition of PMMA.
Plasticizer P4 has the strongest interaction with DM Ac, driven
by its ester groups, ether linkages, and aromatic rings, which
facilitate robust dipole-dipole interactions. This strong inter-
action is evident in Figure 10c, where the solvent evaporation
rate was reduced significantly, resulting in the formation of
much larger spherulites compared to other plasticized PVDF
films. It seems that the interaction between DMAc and P4 ex-
aggerated the decreased solvent evaporation rate.

When PMMA was introduced, the spherulite sizes decreased
dramatically and became more evenly distributed. This change
suggests that the strong polar interactions between PMMA and
P4 facilitated a more uniform dispersion throughout the PVDF
matrix. The morphology shown in Figure 10g indicates that P4
may enhance the nucleating effects of PMMA or that both P4
and PMMA act as nucleating agents, collectively promoting the
formation of smaller crystals.

Although the strong interactions between P4, PMMA, and
DMACc would typically be expected to further reduce the sol-
vent evaporation rate, leading to larger spherulites, the observed
morphology suggests that the nucleation rate played a more
dominant role. This higher nucleation rate overrode the effect of
slower solvent evaporation, resulting in smaller, more uniformly
distributed spherulites. This is supported by the fact that the
crystallization temperature of the PVDF/PMMA /P4 mixture in-
creased from 118°C (PVDF/P4) to 121°C.

Table 3 shows that the heat of fusion of most of the plasti-
cized PMMA-containing films decreased compared to the
reference PVDF Film, PVDF/PMMA/10, and plasticized
PVDF films. With all of the PMMA-plasticized films, the heat
of fusion decreased in comparison to the plasticized PVDF
films except for sample PVDF/PMMA/P5, which increased.
This aligns with the increase in the degree of crystallinity
observed.

The decrease in the heat of fusion implies that despite the signif-
icant increase in the degree of crystallinity and spherulite sizes
(except for sample PVDF//PMMA/P4), the crystals formed are less
stable or less perfect. A decrease in the heat of crystallization com-
bined with an increase in the degree of crystallinity also supports
this notion. Interestingly, the addition of PMMA to plasticized
PVDF samples containing P3 and P5 caused a slight increase in
the heat of crystallization. In the case of film PVDF/PMMA/P3,
the degree of crystallinity decreases with the addition of PMMA.
Hence, the increase in the heat of crystallization is an indication
that the crystals formed contain fewer defects. Whereas the in-
crease in both the heat of fusion and heat of crystallization for
sample PVDF/PMMA/P5 compared to PVDF/P5 is a direct result
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of the increase in the degree of crystallinity observed with the ad-
dition of PMMA to the plasticized film blend.

3.3.1.2 | DMTA Analysis. The glass transitionin tem-
perature of the PVDF/PMMA/10 thin film was measured
using DMTA analysis. The Tan § curve for this sample is
shown in Figure 11. The sample showed two discernible
peaks, which indicated that the two polymers may not be com-
pletely miscible. These results show that the polymer blend
exhibits phase separation into PVDF-rich and PMMA-rich
domains because of limited miscibility in line with
the results shown by [52]. According to their findings, solu-
tions with low concentrations of PMMA underwent spinodal
decomposition during the solvent evaporation process. How-
ever, the PVDF/PMMA/10 polymer blend showed no sign

TABLE 3 | The enthalpy of fusion and crystallization for the PVDF/
PMMA /plasticizer blends compared to that of the reference PVDF Film,
PVDF/PMMA/10, and plasticized PVDF reference films.

AHg, AH,
Sample Jg™ Jg™h
PVDFFilm 32.25 43.51
PVDF/PMMA/10 44.15 57.47
PVDEF/P2 35.15 31.15
PVDEF/P3 32.90 25.35
PVDF/P4 26.43 28.55
PVDF/P5 23.69 29.81
PVDF/PMMA/P2 26.66 29.77
PVDF/PMMA/P3 26.97 28.41
PVDF/PMMA /P4 23.08 26.43
PVDF/PMMA/P5 27.80 32.34
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of separate peaks in the melting and crystallization DSC
curves, indicating that the two polymers are compatible at
these temperature ranges.

The formation of distinct phase separation was also found in
the investigations performed by [18, 41, 53] showed that PVDF/
PMMA blends higher than 90/10 showed one uniform Tg peak,
whereas the investigations by [41, 53] contradicted this finding
as their studies showed that blends containing PVDF composi-
tions higher than 60wt% had two distinct T, peaks. These re-
sults correspond with the findings in the current investigation.
Two separate T, peaks were measured for all the PVDF/PMMA
samples analyzed in this investigation (results of 30wt% and
50wt% PMMA not shown). As suggested by both [41, 53] the
T, peak at 71°C corresponds with the mixed amorphous phase
containing both polymers, and the broad Tg curve peaking at ap-
proximately —-10°C corresponds to the amorphous fraction of the
pure crystalline PVDF. The big broad secondary peak is evident
of the high crystallinity of the film at this concentration.

The interfaces between PVDF-rich and PMMA-rich phases
may have unique compositions and interactions, contribut-
ing to the observed thermal transitions and the broadening
of the observed PVDF T, curve. Some degree of miscibility at
the phase boundaries can lead to transitional regions that af-
fect the overall thermal behavior. In comparison, the T, DMA
curve of sample PVDF/PMMA/P3 is shown in Figure 12. A
distinct single, sharp Tg curve was observed for the sample
with a secondary, very small peak at approximately 17°C. The
thermal behavior observed across all the plasticized PVDF-
based films was generally similar, with one notable exception:
the absence of a secondary, smaller peak. This absence sug-
gests that plasticizers such as P2, P4, and P5 are more effective
at compatibilizing PVDF and PMMA within the amorphous
phase, likely due to their stronger interaction forces with
PMMA compared to P3. These findings imply that the plasti-
cizers not only plasticize but also act as compatibilizers at the
low PMMA concentrations used in this study, enhancing the

-50.0 0.0 50.0 100.0

Temperature (°C)

FIGURE11 | Tan3 asa function of temperature for the PVDF/PMMA/10 sample film. The graph shows the glass transition temperature curve of

the sample. [Color figure can be viewed at wileyonlinelibrary.com|
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FIGURE 12 | Tan§ as a function of temperature for the PVDF/PMMA/P3 sample film. The figure shows the glass-transition temperature curve

of the sample. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 4 | Glass transitioning temperature comparison of the
reference PVDFFilm with different plasticized films.

Sample Tg (°C)
PVDFFilm —37.23
PVDF/PMMA/P2 —33.66
PVDF/PMMA/P3 —81.4

PVDF/PMMA/P4 —44.59
PVDF/PMMA/P5 —58.32

miscibility, compatibility, and homogeneity of the amorphous
phases of the two polymers.

Table 4 compares the glass transition temperatures (Tg) of the
various PVDF-based PMMA plasticized films examined in
this study. Samples containing plasticizers P3 to P5 exhibited a
large decrease in T, with the PVDF/PMMA/P3 blend showing
the most significant reduction. This lowering of T, suggests en-
hanced polymer chain mobility and increased flexibility of the
films, which is advantageous for coating applications on flexi-
ble substrates like PVC architectural tarps. In contrast, the T,
of the PVDF/PMMA/P2 sample increased slightly, indicating
a potential increase in rigidity. P2's propylene glycol units may
not interact as effectively with PVDF due to steric hindrance.
A stronger interaction with PMMA may restrict chain mobility,
leading to an increase in the T,. This increase implies that the
PVDF/PMMA/P2 blend may not be suitable as a coating mate-
rial for PVC tarps, where flexibility is a critical property. It also
may indicate that P2 to not as effective in compatibilizing PVDF
and PMMA and plasticizing the blend in general.

Although the PVDF/PMMA/P3 blend emerges as a promising
candidate due to its significant T, reduction, it is crucial to con-
sider the surface morphology of the coating on PVC, as it pro-
foundly affects the coating's performance and durability. As
depicted in Figure 6, the surface morphology of the different
PVDF/PMMA coating compositions changes markedly from the

as-cast films to the dip-coated PVC tarps. These morphological
transformations include variations in surface roughness, com-
ponent interactions, homogeneity, and microstructural features,
which can influence factors such as substrate adhesion, mechan-
ical properties, and resistance to environmental degradation.

3.3.2 | Plasticized Coating Analysis

3.3.21 | SEM  Analysis. The surface morphology
of the plasticized PVDF/PMMA coatings produced via dip
coating is shown in Figure 13. Comparing Figure 13 with
the images of the same samples in Figure 10 highlights the sig-
nificant impact of the casting or coating substrate on the surface
morphology of the applied coating. All of the samples display
a notable reduction in PVDF spherulite size compared to those
observed in Figure 10 (e-h) for each of the plasticized coatings.
At the same magnification used in Figure 10, the coatings in
Figure 13 (a-d) appear smooth and uniform. Only at a higher
magnification of 5000, shown in Figure 13 (e-h), do the dif-
ferences in surface morphologies of each plasticized coating
become apparent. The altered surface morphology is primarily
linked to the enhanced wettability of the PVC surface, a result
of stronger interactions between the polymer and the surface.
These interactions accelerate the rate of solvent evaporation,
subsequently raising the nucleation rate. The inherent rough-
ness and heterogeneity of the PVC surface further amplify this
effect, facilitating the formation of smaller spherulites. Together,
these factors converge to contribute to the observed changes in
the surface structure.

The PVDF/PMMA/P2 coating stands out among the samples,
displaying well-defined spherulites and a highly porous sur-
face. The spherulite sizes shrink dramatically, from 60-240 um
in the glass-cast film (Figure 10e) to 2-4.5um in the coated
sample (Figure 13e). The addition of P2 and PMMA slows the
solvent evaporation rate, contributing to the formation of more
distinct spherulites on the surface. The porosity likely arises
from solvent entrapment, driven by a complex interaction be-
tween the polymer-substrate dynamics that increase solvent
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FIGURE 13 | SEM images of the surface of PVDF-based PMMA plasticized coatings dip-coated onto PVC tarp. Images (a—-d) show the surface
morphology at 500x magnification with a 20-um scale bar, highlighting the overall texture of the coatings. Images (e-h) present the same surfaces
at 5000x magnification with a 2-um scale bar, revealing finer microstructural details of the coatings.

evaporation and the additives that suppress it. This variation
creates a heterogeneous distribution of evaporation rates,
shaping the final surface morphology. The combination of po-
rous, uneven surface morphology and the increased rigidity
identified through Tg analysis suggests that this blend is not an
ideal candidate for use as a protective UV coating for architec-
tural textiles. The structural inconsistencies and reduced flex-
ibility would likely compromise its effectiveness and durability
in such applications.

The PVDF/PMMA/P5 sample (Figure 13h) presented a mixed
surface morphology, with regions of spherulite formation inter-
spersed with smoother, amorphous areas. Spherulite size was
drastically reduced by approximately 98%, from 60-200um in
the as-cast film (Figure 10h) to 2-5um on the coated surface
(Figure 13h), accompanied by a few observable voids. As shown
by the glass-cast films, the addition of P5 increased the solvent
evaporation rate slightly, while PMMA reduced it, leading to
contrasting effects on the film's crystallinity in comparison to
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FIGURE 14 | Comparison of the storage modulus of various PVDF-based PMMA plasticized coatings on PVC tarps with that of a virgin PVC tarp
and a pure PVDF-coated PVC tarp. The figure demonstrates the impact of dip-coating with different coatings on the flexibility of the PVC tarp, high-
lighting variations in mechanical properties introduced by each coating type. [Color figure can be viewed at wileyonlinelibrary.com]

the other plasticized films. These opposing influences, com-
bined with the likely uneven distribution of P5 and PMMA
within the PVDF matrix, resulted in a heterogeneous surface
morphology featuring distinct spherulitic regions alongside
amorphous structures.

Thermal analysis, including the T, evaluation, highlighted
a significant reduction in the flexibility of the blend but also
highlighted the increase in the crystallinity of the blend. The
increased crystallinity, coupled with the unpredictable surface
morphology, raises concerns about the mechanical performance
of the coated film. These characteristics make the blend unsuit-
able as a protective UV coating for PVC architectural textiles,
where flexibility and uniformity are essential. The combina-
tion of structural inconsistencies and compromised mechanical
properties diminishes its viability for such applications.

In sample PVDF/PMMA/P3 in Figure 13f, the spherulites are
drastically smaller and less pronounced—barely visible—with
no voids and some areas resembling the amorphous phase. The
addition of P3 was shown to significantly increase the solvent
evaporation rate. Even though the PMMA addition decreased
the solvent evaporation rate, the plasticizer's effect, combined
with the already increased evaporation rate caused by the poly-
mer-substrate interaction, resulted in the surface morphology
observed. Thermal analysis of the blend showed a significant
increase in flexibility and mechanical properties due to the de-
creased crystallinity. All of this shows that this blend is a viable
contender to be used as a protective coating.

Sample PVDF/PMMA/P4 (Figure 13g) displayed a notably
smoother surface, with spherulite formation barely distinguish-
able, resembling an amorphous, more even surface. The addition
of P4 in the glass-cast films reduced the solvent evaporation rate
while amplifying PMMA's nucleation effect. This, in combination
with the surface interactions, led to the formation of very small, in-
distinguishable spherulites, contributing to the overall smooth and
amorphous-like appearance of the surface. While this blend did
not reduce the film flexibility as much as the P3 blend, its superior
surface characteristics and general thermal properties suggest that
it may be the strongest candidate for use as a protective UV coating.

More importantly, all of the plasticized coatings showed no delam-
ination from the PVC tarp, reinforcing that the addition of 10wt%
PMMA effectively improved adhesion and the flexible coatings.

3.3.2.2 | Sample Flexibility Analysis. The flexibility
of the dip-coated tarps was analyzed using an isothermal time
scan in a DSC. The storage modulus of all the samples is com-
pared in Figure 14. From the results, it is clear that all of the plas-
ticized coating blends decreased the overall storage modulus
of the dip-coated tarps. This reinforces the T, results showing that
the plasticizers do, in fact, increase the flexibility of the coatings.
As a reference, a pure PVDF dip-coated sample was also analyzed.
The storage modulus of this sample was higher than that of an
uncoated PVC tarp, reinforcing the fact that PVDF is considered
to be a rigid polymer. Interestingly, even though the T, of sample
PVDF/PMMA/P2 slightly increased, the time scan results indicate
that it had the same flexibility as sample PVDF/PMMA/P5. How-
ever, the surface morphology analysis excluded these two samples
as viable protective coating blends. The storage modulus results
of samples PVDF/PMMA/P3 and PVDF/PMMA/P4 reinforce
their viability to be considered as protective coatings.

4 | Summary and Conclusions

This study investigated PVDF/PMMA blends with various
PMMA concentrations and four different plasticizers as poten-
tial protective coatings for PVC tarps. The addition of 10wt%
PMMA increased the degree of crystallinity and enhanced ad-
hesion to the PVC substrate, while higher PMMA concentrations
(30wt% and 50wt%) led to amorphous structures. Based on this,
the decision was made to investigate the plasticization of films
containing 10wt% PMMA exclusively to balance the enhanced
adhesion with the potential negative effects that the addition of
acrylic might have on the mechanical and weathering properties
of the PVDF-based coating. The four plasticizers investigated
were di(propylene glycol) dibenzoate, dibutyl phthalate, di(eth-
ylene glycol) dibenzoate, and benzyl butyl phthalate.

The addition of the plasticizers to a PVDF/PMMA blend notably
influenced the thermal properties and surface morphology of
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the coatings. This was mostly due to their effect on the solvent
evaporation rate. It was also demonstrated that the coating sub-
strate had a significant effect on the surface morphology of the
plasticized PVDF/PMMA-based films. This effect was mainly
due to the interplay between the solvent-substrate and polymer-
substrate interactions.

The thermal and surface morphology analysis results showed
that PVDF/PMMA blends with plasticizers di(ethylene glycol)
dibenzoate and benzyl butyl phthalate were the top contenders
to be considered as viable UV protective coatings. Both blends
showed that the plasticizers significantly increased the film
flexibility, based on T, analysis, and exhibited the most favor-
able surface morphologies while maintaining favorable adhe-
sion of the coating to the substrate. The surface morphology of
both samples was relatively uniform, with no porosity or voids.

It is recommended that an in-depth UV stability analysis be per-
formed on these viable blends to determine their durability and
UV-protective nature.
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