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Preface to “Polymer Processing and Surfaces”

Polymer processing and surfaces are considered as key parameters for developing unique
materials for various applications. At the same time as developing the next generation of polymeric
and composite materials, the material resources, utility properties of the product, its economy aspects,
as well as environmental issues can be optimized. The surface of the filler or final product is of
particular interest with respect to the interaction with their surroundings; hence its modification
can positively affect the stimuli-responsive character, adhesion, absorption, tribological properties,
or biomedical applications among others.

This book, which consists of 26 articles written by research experts in their topic of interest,
reports the most recent research on polymer processing with an emphasis on the surface properties.
Several novel and fascinating methods related to the polymer fabrication, biointerfaces, surface

modification, characterization, sensitivity to the surroundings, and applications are introduced.

Michal Sedlacik
Editor
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Abstract: Three types of organic cage compounds, namely, cucurbit[6]uril (Q[6]), hemicucurbit[6]uril
(HQI6]), and B-cyclodextrin (BC), with different cavity structures as heterogeneous nucleation agents
were selected for a polypropylene (PP) foaming injection molding process. The experimental results
showed that Q[6] with a “natural” cavity structure possessed the best nucleation efficiency of these
three cage compounds. The nucleation mechanism of organic cage compounds was explored through
classical nucleation theory, molecular structure, and in situ visual injection molding analysis.

Keywords: heterogeneous nucleation; cell morphology; injection molding foaming; composite
materials; visualization

1. Introduction

The specific strength [1-5] and dimensional stability of foaming materials [6] are directly related to
cell density, which is determined by the number of cells present during the foaming process. Therefore,
the quality of foaming materials can be effectively improved by regulating nucleation in the foaming
process [7-12].

According to classical theory [13-16], the nucleation process of gas in melt proceeds in two
modes, namely, homogeneous nucleation and heterogeneous nucleation. In homogeneous nucleation,
the second-phase component in a single homogeneous phase forms a stable second phase through
accumulation and dispersion fluctuation over a critical size. Homogeneous nucleation occurs when
no nucleating agent is contained in the polymer melt, or when the content of the nucleating agent is
lower than its solubility in the melt. However, in actual material preparation, all types of additives
are used, impurities are common (except for gas and polymer), and various internal tissue defects
emerge. These external particles or rough surfaces contribute to heterogeneous nucleation in the
foaming process. With regard to the phase change process during material processing and preparation,
almost all nucleation behaviors are non-uniform nucleation processes. Thus, studying heterogeneous
nucleation is crucial for the preparation of plastic foaming materials.

Research has shown that adding nano-inorganic particles to a polymer as a heterogeneous
nucleating agent can effectively improve the quality of the cell morphology, as well as the impact
toughness and heat insulation performance of microfoaming materials [17-20]. However, the nucleation
efficiency of nano-inorganic powders is reduced because of their high surface density and easy
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agglomeration [21,22]. In addition, the compatibility between an inorganic nucleating agent and
a matrix resin is poor, and excessive addition degrades the performance of the foaming materials.
Therefore, the design and development of highly effective organic nucleating agents with a special
structure are essential for improving the foaming behavior and properties of polymers.

Thus far, no study has investigated the application of organic caged compounds as heterogeneous
nucleating agents in polymer foaming. In the current study, polypropylene (PP) was used as the
polymer substrate. PP and cucurbit[6]uril (Q[6]), hemicucurbit[6]uril (HQ[6]), and S-cyclodextrin (BC)
composite foaming materials were prepared through microcellular injection. The PP foaming behavior
of organic caged and traditional nucleating agents was observed in situ using a visual injection molding
device under the condition of adding the same amount of nucleating agent particles. The aim was to
analyze and compare the nucleating performance of each organic cage nucleating agent. The formation
and growth of cells during the foaming process of each composite material were summarized, and the
heterogeneous nucleation mechanism of the caged compound was verified.

2. Experimental Setup

2.1. Materials

Nano-sized Q[6] and HQ[6] were prepared according to the procedures described in previous
literature [23,24]. B-cyclodextrin (BC) was of reagent grade and was used without further purification,
and silicon dioxide (SiO;) was obtained from Sinopharm Group (Shanghai, China). PP T30S with
a melt flow index of 3.2 g/10 min at 230 °C/2.16 kg and a density of 0.906 g/cm® was obtained from
SINOPEC, Beijing, China. The blowing agent, azodicarbonamide (AC), was obtained from Hanhong
Co., Wuhan, China, with a gas production of 220 mL/g.

2.2. Nanocomposite Preparation

QI[6], HQI6], BC, and PP were vacuum dried at 80 °C for 8 h before use. Then, PP with different
Q[6], HQ[6], and BC contents was melt-extruded using a twin-screw extruder with an increasing
extrusion temperature profile (175~195 °C). The Q[6], HQ[6], and BC contents prepared for the master
batch nanocomposites were 0.25, 0.5, 1.0, 2.0, 3.0, 5.0, and 7.0 wt%, and were thereafter coded as PQO0.25,
PQO0.5, PQ1.0, PQ2.0, PQ3.0, PQ5.0, and PQ7.0; PHO0.25, PHO.5, PH1.0, PH2.0, PH3.0, PH5.0, and PH7.0;
and PB0.25, PB0.5, PB1.0, PB2.0, PB3.0, PB5.0, and PB7.0, respectively.

2.3. Injection Molding Foaming

The foaming samples were prepared using a microcellular injection foaming molding machine
equipped with a volume-adjustable cavity. The extrusion temperature profile from hopper to nozzle
was 165~175 °C, and the expansion ratio remained constant, controlled by the sample thickness
expanding from 3.5 to 4.0 mm. The gas (N;) content was 1%, which was determined by the percentage
of AC gas production.

2.4. In Situ Foaming Visualization

The setup of the batch foaming visualization system, as illustrated in Figure 1, was used to observe
the in situ foaming behavior of the aforementioned polymer blowing agent system. The system
consisted of a double screw system, a data acquisition system for pressure measurement (i.e., a data
acquisition board and a computer), and an optical system (i.e., an objective lens, a light source, and a
high-speed camera).
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1.Injection molding bamel 2y’ ° P—
2.Hopper
3.Visualization mold
4.Camera

Figure 1. Schematic diagram of the visual injection molding device.

2.5. Morphological Analysis

The morphologies of the foamed samples were observed with a scanning electron microscope
(SEM) at an accelerating voltage of 25.0 KV (KYKY-2800B, Zhongke Co., Beijing, China). The samples
were first frozen in liquid nitrogen for 3 h, and then transversely fractured in a liquid nitrogen
atmosphere. Before SEM testing, the samples were sprayed gold for 60 s. Both the cell size and density
were determined from the SEM micrographs. The cell size and cell density were calculated via image
analysis. The cell density was calculated from the following equation:

2713

V=[5l »
A p f

where N is the cell density (cells/cm?), n is the number of cells on the SEM micrograph, M is the

magnification factor, and A is the area of the micrograph (cm?). The densities of unfoamed (P

and foamed (py) samples were measured via the water displacement method, in accordance with

ASTM D792.

2.6. Transmission Electron Microscope (TEM) Analysis

The morphology of Q[6] was determined by a transmission electron microscope (Tecnai G2 F20,
FEI Co., Portland, OR, USA) at 200 KV. Q[6] was prepared using acetone to form a relatively dilute
suspension solution, and the solution was then dropped onto the copper grids before the TEM analysis.

3. Results and Discussion

3.1. Cell Morphology

SEM images of the fracture surface are shown in Figures 2—4. The corresponding cell morphology
parameters, including the average cell sizes and cell densities, are presented in Figure 5. As expected,
the PP foam presented a poor cell structure, characterized by a large cell size and non-uniform cell
distribution. The average cell size decreased with the addition of Q[6], HQ[6], and BC nanoparticles
to the PP. Specifically, the cell size of the pure PP decreased from 55 um to 26 um when the PQ2
nanocomposite foam was used. The cell density increased from 1.9 X 106 cells/cm? for the pure PP
foam to 1.3 x 107 cells/cm? for the composite foams. When the Q[6] content increased to 1.0 wt%,
an obvious improvement in the cell structure was observed. However, further increments in Q[6]
content did little to change the cell morphology.
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| Mag=100 X ——100 um ENT=25KV |

Figure 2. SEM images of the polypropylene (PP) and PP + cucurbit[6]uril (Q[6]) (PQ) composite foams:
(a) PP, (b) PQO.25, () PQO.5, (d) PQ1, (e) PQ2, (f) PQ3, (g) PQ5, and (h) PQ7.

| Mag=100 X +——100 um EHT=25KV |

Figure 3. SEM images of the PP and PP + hemicucurbit[6]uril (HQ[6]) (PH) composite foams: (a) PP,
(b) PH0.25, (c) PHO.5, (d) PH1, (e) PH2, (f) PH3, (g) PH5, and (h) PH7.
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[ Mag=100 X ——1100 um EHT=25KV |

Figure 4. SEM images of the PP and PP + p-cyclodextrin (BC) (PB) composite foams: (a) PP, (b) PB0.25,
(c) PBO.5, (d) PB1, (e) PB2, (f) PB3, (g) PB5, and (h) PB7.
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Figure 5. Average cell diameters (a) and cell densities (b) of the foamed PQ, PH, and PB.

When HQJ[6] was added to PH at 3.0 wt%, the morphology of the cells improved. The cell diameter
was 41.3 pm, and the cell density was 6.2 x 106/cm3. However, when the added HQ[6] exceeded
3.0 wt%, the PH cells began to deteriorate, and the cell diameter increased sharply. For example,
when the content was 7.0 wt%, the cell parameter was close to that of the pure PP.

With the increase in BC content, the average size of the PB bubbles decreased and the cell density
increased. When the maximum amount of BC was 7.0 wt%, the minimum average cell size of the PB
was 27.1 um and the maximum cell density was 1.22 X 107 /cm?.

3.2. Discussion on Nucleating Efficiency and Structure-Property Relationship

Ql6] (Figure 6) is a macrocyclic compound synthesized with glycoluril and formaldehyde. It has
a highly polarizable carbonyl-rich portal and a hydrophobic interior cavity. The structure of HQ[6]
is similar to the structure of Q[6], i.e., it cuts halfway along the equator of the cage structure of Q[6].
The glycoside urea unit bridged by the methylene unit makes HQ[6] lose its structural rigidity and



Polymers 2020, 12, 1975

become a flexible macro-ring structure. Under the strong external force of melt shear, the material
easily twists and deforms into a continuous phase interface with a radian. BC [25,26] is a cyclic
oligosaccharide, consisting of glucopyranose units in a torus-like structure, with hydrophilism on the
outer surface and relative hydrophobicity in their internal cavity. The molecular structures of the three
cage compounds and TEM diagram of Q[6] are shown in Figure 7.

(a)

QI6] HemiQ[6] B-BC

Figure 7. Molecular structures of Q[6], HQ[6], and BC.

According to classical nucleation theory, the Gibbs free energy (Gibbs) barrier of gas conuclei can
be expressed as
AGpom = _(Pbub - Psys)Vg + UlgAlg 2)

The Gibbs free energy barrier of heterogeneous nucleation can be expressed as follows:
AGpet = _(Pbub - Psys)vbub + O'lgAlg + ngAsg — 051 3)

where Py, is the gas pressure in the bubble; Pyys is the ambient system pressure; A is the surface area;
o is the interface energy; and /, g, and s are the melt, gas, and solid phases, respectively.

When a gas is nucleated on a solid nucleating agent, the term 04A; can reduce the energy barrier
of the system, because no new generation is required at the solid-melt interface. When the boundary
area, Ay, is fixed, the larger the interface energies of Olg and o5, the larger the heterogeneous nucleation
barrier, AGy,. A traditional nucleating agent relies on 04 A, to reduce the nuclear barrier. The gas and
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melt interface energy, 0j,Ay,, is the key factor that restricts the nuclear barrier. If 0;,A;; can be reduced,
then the nucleation efficiency will improve.

Among the three cage compounds, Q[6] exerted a greater improvement effect on the PP at a
low amount of addition, which means that Q[6] had the highest nucleation efficiency. On the one
hand, BC contains many hydroxyl functional groups with a relatively strong molecular polarity.
The polarity difference between the PP, which is a non-polar polymer, and BC was the largest in this
study. Under the same experimental conditions, the interface energy value of BC as the nucleating
agent system was the largest. Q[6] and HQ[6] are similar in chemical composition and have the same
polarity. Their molecular polarity is weaker than that of BC. On the other hand, the hydroxyl groups in
BC generate hydrogen bonds with one another, resulting in the “sealing end” of BC molecules and
forming a special 3D structure. In this structure, one end of BC is open and the other end is nearly
closed. Compared with Q[6], the BC with an approximate cone structure had a larger Alg value, i.e.,
AGpet(BC) > AGy(Q[6]). Under the strong external force of melt shear, HQ[6] was easily twisted and
deformed into a continuous phase interface, and AGy:(HQ[6]) > AGy+(Q[6]).

In summary, the structural composition of Q[6] endows the material with a low surface density
and reduces the gas nuclear energy barrier. However, HQ[6] and BC have high nuclear barriers and a
relatively poor nucleation performance because of their high surface density and polarity (Figure 8).

| ——3 °@oe0 0 0
- Ly QLY
€ » + O 4 d > |J/ il
BC gas 7 ~ @ °

—

Figure 8. Schematic diagram of heterogeneous nucleation of Q[6], HQ[6], and BC.

Silicon dioxide (5iO,), a traditional nucleation agent, was used to compare the nucleation
performance of the organic caged and traditional nucleation agents (Figures 9 and 10). SiO; is an
inorganic nucleating agent with a solid spherical structure, and it is commonly used to prepare polymer
foaming materials. The composite of SiO, and PP was labeled PS in this study. The weight of the
nucleating agent added with PP in the experiment was converted into the number of particles for the
scientific characterization of the nucleation performance of the various nucleating agents. Trends of
the changes in average cell diameter and density with the number of nucleating agent particles were
obtained and are shown in Figure 10.

The average cell diameter of PB decreased gradually with the increase in the number of nucleation
sites. PQ, PH, and PS presented the same variation trends with the number of nucleation sites.
Specifically, with the increase in the number of nucleation sites, the average cell diameter decreased
and then increased, whereas the average cell density increased and then decreased. This result was
obtained because the addition of the nucleating agent promoted the heterogeneous nucleation of cells.
When the added content was increased, the agglomeration effect of the nucleating agent particles
reduced the number of effective nucleation sites in the PP, thus diminishing cell improvement.
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Figure 9. The average cell diameters (a) and cell densities (b) of the foamed PP composites with
different contents.
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Figure 10. Average cell diameters (a) and cell densities (b) of the foamed PP composites with different
nucleation agent quantities.

The improvement effect of HQ[6] on the PP cell morphology was limited. Compared with HQ[6],
the PQ, PB, and PS series achieved a better improvement in PP cell morphology and obtained a smaller
cell size and a higher cell density. Moreover, the number of nucleating particles required to achieve the
same improvement differed. For example, when the PP cell size was reduced by 50%, the number
of particles required for each nucleating agent differed by several times. The number of nucleation
sites for PQ, PB, and PS was 0.19 x 1015, 6.5 x 1015, and 3.0 x 1015, respectively. Among the three
series, PQ required the least nucleating particles to obtain the same bubble density, whereas PS and PB
required the most. This experimental result proves that the nucleation efficiency of Q[6] was higher
than that of the traditional nucleating agent, SiO;. According to the preceding theoretical analysis,
Si0O;, is a solid sphere, and its contact surface with the gas and melt is a continuous interface with a
high density. It relies on the term o0sl/As! to reduce the nuclear barrier. However, the gas—melt interface
energy term is the key factor that restricts the nuclear barrier of the bubble shape. Unlike in Q[6],
which is composed of a single atomic layer, Alg(SiO;) > Alg(Q[6]). Therefore, the nucleation barrier
AGhet(Si0;) >AGhet(Q[6] is required for gas nucleation on the surface. A many of nucleating agent
particles are needed for SiO, to achieve the same improvement effect.

3.3. In Situ Foaming Visualisation

The visual injection molding equipment developed by our research group can perform real-time
monitoring of the growth process of cells in actual injection molding. The formation and growth of
cells in the actual dynamic injection molding process of polymer foam materials can be determined by
directly observing and comparing the results of actual injection molding.
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In the current experiment, PP and the nucleating agent composites containing the same amount
of nucleating agent particles were prepared using a mixer. The specific added content is shown in
Table 1 (the particles are treated approximately as spheres).

Table 1. Parameters of nucleating agents.

BC Qlel HQI6] SiO,

density (g/cm?) 1.37 1.44 1.23 1.12

particle size (nm) 114 204 326 104
single particle volume (x1071% cm?) 0.775 4.443 5.774 0.589
single particle weight (x1071° g) 1.062 6.220 6.929 0.647
add weight per 100 g PP (g) 0.085 0.5 0.55 0.05

Figure 11 shows images of the bubble growth of the pure PP and the PQ composites in the visual
injection molding equipment. The growth of bubbles was relatively slow, and the number of cells
was small in the injection molding process of pure PP. After the addition of nucleating agent Q[6],
the bubble growth rate of PQ significantly increased. The number of PQ cells increased by nearly two
orders of magnitude compared with the number of pure PP cells. This result indicates that the addition
of a heterogeneous nucleating agent significantly reduced the nuclear energy barrier of gas, made the
growth of cell nucleation easy, and increased the cell density significantly.

= Limm () 0.2s

0.3s 0.5s 0.6s 0.7s 0.8s

Figure 11. Pictures of the cells of the pure PP and the PQ composites changing over time.

Figure 12 shows the variation trends in the number and diameter of cells of the PP and PP
composite systems over time. The number of cells in all of the experimental systems increased initially
and then stabilized, which was a manifestation of gas nucleation from continuous growth to complete
nucleation. The growth rate of the number of cells reflected the rate of nucleation and was related to
the nuclear barrier of the system. The faster the growth, the easier the nucleation and the lower the
nuclear energy barrier of the system. Hence, the slope of the bubble growth phase could be compared
to that of the nuclear barrier. The higher the slope, the faster the nucleation and the lower the nuclear
barrier. The slope of the bubble growth stage of the pure PP was the lowest, and the degree of bubble
equilibrium was significantly lower than that of the other experimental systems, indicating that the
nuclear energy barrier of the pure PP was the largest. After the addition of the same amount of
nucleating agent particles, the growth rate of the number of balanced bubbles and the number of
bubbles in each composite system became significantly higher than that of the PP. The PQ system had
the highest slope and the fastest nucleation during the growth stage of the number of cells, followed by
the PS, PB, and PH systems. The experimental results showed that Q[6] had the lowest nuclear energy
barrier among all of the nucleating agents. A comparison of the number of equilibrium cells in each
composite system showed that PQ had the largest number of cells, which was about nine times that of
the pure PP. The number of cells increased and decreased successively in the order of PS, PB, and PH.
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Figure 12. The average cell diameter (a) and cell density (b) of the foamed PP composites with
different times.

As shown in Figure 13, new cells were generated near the previously nucleated and growing
cells, despite the rapid gas consumption from cell growth in these regions. This phenomenon was less
pronounced when the pure PP sample was foamed. The cavity of Q[6] can also become a natural “air
pocket”. As nucleated bubbles expand, their growth causes tangential stretching on the surface [27],
resulting in a reduction in nearby pressure. R and AGyg; are reduced [28,29] accordingly to promote
the nucleation of new bubbles and the growth of the original gas cavity, thereby increasing the final
material bubble density. The nucleation efficiency of PQ with cavitation was significantly higher
than that of the PP. The results of the experiment once again confirmed the conclusion that the cavity
not only reduced the nuclear barrier, but also stimulated the growth of secondary bubbles. The in
situ observation of the growth of the secondary bubbles revealed that the potential mechanism of
nucleation was enhanced by the nucleating agents, and comprehensively explained the mechanism of
heterogeneous nucleation promoted by fillers.

Figure 13. Photos of the secondary bubble growth of the PQ composites.

In addition, the visualized foaming behavior was observed under the same injection molding
conditions, but with an extended mold opening time to verify the experimental conclusions further.
The relation curve between the change in cell number and the delay time of each composite system
is shown in Figure 14. At the end of the injection, when the mold opening time was prolonged,
the temperature in the mold cavity decreased, and the melt viscosity increased. In other words,
prolongation of the mold opening time increased the nuclear energy barrier and made bubble
nucleation difficult. The higher the bubble reduction rate, the more difficult bubble nucleation became
and the higher the nuclear energy barrier. As indicated in Figures 14 and 15, the PQ system had the
lowest rate of bubble number reduction, followed by the PS, PB, and PH systems. The pure PP system
had the highest rate of bubble number reduction, which also reflected the order of the heterogeneous
nuclear energy barrier of the systems. The nucleating agent of the PQ system had the lowest nuclear
energy barrier among all of the nucleating agents, and this finding is consistent with the results of the
microporous injection foam.

10
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Figure 15. The cell number (a) and cell density (b) of the foamed PP composite with different mold
opening times.

4. Conclusions

Analysis of the heterogeneous nucleation mechanism showed that 0j;A;; was the key factor
that restricted bubble nucleation. When the value of 0;,A;, was reduced, the efficiency of nucleation
improved. Organic cage compounds Q[6], HQ[6], and BC with different cavity structures were
synthesized. A natural “cavity” was observed. This cavity was a large area of the “natural” gas/solid
interface of Q[6], and it effectively reduced the value of 0j,Aj,, decreased the heterogeneous nuclear
barrier, and had the highest nucleation efficiency. The growth rule of the bubble obtained by visual
injection molding was consistent with the conclusion from the actual injection molding. The conclusion
that the low surface density of the nucleating agent could reduce the nuclear energy barrier and
improve nucleation efficiency was verified again. This work provides a reference for the application of
organic cage compounds in polymer foaming materials.
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Abstract: In this paper, a new style of micro-structured LED (light-emitting diode) diffusion plate
was developed using a highly efficient and precise hybrid processing method combined with
micro injection molding and micro-grinding technology to realize mass production and low-cost
manufacturing of LED lamps with excellent lighting performance. Firstly, the micro-structured mold
core with controllable shape accuracy and surface quality was machined by the precision trued V-tip
grinding wheel. Then, the micro-structured LED diffusion plate was rapidly fabricated by the micro
injection molding technology. Finally, the influences of micro injection molding process parameters
on the illumination of the micro-structured diffusion plate were investigated. The simulated optical
results show that the illumination of the micro-structured diffusion plate can achieve a maximum
value when the V-groove depth and V-groove angle are designed to be 300 um and 60°, respectively.
The experimental results indicate that the developed micro-structured diffusion plate may improve
the illumination by about 40.82% compared with the traditional diffusion plate. The prediction
accuracy of the designed light efficiency simulation method was about 90.33%.

Keywords: micro-structure; diffusion plate; micro injection molding; grinding

1. Introduction

LED lamps are widely used in the lighting field due to their advantages of being energy efficient and
environmentally friendly and producing a uniform and soft light. [1,2]. To further improve the luminous
efficiency of LED lamps and reduce their production and manufacturing costs, many researchers have
focused on the fabrication of the micro-array structure on the diffusion lampshade of LED lamps [3,4],
which can reduce the diffusion and scattering of light to improve the utilization rate of light energy.

At present, the fabrication process of the micro-structured diffusion plate mainly includes
silk-screen printing, hot pressing, and micro injection molding. Silk-screen printing can be used
to directly fabricate a diffusion plate and has the advantages of low manufacturing cost and high
production efficiency. It can print a uniform macroscopic dot structure, resulting in uniform light.
However, the silk-screen printing process was complex, and the generated ink volatilization polluted
the environment [5]. Previous studies have shown that the micro-structure was first machined on the
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surface of a mold and then was replicated to the polymer workpiece surface to rapidly fabricate the
micro-structured polymer diffusion plate by hot pressing or micro injection molding technologies [6,7]
to realize the mass production and manufacture of micro-structured diffusion plates. Due to its
simple manufacturing process and low production cost, micro injection molding is suitable for the
mass production and manufacture of micro-structured polymers. Besides, it is almost free from the
limitation of plastic parts” geometry. Therefore, the micro injection molding technology has become
the main forming process for micro-structured polymer products [8,9]. For example, the relationship
between mold micro-manufacturing and the micro injection molding process was studied to optimize
the demolding phase [10]. The hybrid method combining optical micro metrology and injection
molding process monitoring was proposed to verify the quality of 3D micro-molded components [11].
The effects of milling strategies and cutting parameters on the mold core were investigated to reveal
the relationship between mold topography and the ejection force in micro injection molding [12].
The relationship between different surface topography parameters and the ejection force in micro
injection molding was analyzed to describe the friction behavior at the polymer-tool interface [13].

The forming quality of the micro-structured polymer products mainly depends on the machining
quality and shape accuracy of the micro-structured mold core. The common micro-machining
technologies of micro-structured mold core include electrochemical etching [14], laser processing [15],
electrical discharge machining (EDM) [16], and mechanical micro-cutting [17,18], ect. Although chemical
etching can ensure the shape accuracy of a nanoscale structure [14], it was impossible to efficiently and
precisely machine a 3D micro-structure at the micron scale. In order to greatly improve the mold etching
precision, the production cost would be greatly increased. Besides, the chemical etching solution would
also pollute the environment. High-efficiency laser processing is environmentally friendly [15], but the
equipment cost is considerably expensive and it is very difficult to control the shape accuracy of the
3D micro-structure. Although the micro-EDM technology can produce micro-structures of less than
100 microns in size [16], it was limited by conductive mold materials. Unfortunately, the surface quality of
the 3D micro-structure was not satisfactory, and the EDM oil polluted the environment. A micro-structure
with high surface quality can be processed by the mechanical diamond cutting [17,18], but this method
was limited to soft metal materials with low hardness. Besides, the depth-to-width ratio of the machined
micro-structure was also relatively low. Therefore, under the premise of environmental protection and
high efficiency, it is very difficult to process a micro-structured mold with high shape accuracy and surface
quality at the micron scale. The previously developed micro-grinding technology may be used to machine
high-quality microarray structures with controllable shape accuracy on the surface of hard and brittle
mold materials [19,20]. Moreover, the environmentally friendly and pollution-free processing method
has a low production cost and was a simple operation. At present, there are no relevant research reports
on the fabrication of micro-structured LED diffusion plates using micro-grinding and micro injection
molding. Therefore, the precision trued grinding wheel tool is first proposed to machine a micro-array
structure with high surface quality and shape accuracy on the surface of mold core, and then the 3D
micro-structure derived from mold core surface will be duplicated to the acrylic polymer lampshade by
micro injection molding to rapidly fabricate a high-quality micro-structured LED diffusion plate, leading
to an improvement in light efficiency of LED lamp.

In this paper, the hybrid processing method combining with micro-grinding and micro injection
molding is proposed to efficiently fabricate a micro-structured LED diffusion plate with high
surface quality and forming accuracy. Firstly, the optical simulation method was designed to
simulate the distribution of light intensity on the micro-structured diffusion plate to obtain optimal
micro-structure size parameters. Then, according to the micro-structure parameters obtained by
simulation, the V-shaped groove array structure with high shape accuracy was fabricated by precision
micro-grinding technology on the surface of the mold steel. Finally, the V-grooved array structure on
the surface of the mold core was rapidly replicated to the surface of the acrylic polymer diffusion plate
by the micro injection molding process to efficiently produce a new type of micro-structured LED
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diffusion plate. The influences of micro injection molding process parameters on the light intensity of
the LED diffusion plate were investigated to obtain the optimal injection process parameters.

2. The Optical Design and Light Efficiency Simulation of the Micro-structured LED Diffusion Plate

LED diffusion plate material is usually polymethyl methacrylate (PMMA), which has excellent
optical properties such as high white light penetration, high refractive index, and high light
transmittance. Its Mohs hardness and refractive indexes are 95 kg/cm? and 1.49, respectively. According to
previous investigations [21,22], the optical performance can be effectively improved by fabricating the
micro-structures on the surface of the LED diffusion plate. In order to efficiently design the optical
structure for the LED diffusion plate, the TracePro software was employed to simulate the luminous
flux and illuminance of traditional and micro-structured LED diffusion plate surfaces to evaluate their
light efficiencies.

According to the light-emitting principle of the diffusion plate, it is very feasible for the
micro-structure to be designed as a V-shaped groove. A common LED lamp mainly contains an
LED light source, a lampshade, and a diffusion plate (see Figure 1a). The ray of light emitted by the
light source is refracted from the surface as it travels through the diffusion plate. The outside diameter
and thickness of the diffusion plate sample were 50 and 1.3 mm, respectively. The LED light source
was a lamp bead with a rated power of 3 W and package size of 10 mm in diameter and 1 mm in
thickness. The distance between the light source and the diffusion plate was 18 mm, and the simulated
light ray was visible light with a wavelength of 400-700 nm. The wavelength of the simulated light
ray was set as 450 nm, and the number of experimental light rays was 10,000. As seen from Figure 1a,
the side of the diffusion plate with regular micro-array structure was regarded as the incident surface,
and the backside was set as the light-emitting surface. The V-groove angle, V-groove depth, and V-groove
width of the micro-array structure on the surface of diffusion plate sample were labeled as 6, h, and L,
respectively (Figure 1b). Refraction and reflection would be produced as the incident ray travels through
the diffusion plate. The incident ray, reflected ray, and refracted ray were expressed as i, r, and y,
respectively. The optical travel principles of the micro-structured and traditional diffusion plates are
shown in Figure 1b,c. As observed from Figure 1b,c, in qualitative terms, compared with the traditional
surface, the micro-structured surface may produce a more refracted and reflected ray to improve the light
efficiency of the LED lamp. The simulated luminous flux and illuminance derived from the diffusion
plate were recorded to evaluate the light efficiency.
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Figure 1. (a) Schematic diagram of the LED lamp. (b) Optical travel principle of the microstructured
diffusion plate. (c) Optical travel principle of the traditional diffusion plate.

In order to obtain the optimal microgroove structure sizes, the V-groove depth h of 100400 pm
and V-groove angle 0 of 60°-150° were designed and changed to calculate the theoretical illuminance
E (see Table 1). Table 1 shows the simulated illuminances of the LED diffusion plate under different
micro-structure parameters.

Figure 2 shows the influence of the designed V-groove angle 6 on the irradiance and illuminance
of the micro-structured LED diffusion plate. A brighter color indicates a higher illumination intensity.
The diameter of the diffusion plate was 50 mm, and the light source was located directly below the
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diffusion plate. As seen from the irradiance and illuminance image of the diffusion plate, areas of lower
light intensity of the area were further from the center of light source and resulted in darker images.
It can also be seen that the highest light intensity was located in the center area. When the V-groove
depth h remained consistent, the light intensity decreased with the increase of V-groove angle 6. When
the V-groove angle was 60°, the light intensity was the highest, at this time, the highest illuminance E
reached 138.07 Klux.
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Figure 2. The simulated irradiances and illuminances of micro-structured LED diffusion plates depending
on the designed V-groove angle 0: (a) 0 = 60°; (b) 6 = 90°; (c) 0 = 120°.

Figure 3 shows the influence of the designed V-groove structure parameters on simulated
illuminances. It is shown that the influence of the V-groove angle on luminous flux was greater than the
influence of V-groove depth. Within the V-groove angle range of 60 to 150°, a smaller V-groove angle
resulted in a greater illumination intensity (see Figure 3a). It can be observed that when the V-groove
depth was between 100 and 400 um, there was little change in illumination intensity as the V-groove
depth increased (see Figure 3b). The illumination intensity was significantly improved by designing
a specific V-groove structure on the surface of the diffusion plate. Compared with the simulated
illumination Eiagitional Of 94.42 Klux for the traditional diffusion plate, the maximum illumination
Emax of 138.07 Klux for the micro-structured diffusion plate may be theoretically enhanced by about
46.23%. Greater groove depths cause the grinding wheel to wear faster, necessitating frequent dressing
and truing for the grinding wheel. Therefore, comprehensively considering the actual processing
conditions and simulation results, the optimal micro-groove parameters of a V-groove depth of 300 pm
and V-groove angle of 60° were chosen in the experiments.
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Table 1. Simulated illuminances of LED diffusion plates under different V-groove structure parameters.

No. V-Groove Depth 1 (um)  V-Groove Angle 0 (°) Illuminance E (Klux)

1 0 0 94.42
2 100 60 134.29
3 100 90 121.64
4 100 120 103.56
5 100 150 95.49
6 200 60 132.82
7 200 90 123.42
8 200 120 102.55
9 200 150 95.22
10 300 60 138.07
11 300 90 122.04
12 300 120 103.63
13 300 150 94.49
14 400 60 132.79
15 400 90 122.02
16 400 120 102.07
17 400 150 94.45
@60 v — . v )40
:" ~— 100 ym —e— 60°
150f 128 aohm{ isof —o—90°
Enn=138.07 Klux 136 400 1m. H=60° Epax=138.07 Klux EIT 1%“:
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Figure 3. The simulated illuminance E as influenced by the designed V-groove structure parameters:
(a) V-groove angle 6; (b) V-groove depth h.

3. Experimental Details

The surface quality and shape accuracy of V-groove structure machining of the mold core surface
mainly depend on the dressing and truing accuracy of CBN (Cubic boron nitride) grinding wheel
V-tip. Therefore, before the grinding experiment, the previously developed precision dressing and
truing technology [23,24] was first implemented to produce a V-tip grinding wheel with a V-tip angle
of 60°. Then, the trued #600 resin-bonded CBN grinding wheel was employed to machine regular
V-grooved array structures with the V-groove depth of 300 um on the surface of the mold core. Next,
the micro-structured LED diffusion plate was fabricated by micro injection molding technology based
on a micro-ground mold core. Finally, the light efficiencies of traditional and micro-structured LED
diffusion plates were comparatively tested.

3.1. Precision Truing of the V-Tip CBN Grinding Wheel

Figure 4 shows the V-tip truing principle and photo of the CBN (Cubic boron nitride) grinding
wheel. The machine tool is a three-axis precision CNC plane grinder (SMART-B818 111, Chevalier,
Taiwan, China) with a minimum feed of 1 pm. Firstly, a macroscopic V-shaped tip grinding wheel was
rapidly formed through rough truing along a V-shape interpolation truing path using the #80 coarse
oilstone truer (green SiC) (see Figure 4a). Then, the #600 oilstone was used for fine truing to obtain a
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V-tip with high shape accuracy and sharp micro-grain cutting edges. The theoretical V-tip truing angle
was set as 60°. The V-tip angle of the trued grinding wheel was labeled as .

B
(a) W Viti b) | CBN grinding wheel
N (
Vi | _— CBN

grinding wheel

Figure 4. The precision truing of the V-tip CBN grinding wheel: (a) V-tip truing principle; (b) truing photo.
3.2. Precision Grinding of the Micro-structured Mold Core

In this study, S136H mold steel with the hardness of 30-35 HRC was chosen as the mold core
material due to its excellent wear resistance and machinability, and it was polished to a mirror-like
surface finish before micro-structure grinding. Figure 5 shows the V-groove array structure grinding
principle and an experimental photo of the mold core. The precision trued V-tip CBN grinding wheel
was driven by the CNC system to grind the mold steel installed on the horizontal worktable by the
fixture (see Figure 5a). The V-groove was machined on the surface of mold steel by replicating the
V-tip shape of the CBN grinding wheel along the set horizontal reciprocating cutting path. When a
V-groove was machined, the grinding wheel was moved at a set pace along the Z-axis direction to
conduct the machining of the second V-groove. Finally, the micro-structured mold core with regular
and controllable V-grooved array structures was fabricated (see Figure 5b). According to previously
determined fundamental experimental parameters, to ensure the grinding quality and production
efficiency, the precision grinding conditions of the micro-structured mold core, including wheel speed
N, depth of cut g, and feed speed v, were chosen and are shown in Table 2. The V-groove angle 0 and
V-groove depth I were set as 60° and 300 um, respectively. The V-groove angle and V-groove depth of
the ground micro-structured mold core surface are expressed as « and H, respectively (see Figure 5c).

1 C N grinding wheel

V-groove

Figure 5. The precision grinding of the micro-structured mold core: (a) grinding principle and path; (b)

experimental photo; (c) schematic diagram of the V-groove structure.
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Table 2. The precision grinding conditions of the micro-structured mold core.

CNC Grinding Machine SMART B818 III
s #600 CBN resin-bonded grinding wheel
Grinding wheel Wheel speed N = 3%00 r/m?n
Workpiece Super-mirror mold steel (S136H)
Rough grinding v¢ = 1000 mm/min; a = 5 um, Xa = 290 pm
Fine grinding v¢ = 1000 mm/min; a = 1 um, Xa = 10 pm
Cooling fluid Water-soluble coolant
V-groove machining parameters V-groove angle @ = 60°, V-groove depth H = 300 pm

3.3. Micro injection Molding of the Micro-structured LED Diffusion Plate

The efficient micro injection molding technology was developed to replicate the V-grooved array
structure of the mold core surface to the PMMA surface to precisely form the micro-structured diffusion
plate sample through a micro injection molding machine (6/10P, Babyplast, Hospitalet Llobregat, Spain).
Figure 6 shows a micro injection molding photo and the molding principle of a micro-structured LED
diffusion plate. Firstly, the ground V-groove array structured mold core was installed on the rear mold,
and the PMMA (8817, Degussa, Frankfurt, Germany) polymer particles were put into the hopper
(see Figure 6a). Then the polymer particles were driven by a pneumatic device into a plasticizing
chamber. Next, the plasticized and melted polymer flowed into the front mold through the pouring
gate. Finally, the close-fitting rear mold and front mold were separated after cooling and holding
pressure (see Figure 6b). Thus, the V-groove structure of the mold core surface was copied on the
polymer workpiece surface to fabricate the V-shaped injection molded sample (see Figure 6c¢).

(b) Micro-structured Melted polymer
mold core

Polymer
particles

S|

Plasticizing Pneumatic
chamber device

Rear mould Front mould

V -groove structure V-groove structure
H Pourlng gate m
Rear mould Front mould

Figure 6. The micro injection molding of the micro-structured diffusion plate: (a) experimental photo;
(b) schematic diagram of micro injection molding; (c¢) molding principle of the injection molded sample.

The micro-forming quality of the injection molded diffusion plate sample can affect the light
efficiency of the LED lamp. Therefore, the optimal micro injection molding process parameters needed
to be determined to achieve the maximum light efficiency of the micro-structured diffusion plate.
To do this, the influences of the micro injection molding process parameters on the forming accuracy
and surface quality of the micro-structured polymer sample needed to be studied. Under general
injection molding conditions, the ideal mold temperature for PMMA injection is about 40-70 °C.
According to previous experimental results [19], the molding quality of a micro-structured polymer
was satisfactory at room temperature in this experiment. Therefore, the mold temperature was not
considered as an injection molding process parameter in this work. The common micro injection
molding process parameters, including melt temperature, injection speed, injection pressure, holding
pressure, and holding time, were chosen and experimental designed in this work as listed in Table 3.
Under each process parameter, ten micro injection molded samples were captured for testing to reduce
the experimental error.
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Table 3. Micro injection molding process parameters.

Process Parameters Level
Melt temperature T (°C) 240, 245, 250, 255, 260
Injection speed V (mm/s) 40, 44, 48,52, 56
Injection pressure P; (MPa) 8.0,8.5,9.0,9.5,10.0
Holding pressure Py, (MPa) 5.0,5.5,6.0,6.5,7.0
Holding time T (s) 15,25,3.5,45,5.5

3.4. Light Efficiency Testing of the Micro-structured LED Diffusion Plate

In order to obtain maximum light efficiency, the digital illuminometer (1335, TES, Taiwan,
China) with the measurement resolution of 0.01-0.1 Klux was employed to test the illuminance of
micro-structured LED diffusion plates under different micro injection molding process parameters.
The average value of five measured illumination values was regarded as the average illumination
E. The light source was a commercial LED embedded lamp (LEH0103010, OPPLE, Shanghai, China)
with the rated power of 3 W, rated voltage of 220 V, and an rated current of 0.025 A. Figure 7 shows
the light efficiency testing photos of the traditional and micro-structured LED diffusion plates. Here,
the injection molding process parameters of melt temperature, injection speed, injection pressure,
holding pressure, and holding time were 245 °C, 40 mm/s, 8 MPa, 5 MPa, and 2.5 s, respectively. It is
shown that the illuminance values for the traditional and micro-structured LED diffusion plates were
89.4 and 115.2 Klux, respectively. This indicates that the illuminance of the micro-structured diffusion
plate may be improved by about 28.8% compared with the traditional one.

To evaluate the machining quality of the micro-ground mold core and the micro-forming quality
of the injection molded LED diffusion plate sample, a probe stepper (D-300, KLA-Tencor, California,
USA) was adopted to capture the section profiles of the micro-structured mold core and polymer
workpieces. A 3D laser scanning microscope (VK-X250K, Keyence, Osaka, Japan) was used to test the 3D
topographies of the micro-structured mold core and micro-formed polymer samples. High-resolution
scanning electron microscopy (SEM, FEI Quanta 450 FEG and Apreo S, FEI Company, Hillsboro, USA)
was employed to detect the surface topographies of the micro-structured mold core and injection-molded
polymer samples. Through the measured section profile curves, the V-groove structure parameters of
the micro-ground mold core and micro-formed diffusion plate sample can be obtained. The V-groove
structure parameters of the micro-structured mold core are described as width V-groove angle «,
V-groove depth H, and V-tip radius R. The V-groove structure parameters of the micro-structured
diffusion plate sample are described as V-groove angle 6, V-groove depth h, and V-tip radius r.
The presented result was the average value of three measurements.

Figure 7. The light efficiency testing photos of the LED diffusion plates: (a) traditional diffusion plate;
(b) micro-structured diffusion plate; (c) Light intensity of traditional diffusion plate; (d) Light intensity
of micro-structured diffusion plate.
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4. Results and Discussion

4.1. Truing Accuracy of the Grinding Wheel V-Tip

Generally, the grinding wheel tip will slightly wear in the grinding process, but the tip angle of the
grinding wheel will not change at the macro-level. To reduce wear and improve shape accuracy of the
V-groove machining, the grinding wheel was trued at regular intervals to ensure the processing quality
and efficiency. Figure 8 shows the V-tip section shape of #600 CBN grinding wheel after precision V-tip
truing. The V-tip section shape of the trued grinding wheel can be obtained by cutting and replicating
a V-groove on the surface of the carbon graphite plate [25]. It is shown that the trued V-tip angle f8
was about 60.5°. The V-tip truing angle error was only 0.5° compared with the theoretical V-tip angle
of 60°. Therefore, the previously developed grinding wheel V-tip truing technology [19] can ensure
the shape accuracy of micro-structure grinding machining, facilitating micro-forming accuracy of the
micro-structured polymer diffusion plate in the micro injection molding process.

s

¥ The theoreti

Figure 8. The V-tip section shape of trued grinding wheel.

4.2. Photos and Surface Topographies of the Micro-ground Mold Core and the Injection Molded
Micro-structured Diffusion Plate

Figure 9 shows the photographs of the micro-ground mold core and the injection molded
micro-structured LED diffusion plate. It is shown that the regular and smooth V-groove array structures
without spacing were machined on the surface of mold steel mold core by micro-grinding technology
(see Figure 9a). After micro injection molding, the inverted V-shaped groove array structures were
fabricated on the surface of PMMA polymer to form the micro-structured diffusion plate by replicating
the micro-structure characteristic derived from the mold core. The measured surface roughness R,
values of the V-grooved surface for the mold core and diffusion plate were 0.42 um and 0.148 um,
respectively. It can be concluded that the surface quality of the injection molded micro-structured
diffusion plate was significantly higher than that of the mold core. Under the action of injection pressure,
this is because the molten polymer produces contraction after a period of compression and cooling in
the process of micro injection molding, leading to a dense and smooth surface. Therefore, the proposed
precision grinding and micro injection molding technologies have the potential for the mass production
and manufacturing of micro-structured LED diffusion plates.

Figure 10 shows the SEM photos of the micro-structured mold core under vertical and inclined
orientations. By observing the surface topographies of the mold core along vertical and inclined
orientations, it is found that the microscopic V-groove structures were considerably regular and integral.
Specifically, the V-groove top had hardly any damage, and the contour of the V-groove bottom was
clearly identifiable. There was an existing arc radius at the V-groove bottom due to the inevitable V-tip
truing error and micro-grinding machining error. Therefore, the V-groove array structure with regular
and controllable shape accuracy can be machined on the surface of mold steel mold core through
precision micro-grinding technology.
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(a) Micro-structured Micro-structured
mold core ® diffusion plate

Figure 9. Photographs of the micro-structured mold core and diffusion plate: (a) micro-ground mold
core; (b) injection molded diffusion plate sample.
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Figure 10. SEM photos of the micro-structured mold core under different orientations: (a) vertical;
(b) inclined.

Due to a large number of diffusion plate samples, it is not necessary to show all the SEM
photos. Therefore, the diffusion plate sample prepared under one group of process parameters was
selected for SEM image characterization. Here, the injection molding process parameters of melt
temperature, injection speed, injection pressure, holding pressure, and holding time were 250 °C,
40 mm/s, 8.0 MPa, 5.0 MPa, and 2.5 s, respectively. Figure 11 shows the SEM photos of the injection
molded micro-structured diffusion plate sample under vertical and inclined orientations. It can be seen
that the injection molded polymer sample surface was rather smooth, and the micro-formed V-groove
array structure was also highly regular and integral. Moreover, there was no burr or damage at the top
and bottom of the V-groove. This indicates that a micro-structured polymer sample with high injection
molding quality can be obtained by using the proposed micro injection molding technology along with
a micro-structured mold core with high shape accuracy. Compared with the SEM morphology of the
mold core shown in Figure 10, it is found that the V-groove side surface of the micro-structured polymer
diffusion plate was smoother. The melt viscosity of PMMA is mainly governed by pressure, so the
injection pressure was increased to reduce the viscosity and increase the fluidity, giving the melted
polymer good fluidity and contractility and facilitating the fabrication of a smooth micro-structured
diffusion plate.
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Figure 11. SEM photos of the injection molded micro-structured diffusion plate sample under different
orientations: (a) vertical; (b) inclined.

4.3. The Section Profiles of the Micro-structured Mold Core and Diffusion Plate

The probe stepper was employed to capture the section profile curves of the micro-structured
mold core and diffusion plate sample, as shown in Figure 12. As seen from Figure 12a, the measured
average V-groove depth H and V-groove angle @ of micro-ground mold core were 293.8 um and
60.11°, respectively. Compared with the theoretical designed V-groove depth of 300 pm and V-groove
angle of 60°, the micro-machining errors of V-groove depth and V-groove angle were only 6.2 um
and 0.57°, respectively. The average V-tip radius R of the ground V-groove structure was 3.22 um.
By comparing the theoretical with the actual V-groove profile curves of the mold cores, the shape error
of micro-structure machining could be calculated. The shape error of the micro-structured mold core is
mainly concentrated at the V-groove top due to the ineradicable V-tip arc radius. The absolute difference
between the peak value and valley value of the V-groove profile curve was defined as the shape
accuracy [19,25]. Thus, the shape accuracy of the micro-ground mold core was calculated to be 9.2 pm.
The results indicate that a micro-structured mold core with high shape accuracy can be manufactured
by micro-grinding technology, which was beneficial to produce an injection molded diffusion plate with
high forming quality. The depth, angle, and tip radius of the three V-groove profiles on the front of the
mold core and injection molded part was measured to calculate the average value to evaluate the shape
accuracy. Figure 12b shows the profile curve of the micro-structured injection-molded diffusion plate
sample. At this point, the micro injection molding process parameters, namely, the melt temperature,
injection speed, injection pressure, holding pressure, and holding time were 250 °C, 40 mm/s, 8.0 MPa,
5.0 MPa, and 2.5 s, respectively. As shown in Figure 12b, the measured average V-groove depth i and
V-groove angle 6 of the injection-molded micro-structured diffusion plate sample were 265.2 um and
60.03°, respectively. Compared with the V-groove depth and V-groove angle of the micro-ground
mold core shown in Figure 12a, the micro-forming errors of V-groove depth and V-groove angle of the
micro-structured diffusion plate were 28.6 um and 0.08°, respectively. The average V-tip radius r of the
micro-formed diffusion plate was 3.34 pm. As a result, compared with the V-tip radius of the mold
core, the micro-forming error of the V-tip radius for the micro-structured diffusion plate was calculated
to be 0.12 pum. Therefore, the developed micro injection molding using a micro-ground mold core
can precisely fabricate a micro-structured diffusion plate with high molding accuracy. The replication
rate was defined as the ratio of the micro-structural depth of the micro injection molded part to the
micro-structural depth of the mold core [26,27]. Therefore, according to the average V-groove depth
of the micro-structured mold core and diffusion plate sample, the replication rate of micro injection
molded polymer sample was computed to be about 90.26%. The average standard deviations of the
V-groove depth, V-tip angle, and V-tip radius of mold core were 5.89 ym, 0.83 pm, and 0.09 pm,
respectively. The average standard deviations of the V-groove depth, V-tip angle, and V-tip radius of
the diffusion plate were 2.82 um, 0.57 um, and 0.17 um, respectively. It can be seen that the standard
deviations for the micro-structured diffusion plate were relatively less than those of mold core.
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Figure 12. The section profile curves of the micro-structured mold core and diffusion plate sample:
(a) mold core; (b) diffusion plate sample.

4.4. Light Efficiency Analysis of the Micro-structured LED Diffusion Plate

In order to study the influences of melt temperature, injection speed, injection pressure,
holding pressure, and holding time on the light efficiency of the micro-structured diffusion plate to
determine the optimal micro injection molding process conditions, the relationships between average
illumination E of the micro-structured LED diffusion plate and different micro injection molding process
parameters were determined and are described in Figure 13. It is shown that the measured average
illumination Eiagitional Of the traditional diffusion plate was 89.4 Klux. As observed in Figure 13,
the average illumination E values ranged from 115.3 to 119.2 Klux, 116.4 to 119.2 Klux, 116.9 to
120.6 Klux, and 118.0 to 122.7 Klux with the change of melt temperature, injection speed, injection
pressure, and holding time, respectively (see Figure 13a—c,e). There was a variation of about 13% in
optical performance. This was mainly attributed to the replication of the V-groove geometry controlled
by micro injection molding process parameters. Because the V-groove has a tip arc, the differences in
the replication of the groove geometry eventually lead to differences in optical performance. There were
no significant changes in the average illumination when the melt temperature, injection speed, injection
pressure, or holding time increased. The average illumination E ranged from 110.8 to 125.9 Klux
with the change of holding pressure (see Figure 13d). This indicates that the average illumination
had an obvious variation with the variation of holding pressure. The average illumination E of the
injection molded micro-structured diffusion plate reached a maximum value of 125.9 Klux where the
optimal micro injection molding process parameters, namely the melt temperature, injection speed,
injection pressure, holding pressure, and holding time, were 240 °C, 40 mm/s, 8.0 MPa, 6.5 MPa,
and 2.5 s, respectively. The experimental results show that the holding pressure had the greatest effect
on the light efficiency of the micro-structured diffusion plate, while the other micro injection molding
process parameters had little effect. Because the illumination of the traditional diffusion plate was
89.4 Klux, the maximum illumination of the micro-structured diffusion plate may be improved by
about 40.82%. For the micro-structured diffusion plate, the experimentally measured illumination
ranged from 110.8 to 125.9 Klux, which was very close to the simulated theoretical illumination of
138.07 Klux. Therefore, it was feasible to design the micro-structured LED diffusion plate through the
light efficiency simulation method.
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Figure 14 shows the prediction accuracies of traditional and micro-structured diffusion plates.
When the V-groove depth /i and V-groove angle Owere designed as 300 um and 60°, respectively,
the illumination value of the micro-structured diffusion plate determined by the designed optical
simulation method was 138.07 Klux. The experimental maximum illumination value of the injection
molded micro-structured diffusion plate was 125.9 Klux. Therefore, the prediction accuracy for
the micro-structured diffusion plate was about 90.33%. The simulated and measured experimental
illumination values of the traditional diffusion plate were 94.42 and 89.4 Klux, respectively. Therefore,
the prediction accuracy for the traditional diffusion plate was about 94.38%. As a result, the designed
light efficiency simulation method with high prediction accuracy may be used to conduct the structural
design of a micro-structured LED diffusion plate. The proposed efficient micro injection molding
technology based on a micro-ground mold core can realize the mass production and manufacturing of
micro-structured LED diffusion plate products with high forming accuracy.
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Figure 14. The prediction accuracies of traditional and micro-structured diffusion plates.

5. Conclusions

In this paper, the light efficiency simulation method was designed to obtain the optimal
micro-structure parameters of a micro-structured LED diffusion plate. High-precision micro-grinding
technology was proposed for the fabrication of regular and controllable micro-grooved array structures
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on the surface of a mold core. Efficient micro injection molding was employed to rapidly fabricate a
micro-structured diffusion plate with high forming accuracy. The proposed hybrid fabrication method
can realize mass production and manufacturing of micro-structured LED diffusion plates due to its
low manufacture cost. The main results are summarized as follows:

1. Through the light efficiency simulation method, the optimal micro-groove parameters, namely
V-groove depth and V-groove angle, were designed to be 300 pm and 60°, respectively.

2. The machining errors of the V-groove depth and V-groove angle for the micro-ground mold core
were 6.2 pm and 0.57°, respectively. The micro-forming errors of the V-groove angle and V-tip
radius for the micro-structured diffusion plate in micro injection molding were 0.08° and 0.12 pum,
respectively. The shape accuracy of the micro-ground mold core and the replication rate of the
micro injection molded diffusion plate were 9.2 um and 90.26%, respectively.

3. The holding pressure has the greatest effect on the light efficiency of the micro-structured
diffusion plate. When the melt temperature, injection speed, injection pressure, holding pressure,
and holding time were 240 °C, 40 mm/s, 8.0 MPa, 6.5 MPa, and 2.5 s, respectively, the measured
illumination of the micro-structured diffusion plate reached a maximum value of 125.9 Klux,
improving the illumination by about 40.82% against the traditional diffusion plate.

4. The prediction accuracies of the designed light efficiency simulation method for the traditional
and micro-structured diffusion plates are 94.38% and 90.33%, respectively.
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Abstract: The major hurdle in melt-processing of ultra-high molecular weight polyethylene
(UHMWPE) nanocomposite lies on the high melt viscosity of the UHMWPE, which may contribute
to poor dispersion and distribution of the nanofiller. In this study, UHMWPE/ cellulose nanofiber
(UHMWPE/CNF) bionanocomposites were prepared by two different blending methods: (i) melt
blending at 150 °C in a triple screw kneading extruder, and (ii) non-melt blending by ethanol
mixing at room temperature. Results showed that melt-processing of UHMWPE without CNF
(MB-UHMWPE/0) exhibited an increment in yield strength and Young’s modulus by 15% and 25%,
respectively, compared to the Neat-UHMWPE. Tensile strength was however reduced by almost half.
Ethanol mixed sample without CNF (EM-UHMWPE/0) on the other hand showed slight decrement
in all mechanical properties tested. At 0.5% CNF inclusion, the mechanical properties of melt-blended
bionanocomposites (MB-UHMWPE/0.5) were improved as compared to Neat-UHMWPE. It was
also found that the yield strength, elongation at break, Young’s modulus, toughness and crystallinity
of MB-UHMWPE/0.5 were higher by 28%, 61%, 47%, 45% and 11%, respectively, as compared
to the ethanol mixing sample (EM-UHMWPE/0.5). Despite the reduction in tensile strength of
MB-UHMWPE/0.5, the value i.e., 28.4 & 1.0 MPa surpassed the minimum requirement of standard
specification for fabricated UHMWPE in surgical implant application. Overall, melt-blending pro-
cessing is more suitable for the preparation of UHMWPE/CNF bionanocomposites as exhibited by
their characteristics presented herein. A better mechanical interlocking between UHMWPE and CNF
at high temperature mixing with kneading was evident through FE-SEM observation, explains the
higher mechanical properties of MB-UHMWPE/0.5 as compared to EM-UHMWPE/0.5.

Keywords: ultra-high molecular weight polyethylene; cellulose nanofiber; bionanocomposite; melt-
blending; ethanol mixing

1. Introduction

Ultra-high molecular weight polyethylene (UHMWPE) is a long linear engineered
thermoplastic with extremely high molecular weight of approximately 3 x 10° g/mol [1].
It possesses high resistance against impact, fatigue, chemical corrosion and abrasion, which
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stemmed from effective load transfer to its long linear backbone. This polymer also has a
remarkable self-lubricating, low friction coefficient and good biocompatibility [2—4] that
enable its application in various fields including aerospace and industrial machineries
(i.e., pipes, panels, bars, gears), microelectronics and joint replacement or also known as
arthroplasty (i.e., hip liner, tibial inserts) [5-7]. However, relatively low Young’s modulus
and surface hardness of UHMWPE could limit the sustainability of this polymer against
wear as a result of contact and slip with harder counterpart such as metal under repeated
motion [8]. This results in abrasion where generated debris in turns may accelerate cracks
leading to component loosening and failure [4,5].

Various studies have been conducted involving fillers incorporation in UHMWPE
matrix with the aim to improve its abrasion and wear through Young’s modulus enhance-
ment. The fillers used ranged from inorganic to organic and natural fibers such as carbon
nanofibers, hydroxyapatite as well as nanocellulose [9,10]. Besides improving the stiffness,
the presence of fillers in polymer matrix could play a role in mitigating wear through its act
as solid lubricant by rolling or sliding at interface between the contacted surfaces [11,12].
Nevertheless, this mechanism of solid lubrication is greatly dependent on the filler prop-
erties and size, where it could also become a third body abrasive that further abrade the
UHMWPE surface, or further trigger the inflammation due to fillers cytotoxicity [10,13].
For instance, nanocellulose filler has been proven beneficial in enhancing wear resistance
of UHMWPE and exhibit good biocompatibility against osteoblast cells MC3T3-E1 [5,11].
The nanocellulose debris was reported to serve as solid lubricant between metal and
polymer surface, thus prevented further abrasion of UHMWPE, with relatively low wear
volume as compared to neat UHMPWE. Additionally, nanocelluloses are biocompatible
and non-toxic by which it can be used in many biomaterials application such as for wound
dressings materials [14-16], scaffold for bone or tissue regeneration [17-19], carrier for
drug deliveries [20-24] and many more [25-28]. These properties of nanocellulose make it
an excellent material as UHMWPE fillers, particularly for artificial joint application.

Common method for nanocellulose composites fabrication in various matrices is
through solution processing and melt blending, by which the latter is comparably easy,
as well as industrially and economically viable [29-31]. In melt blending, nanocellulose
is introduced and mixed with polymer in molten state [32-34]. Nonetheless, unlike most
thermoplastic polymers, fabricating UHMWPE composites via conventional melt process-
ing methods is extremely difficult. Viscous flow state of melt UHMWPE is not attainable
even with increases in temperature, and it maintains in non-uniform or non-continuous
rubberlike state. This is attributed by its higher theoretical viscous flow temperature as com-
pared to its decomposition temperature [35], as a result of numerous chain entanglements
contributed by its extremely high molecular weight. In fact, its melt viscosity could be up to
1 x 108 Pa.s which is about 2500 times higher than high density polyethylene (HDPE) [36].
Similarly, UHMWPE composite fabrication by solution mixing is not convenient either,
attributed to inertness of UHMWPE that is resilient to any reaction with acids, alkalis and
organic solvent as well as biological reaction [37].

Wang et al. (2016) produced UHMWPE nanocellulose composites by mixing UHMWPE
and nanocellulose in ethanol. The solution was continuously mixed until the ethanol was
completely evaporated. This process aids in nanocellulose drying without the occurrence of
aggregation up to 0.5 wt.% cellulose nanocrystals (CNC) loading. Nevertheless, results
showed that better nanocellulose dispersion with higher micro-hardness was achieved
through melt processing as compared to the ethanol mixing process. Yet, no information
was given on the mechanical properties such as tensile strength, modulus and elongation
of UHMWPE/CNC produced by the two different processes [11]. In our previous study,
we fabricated UHMWPE/ cellulose nanofiber (CNF) through melt blending process in triple
screw kneading extruder. Despite homogenous filler dispersion and optimized parameters,
the resulted tensile strength with 3 wt.% CNF loading was found decreased. In consideration
that there is lack information on the mechanical properties of the UHMWPE /nanocellulose
composites fabricated through different processing techniques, hence this study was con-
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ducted to investigate the effect of UHMWZPE /CNF bionanocomposites blending process (melt
and non-melt blending) on its mechanical and crystallinity properties.

2. Materials and Methods
2.1. Materials

Ultra-high molecular weight polyethylene (UHMWPE) were purchased from Sigma-
Aldrich (ST. Louis, MO, USA) in the form of fine powder with particle size of 96 & 20 pm.
The molecular weight, melting point and density of the polymer was 3 x 10°-6 x 10° g/mol,
138 °C and 0.94 g/mL, respectively. Meanwhile, 2 wt.% cellulose nanofiber (CNF) of
53.4 + 9 nm diameter sizes was purchased from ZoepNano Sdn. Bhd. (Serdang, Malaysia)
in slurry form. Absolute ethanol 99.8% AR grade was purchased from John Kollin Corpo-
ration (Midlothian, UK).

2.2. Bionanocomposite Fabrication and Moulding

Non melt-blending (ethanol mixing) process was conducted according to Wang et al.
(2016) with some modification (Figure 1) [11]. About 10 wt. % UHMWPE-CNF (0.5 wt.%
CNF in UHMWPE) was added into ethanol and mechanically stirred by using JLT Series
Flocculators (Velp Scientifica, Usmate, Italy) at 120 rpm speed. The experiment was
conducted at room temperature until the solvent was completely evaporated before being
dried at temperature 50 °C overnight.

10% w/v Stirred at 120 rpm, .
(UHMWPE + room temperature; OVS“ dried at
CNF) in EtOH until EtOH evaporated 50 °C, overnight

Legend: @ UHMWPE ~_ ® CNF

Figure 1. UHMWPE/CNF bionanocomposites by ethanol mixing.

For comparison, UHMWPE/CNF bionanocomposite of same composition was melt
blended by using triple screw kneading extruder at Kyushu Institute of Technology,
Fukuoka, Japan with optimized condition of 150 °C and 60 rpm rotational speed [38].
Meanwhile, UHMWPE without filler was subjected to both blending process and denoted
as MB-UHMWPE/0 and EM-UHMWPE/Q. The summary of produced bionanocomposites
is as presented in Table 1.

Table 1. UHMWPE/CNF bionanocomposite samples and control.

Sample Blending Process  CNF Content (wt.%) Remarks
Neat-UHMWPE none 0 control for blending effect
. control for CNF addition
MB-UHMWPE/0 Melt blending 0 effect by melt blending

MB-UHMWPE/0.5 Melt blending 0.5 -
EM-UHMWPE/0 Ethanol mixing 0 control for CNF addition
effect by ethanol mixing

EM-UHMWPE/0.5 Ethanol mixing 0.5 -

CNF: cellulose nanofiber, UHMWPE: ultra-high molecular weight polyethylene, MB: melt blend, EM:
ethanol mixed.
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All samples were molded into 10 cm x 10 cm x 1 mm sheet by direct compression at
175 °C and 15 MPa for 45 min [39].

2.3. Characterization of Bionanocomposites
2.3.1. Mechanical Analysis

The tensile properties was conducted by using a compact tensile and compression
tester IMC-18E0Q (Imoto Machinery Co., Ltd., Kyoto, Japan). Eight specimens of samples
were subjected to a tensile tester with crosshead speed of 50 mm /min (ASTM D638).

2.3.2. Morphological Analysis

The morpholocal analysis was carried out by using a high-resolution field-emission scan-
ning electron microscopy (FESEM) (FEI Nova NanoSEM 230, FEI Company, Hillsboro, OR, USA)
with accelerating voltage of 10 kV. Sample specimens subjected to tensile testing were analyzed
for surface fracture and fiber matrix inter-relations. The tensile fractured samples were coated
with platinum using a vacuum sputter coater prior to FESEM observation.

2.3.3. X-Ray Diffraction Analysis

The crystallinity was measured by using a MiniFlex 600 X-ray diffractometer (XRD)
(Rigaku Co., Tokyo, Japan) at 40 kV and 10 mA at room temperature. Cu K« radiation
(A =1.54 A) was used as the X-ray source while the diffraction angle was scanned at 26 from
3° to 50° at a rate of 20° /min. The crystallinity index (CrI) was calculated and determined
based on this equation:

Crl = (Iotal — Iam)/Itotar % 100 (1)

which Iy, and I, are the intensity of highest peak in crystalline region and amorphous
region, respectively [40,41]. For example, in this study the Iy, for highest crystalline peak
was approximately at 26 = 22 while I,,, was at about 20 = 21, representing the peak of the
amorphous point.

2.4. Statistical Analysis

Statistical analysis was conducted by using Statistical Analysis Software (SAS®) Uni-
versity Edition through one-way ANOVA and Duncan’s Multiple range test at p < 0.05.

3. Results and Discussion
3.1. Mechanical Properties

The mechanical properties of the polymers and the bionanocomposites samples are
as presented in Table 2. The tensile strength of MB-UHMWPE/0 reduced by almost half
of the value exhibited by Neat-UHMWPE while no significant difference was observed
in EM-UHMWPE/0 sample. Yet, an opposite trend was observed when incorporating
0.5 wt.% CNF into the polymer matrix. Addition of CNF through ethanol mixing re-
duced the tensile strength by 34% from 55.4 MPa (EM-UHMWPE/0) to 36.6 MPa (EM-
UHMWPE/0.5) whereas by melt blending, the reduction was only 11% which was from
31.8 MPa (MB-UHMWPE/0) to 28.4 MPa (MB-UHMWPE/0.5). Significant improvements
in yield strength and Young’s modulus of MB-UHMWPE/0 sample by 15% and 25% were
observed as compared to Neat-UHMWPE sample. These two mechanical parameters
were also found increased in MB-UHMWPE /0.5 with 26% and 52% higher than Neat-
UHMWPE. In other hand, yield strength, elongation, Young’s modulus and toughness of
ethanol mixed samples were almost similar to Neat-UHMWPE except for elongation and
toughness of EM-UHMWPE/0.5 that was 33% and 53% lower, respectively. On contrary,
the toughness of melt-blended samples were largely affected by the process in which
48% and 31% lower value were obtained as compared to Neat-UHMWPE. Nevertheless,
the toughness of MB-UHMWPE/0.5 (168.4 & 3.2 ] /m3) was 31% higher EM-UHMWPE/0.5
sample (116.5 + 5.8 J/m?).
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Table 2. Effect of blending process and CNF addition on the mechanical properties of UHMWPE.

Neat UHMWPE Mechanical Properties (% Difference Compared to Neat-UHMWPE)
Properties MB-UHMWPE/0 MB-UHMWPE/0.5 EM-UHMWPE/0 EM-UHMWPE/0.5
Tensile strength 621+ 5.0 31.84+3.1*% 284 +1.2*% 55.4 4+ 3.3 36.6 +1.1*%
(MPa) ’ ' (—49) (—54) (—11) (—41)
Yield strength 206+ 06 23.8+0.8* 259 +05* 20.0 £ 0.2 20.3 £ 0.1
(MPa) ’ ’ (+15) (+26) (-3) (—=2)
Elongation 726.0 = 45.2 749.6 £2.0* 694.2 + 40.6 465.1 +=4.2*
691.1 £374
(%) (+5) (+8) 0) (—33)
’ * *
Young’s modulus 2679 + 224 3343+ 144 4079 £24.3 2541 +174 276.8 + 0.2
(MPa) (+25) (+52) (=5) (+3)
Toughness 128.8 +40.7 * 168.4 +£3.2* 2243 +17.3 116.5 £ 5.8*
2457 +21.3
(J/m?3) (—48) (=31 (=9) (—53)

MB: melt blend, EM: ethanol mixed, UHMWPE: ultra-high molecular weight polyethylene. Asterisk (*) indicates significant difference of
samples with neat UHMWPE (p < 0.05).

The mechanical properties of the samples can be explained based on the representative
stress-strain curve in Figure 2. Neat-UHMWPE exhibited a tough and ductile behavior,
which was in agreement with published reports on UHMWPE characteristics [42—45].
An identical profile was observed on EM-UHMWPE/( indicated that subjecting UHMWPE
to ethanol at room temperature could less likely affect the UHMWPE polymer structure
evident from minimal changes in mechanical properties and similar hardening or cold
drawing behavior of the samples in uniaxial tension. This can be supported by published
reports stated that UHMWPE is inert and resilient to any reaction with acids, alkalis and
organic solvent as well as biological reaction [37,46,47]. The curves in Figure 2 also showed
that the incorporation of filler through ethanol mixing was ineffective that the common
filler stiffening effect in polymer matrix was not observed. On the contrary, processing
through melt blending enabled significant improvement of yield strength and Young's
modulus which was very notable from the lower strain regime of stress-strain curves
shown in the figure. It can be suggested that better UHMWPE-CNF adhesion was achieved
through melt blending as compared to ethanol mixing. This is supported by published
report stating that infiltration of melt polymer with addition of shear force during melt
blending could results in smaller filler agglomerates and better interaction [48].

90

300 e Neat-UHMWPE
80 ——— MB-UHMWPE/0
- ——— MB-UHMWPE/0.5
70 -~ EM-UHMWPE/0
EM-UHMWPE/0.5
60

50

40

Stress, o (MPa)

30

20

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
Strain, €

Figure 2. Representative engineering stress-strain curve of the neat UHMWPE and UHMWPE/CNF
bionanocomposites showing differences in Young’s modulus (inlet with lower strain regime), yield
strength and fracture strain.
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The information on toughness could also be obtained from the area under the stress-
strain curve in Figure 2. As mentioned before, even though melt blending process reduced
the toughness of the polymer (MB-UHMWPE/0 as compared to Neat-UHMWPE), the value
when incorporating CNF (MB-UHMWPE/0.5) was apparently higher than the one pro-
duced through ethanol mixing (EM-UHMWPE/0.5). In respect to their respective polymer
subjected to the same blending process without addition of CNF (MB-UHMWPE/0 and
EM-UHMWPE/0), melt blending process enabled improvement in toughness of MB-
UHMWPE/0.5 sample by 25%, whereas reduction by 48% was observed on ethanol mixed
bionanocomposite sample (EM-UHMWPE/0.5). This proved the efficiency of melt blending
for producing UHMWPE/CNF bionanocomposites as penetration of molten polymers into
the fillers during high temperature processing could results in better mechanical interlock
between the matrix and filler even without any chemical bonding presence [49,50].

In term of tensile strength, the reduced value in melt blending samples could be attributed
to some molecular weight reduction and chain scission during melt processing. Although
UHMWPE is thermally stable up to 400 °C, chain scission of the polymer may occur at lower
temperature due to mechanically-initiated breaks such as shear forces [51-53], which is very
likely to occur in melt blending. However, recrystallization of newly formed shorter chain
could contribute to increased crystallinity and toughness besides enhancing diffusion of
polymer for improved chain entanglement [54-56], providing better intrinsic properties of
the composites. This was confirmed by the hardening behavior of samples as presented in
Figure 3. Both melt blended samples (MB-UHMWPE/0 and MB-UHMWPE/0.5) exhibited
lower hardening profile as compared to Neat-UHMPWE and ethanol mixed (EM-UHMPW /0
and EM-UHMWPE/0.5). According to Kurtz (2016), the hardening behavior of UHMWPE is
sensitive to its molecular weight in which lower molecular weight exhibited lower hardening
profile and vice versa [57,58]. Albeit this, the tensile strength of the CNF-incorporated melt
blended sample (MB-UHMWPE/0.5) differed by only 8 MPa as compared to the one produced
through ethanol mixing (EM-UHMWPE/0.5). It is also important to note that the tensile
strength of MB-UHMWPE/0.5 sample which was 28.4 + 1.0 MPa surpassed the minimum
requirement of standard specification for fabricated UHMWPE for surgical implant, ASTM
F648-14 which is 27 MPa [59].

-------- Neat-UHMWPE

——  MB-UHMWPE/0 H
——  MB-UHMWPE/0.5
-=--- EM-UHMWPE/0 4 meltblended

: Lower
J hardening
3 behavior of

J samples

EM-UHMWPE/0.5 J 7

| ! | ) : |
0.5 1.0 1.5 2.0 2.5
True strain, &

Figure 3. The true stress-strain curve of the neat UHMWPE and UHMWPE/CNF bionanocomposites showing hardening
or cold drawing portion behavior in uniaxial tension.
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3.2. Morphological Properties

The morphology of CNF and UHMWPE was observed under 1 x 10° and 200 times
magnification using scanning electron microscope, accordingly (Figure 4). The average
diameter for single nanocellulose fiber and UHMWPE resin was about 53 £+ 9 nm and
96 + 20 pm, respectively.

20.0[KV] SP=13.0 WD=10.6 x200 100[um]  HV S 3/5/2019

Figure 4. Scanning electron microscope images of (a) CNF and (b) UHMWPE.

Meanwhile, the Neat-UHMWPE film appeared white and subjecting the polymer to
different blending process did not affect its color appearance (Figure 5). The absence of color
changes in melt blended polymer without CNF (MB-UHMWPE/0) proved that processing
the polymer (with combination of heat and mechanical stress) at temperature 150 °C did
not lead to UHMWPE thermal decomposition. Absence of notable changes on the color
appearance was also observed with incorporation of 0.5% CNF via ethanol mixing (EM-
UHMWPE/0.5). In the meantime, processing the bionanocomposites with 0.5 wt.% CNF
through melt blending resulted in yellowish MB-UHMWPE/0.5 sample, suggesting some
effect of heat degradation on CNF. A combination of heat and mechanical force exerted
on CNF during melt blending might be a contributing factor thus explained the different
in MB-UHMWPE/0.5 appearance regardless of same amount of filler loading with EM-
UHMWPE/0.5. According to Heggset et al. (2017) [60], one of indicators for nanocellulose
decomposition at high temperature was color changes in which the percentage of color
changes increased with increased of temperature (110 °C to 150 °C). The appearance of
yellow /brownish /black from colorless/white was deemed associated to thermal oxidation
in the presence of oxygen. In oxidation and hydrolysis reactions, aldehyde and carboxyl
groups were formed and the resulted carbonyl group generated in the cellulose chains
influenced its color appearance [61,62]. Formation of furan type compounds in thermal
degradation of carbohydrates was also a responsible factor for the color changes in cellulose
due to high temperature [63,64].

The fractured section of the MB-UHMWPE/0.5 and EM-UHMWPE/0.5 samples
were observed to investigate the configuration of CNF filler in UHMWPE matrix by both
processes. It is important to note that the diameter of CNF in MB-UHMWPE/0.5 increased
to 71 £ 14 nm (Figure 6e) from 53.4 £ 9 nm of its initial size (Figure 4a), whereas the
diameter of CNF in EM-UHMWPE/0.5 sample was about the same (52 &+ 5 nm) (Figure 6f).
Increased in CNF diameter size by melt blending was attributed to the CNF fast drying
in triple screw kneading extruder aided by high temperature processing. Meanwhile,
a notable appearance of mesh-like CNF can be observed covering the fractured polymer of
EM-UHMWPE/0.5 sample (Figure 6b,d). In comparison, CNF in MB-UHMWPE/0.5 were
embedded and fractured along with the polymer (Figure 6a,c).
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Neat-UHMWPE MB-UHMWPE/0 EM-UHMWPE/0 MB-UHMWPE/0.5 EM-UHMWPE/0.5

Figure 5. The visual appearance of polymer and UHMWPE/CNF bionanocomposites samples
produced through melt blending and ethanol mixing.

The explanation to the increased diameter of CNF during drying can be shown
by the schematic representation in Figure 7, whereby it is shown that the removal of
water molecules during drying leads to the formation of capillary forces exerted on the
hydrophilic cellulose. This capillary effect causes the adjacent fibers to be drawn together
and formed strong hydrogen bonding and hence, caused increase in diameter size [65-67].
Capillary tension increases with the increase in vapor pressure, which is affected by the
temperature increment [68-70]. Processing bionanocomposites through melt blending at
high temperature (150 °C) caused the increment in capillary tension resulting in bigger
CNF diameter size as compared to the one processed through ethanol mixing at room
temperature. Even though CNF drying was also occurred in ethanol mixing, the presence
of alcohol reduced the interfacial tension of the liquid-water interface. This was due to
the disruption of hydrogen bond network corresponded to the decrease of water-water
hydrogen bond [71]. Ethanol also possesses lower surface tension at 25 °C (22 x 10~3
J/m?) which is much lower than water at higher temperature of 100 °C (58.9 x 1073
J/m?) [72]. The use of alcohols such as ethanol, methanol and butanol in nanocellulose
drying provides more interfibrillar distance than water only due to their higher molecular
size as compared to water molecules. This is beneficial in reducing interfibrillar contacts
and adhesion between nanocellulose fibers [73,74].

Mesh-like observations of the CNF in UHMWPE matrix bionanocomposites can be
schematically viewed in Figure 8. The melt blending process enables mixing of CNF in
molten state of UHMWPE thus allowing penetration of filler into matrix particle (Figure
8a). The penetration of filler into matrix and the shrinkage of the polymer during cooling
developed mechanical interlocking between filler and matrix when molded, thus resulted
in better mechanical properties [49,75]. Through ethanol mixing method, the CNF could
not penetrate into the non-molten UHMWPE matrix. Instead, the UHMWPE particles
resided in between the mesh-like CNF (Figure 8b) and combined through continuous
mixing whilst solvent evaporated.
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Figure 6. Fracture surface of UHMWPE/CNEF prepared by (a,c,e) melt blending and (b,d,f) ethanol
mixing at 10,000, 50,000 x and 100,000 x magnification, respectively.

Qi il 0o 00

Agglomeration /
increased
diameter size
Legend:
Water molecules —— Solvent/water evaporated
. CNF — H bond hold the molecules intact

—— Capillary force pulls CNF together

Figure 7. Schematic representation of CNF drying in bionanocomposites blending process.
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(a) Melt blended (b) Ethanol mixed

Fillers able to penetrate into molten Fillers not able to penetrate into polymer
polymer matrix and result in better matrix. The UHMWPE particles resided
mechanical interlocking in between the mesh-like CNF

VY

Legend: ® UHMWPE ~J CNF

Figure 8. Illustration of CNF interaction with UHMWPE matrix in (a) melt blended (MB-
UHMWPE/0.5) and (b) ethanol mixed (EM-UHMWPE/0.5) samples.

3.3. Crystallinity Evaluation

The x-ray diffraction pattern of UHMWPE and CNF are presented in Figure 9. The cal-
culated crystallinity index of the two materials in respect to their respective total peak
height were 78% and 50%, in the same order. The UHMWPE peak was seen to exhibit
sharp increase of crystalline peak befitted long and unbranched polymer crystalline struc-
ture and arrangement [76,77], while CNF peak shows semi crystalline pattern indicating
existence of crystalline and amorphous region of the cellulose chains [78,79]. Additionally,
all polymer and bionanocomposites samples exhibited similar pattern with two prominent
diffraction peaks centered at around 22.0° and 24.4° of 26, which correspond to (110) and
(200) reflection of polyethylene in orthorhombic phase [80-82]. The diffraction peak of the
filler could not be observed due to low percent loading [81,83] and overlapped peak of
UHMWPE with CNF at around 22° in 26, which was in agreement with reported studies
involving nanocellulose filler in polyethylene matrix [40,84]. Reduction in amorphous
region was observed between 18° to 21° for samples fabricated through melt blending
suggesting an improvement in chain entanglement and improved crystallinity stemmed
from chain scission occurrence [54,55].

MB-UHMWPE/0 and EM-UHMWPE/0 had crystallinity of 83% and 78, respectively.
When incorporated with 0.5% CNF, the melt-blended MB-UHMWPE/0.5 had a slight in-
crement in crystallinity to 86%, while the crystallinity of ethanol-mixed EM-UHMWPE/0.5
remained. The increment of crystallinity for melt-blended samples with and without CNF is
in correlation with the possible occurrence of polymer chain scission. Even in temperature
lower than its decomposition temperature, chain scissioning is possible due to mechanically
initiated breaks caused by other factors including shear forces [51-53]. According to Fu and
co-workers, chain scissioning of UHMWEPE lead to recrystallization of newly formed shorter
chain hence contributed to increased [54-56]. The formation of shorter chain also enhanced
the diffusion of polymer and improved the chain entanglement resulting in higher crystallinity.
On another note, the addition of cellulose nanomaterials also may act as nucleating agent,
which has been previously [30,40,85-87] As a nucleating agent, CNF as natural fiber could
induce more formation of crystallites in the polymer matrix [29].
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Figure 9. X-ray diffractogram of UHMWPE /CNF bionanocomposites.

4. Conclusions

Comparison in mechanical properties of UHMWPE /CNF bionanocomposites fabri-
cated through non-melt blending (ethanol mixing) and melt blending process revealed that
bionanocomposites from the latter method had better properties. Significantly higher yield
strength, elongation at break, Young’s modulus, toughness and crystallinity by 28%, 61%,
47%, 45% and 11%, respectively, were achieved through melt blending as compared to
ethanol mixing. A better mechanical interlocking between UHMWPE and CNF was seen
through FE-SEM micrographs indicating a good blending of CNF with the polymer matrix,
assisted by the use of elevated temperature and kneading. Lower tensile strength (22%) of
melt-blended UHMWPE/CNF was recorded, indicating the occurrence of chain-scission
during melt blending as evidenced by the reduction in strain hardening. Nevertheless,
the tensile strength value surpassed the minimum requirement of standard specification for
fabricated UHMWPE in surgical implant application. The results demonstrated melt blend-
ing as a better fabrication process for producing UHMWPE/CNF compared to ethanol
mixing, with the advantage of being easily scalable for larger scale processing.
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Abstract: To confirm the suitable synthesis process parameters of preparing bromoisobutyryl esterified
starch (BBES), the influences of the synthesis process parameters—amount of 2-bromoisobutyryl
bromide (BIBB), amount of catalyst (DMAP), reaction temperature and reaction time—upon the
degree of substitution (DS) were investigated. Then, to produce a positive effect on the properties of
graft copolymers of BBES prepared in the near future, a series of BBES samples were successfully
prepared, and their sizing properties, such as apparent viscosity and viscosity stability, adhesion,
and film properties, were examined. The BBES granules were characterized by Fourier transform
infra-red spectroscopy and scanning electron microscopy. The adhesion was examined by determining
the bonding forces of the sized polylactic acid (PLA) and polyester roving. The film properties
were investigated in terms of tensile strength, breaking elongation, degree of crystallinity, and
cross-section analysis. The results showed that a suitable synthesis process of BBES was: reaction
time of 24 h, reaction temperature of 40 °C, and 0.23 in the molar ratio of 4-dimethylaminopyridine
to 2-bromoisobutyryl bromide. The bromoisobutyryl esterification played the important roles in
the properties of the starch, such as paste stabilities of above 85% for satisfying the requirement in
the stability for sizing, improvement of the adhesion to polylactic acid and polyester fibers, and
reduction of film brittleness. With rising DS, bonding forces of BBES to the fibers increased and then
decreased. BBES (DS = 0.016) had the highest force and breaking elongation of the film. Considering
the experimental results, BBES (DS = 0.016) showed potential in the PLA and polyester sizing, and
will not lead to a negative influence on the properties of graft copolymers of BBES.

Keywords: bromoisobutyryl esterification; cornstarch; synthesis process; past stability; adhesion;
film properties

1. Introduction

Starch as one of the most abundantly occurring organic polymers in nature [1], and also as
a renewable [2], biodegradable [3], and economical [4-6] raw material, has widespread industrial
applications [7,8]. Starch has a general formula of (C¢H;9Os5),, including two types of p-glucan
macromolecules, i.e., linear amylose and branched amylopectin [9,10], and consists of interconnected
anhydroglucose units, each of which includes three hydroxyls and are linked together by a-p-glucosidic
bonds [11]. It can be modified enzymatically, physically or chemically to meet various requirements.
Granule forms of starch can remain unaffected during the chemical modification where hydroxyls are
converted to other functionalities [12]. Generally, chemical modification of starch can be performed
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by esterification reaction [13] or grafting reaction with various monomers [14,15]. The most common
method for synthesizing grafted starch copolymers is radical polymerization, but this method
commonly suffers from lack of control of the graft density and length, and easily forms unattached
homopolymer. Recently, controlled radical polymerization such as electron transfer atom transfer
radical polymerization (ARGET ATRP) has received increasing attention [16-18]. The significant
advantages of this graft copolymerization technique include controlled graft density and length,
narrow molecular weight distribution, and the formation of no homopolymer impurities. However,
there is little research on this polymerization method being applied for the grafting of starch to
modify the starch. Prior to the graft copolymerization by ARGET ATRP, the starch is modified to
form starch macroinitiator for further conducting the ARGET ATRP technique. Currently, one of
the most commonly used reagents for modifying the starch to prepare the starch macroinitiator is
2-bromoisobutyryl bromide [2,19,20].

As is well known, starch has widespread applications in the textile field as a sizing agent and n
paper making as a surface-sizing agent [21,22]. However, the use of native starches in these applications
is limited due to low resistance to shear and high temperatures, as well as high tendency towards
retrogradation [23]. This low resistance can result in the degradation of starch macromolecules,
producing the instability of paste viscosity [24,25]. The instable viscosity can lead to the instability
of size pick-up for warp sizing or surface sizing, thereby exerting an adverse effect on sizing and
subsequently reducing the quality of fibrous goods. The large tendency towards retrogradation not
only makes the paste microheterogeneous, thereby inducing an incomplete wetting and spreading out
of the paste onto the fiber surfaces, leading to a low adhesion of starch to fibers, but also results in
brittle starch film. Strong adhesion has been perceived to be a valuable behavior for starch adopted
for sizing in textiles and paper-making [26]. It has become a highly important factor of analyzing the
quality of starch-based sizes. Furthermore, the film covering the yarn surfaces plays an important
role in protecting the warps from mechanical abrasions, thereby ensuring the smooth running of the
weaving [27]. In paper-making, the film can enhance the paper flexibility. As a result, the toughness of
starch film occupies a very stringent place for the quality of fibrous products. Fortunately, chemical
modification of starch such as traditional graft copolymerization [28,29] can involve the alteration of
the physical and chemical characteristics of native starch, thereby improving the adhesion and film
properties of starch. Nevertheless, there are no applications of grafted starch prepared by controlled
ARGET ATRP technique in warp sizing or paper-making. In addition, if the starch macroinitiator
prepared can display a positive effect on viscosity stability, adhesion and film properties, it would
be quite meaningful for ensuring the positive effect on the properties generated by the grafted starch
macroinitiator. Therefore, whether starch macroinitiators show an adverse influence or a positive one
should be ascertained. If the starch macroinitiator shows a positive influence, a suitable modification
level also needs to be confirmed.

For example, due to the similarity with polyethylene terephthalate, easy processing as well
as environment-friendliness, polylactic acid (PLA) acquired from renewable resources has been
extensively explored for fiber applications [30]. Nowadays, if the PLA warps or PLA filaments are
woven directly, it will produce some serious problems due to poor cohesion, loose tows, and easily
occurrence of entanglement and bonding, and thus the PLA warps or PLA filaments must be sized
before weaving. In addition, the sizing process of polyester warps also needs to be conducted before
the weaving. Obviously, hydrophobic 2-bromoisobutyryl substituents can be introduced into the
starch molecules to prepare the starch macroinitiator by starch esterification. The 2-bromoisobutyryl
substituents that contain ester groups are conducive to enhancing the van der Waals force at the
interfaces of starch adhesive layers with PLA fibers or polyester ones, owing to chemical similarity
with the esters in PLA or polyester molecular chains; thereby, they can be expected to improve the
adhesion. However, it is indubitable that excessive introduction of the hydrophobic substituents will
reduce the water-dispersibility of starch and adversely affect the adhesion since the paste used in sizing
warps is only a water-based adhesive. Accordingly, due to the indeterminacy of the influence on the
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adhesion generated by the 2-bromoisobutyryl substituents, we ought to evaluate the influence on the
adhesion of starch to PLA and polyester fibers, and confirm whether it is an adverse influence or a
positive one on the adhesion.

Currently, there is little research about the synthesis process of starch macroinitiator, i.e.,
bromoisobutyryl esterified cornstarch (BBES). Therefore, an important aim of this work is to obtain
suitable synthesis process parameters for preparing the BBES, as shown in Scheme 1. Moreover, there
is no study that has been conducted on the properties of BBES, such as viscosity stability, adhesion and
film properties. Accordingly, another objective is to reveal whether bromoisobutyryl esterification
is able to enhance viscosity stability, adhesion of cornstarch to PLA and polyester fibers and film
properties compared with acid-converted starch (ACS) as a control. Furthermore, the suitable level of
starch modification for the BBES shall also be determined since the functional ability of a modified
starch is correlated with the degree of substitution (DS) [31]. The obtained starch samples in this
work were characterized by the uses of Fourier transform infra-red (FTIR) spectroscopy and Scanning
electron microscopy (SEM). In addition, the measurements on DS values of BBES samples, apparent
viscosity and viscosity stability of cooked starch paste, adhesion to PLA and polyester fibers, tensile
strength and breaking elongation of the films, as well as film characterization with SEM and X-ray
diffraction (XRD) were also performed.
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Scheme 1. Bromoisobutyryl esterification of cornstarch for the synthesis of BBES.

2. Experimental

2.1. Materials

Natural cornstarch with a moisture content of 12.8 wt. % and an apparent viscosity of 46 mPa-s,
was purchased from Shandong Hengren Industry and Trade Co., Ltd. (Shandong, China). Before
use, the starch was refined to remove the protein substance [32] and subsequently acid-converted
with hydrochloric acid to lower its excessive viscosity [33] to 19.5 mPa-s. Tetrahydrofuran (THF)
and triethylamine (TEA) were dried with molecular sieve. 2-bromoisobutyryl bromide (BIBB) and
4-dimethylaminopyridine (DMAP) (used directly), sodium hydroxide and methanol, were purchased
from Aladdin Industrial Corporation (Shanghai, China). Anhydrous ethanol was obtained from
(Shanghai Maclean Biochemical Technology Co., Ltd., Shanghai, China) The pure PLA roving (520
tex) and polyester one (365 tex), adopted for adhesion measurement, were kindly supplied by BBCA
Group Co. Ltd. (Bengbu, China) and Anhui Huamao Group Co., Ltd. (Anging, China), respectively.

2.2. Preparation Method and Characterization of BBES for Studying Its Synthesis Process

2.2.1. Preparation

The BBES was synthesized by the reaction between ACS and BIBB in a THF medium.

Briefly, dried ACS (2 g) and a certain amount of DMAP were added into a 250 mL four-necked
flask connected to a mechanical stirrer, and dispersed with 100 mL of THF under mechanical agitation.
Then, the TEA was added into the dispersion, and the reaction system was mechanically stirred for
30 min under N, atmosphere. Subsequently, a certain amount of BIBB was added dropwise in an
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ice-cold bath under mechanically stirred. The reaction mixture was stirred for 1 h in the bath and
heated up to a given temperature. Afterwards, the mixture was reacted at the given temperature
for a certain time. Then, the final product was filtered, washed thoroughly with anhydrous ethanol,
followed by freeze-dried in vacuum, powdered, and sieved with a 100-mesh sieve.

2.2.2. Measurement of DS

DS indicated the number of the hydroxyls per anhydroglucose unit substituted by the
2-bromoisobutyryl substituents. Back titration with HCl preceded by alkali saponification [34,35] was
employed to determine the DS. The DS value and reaction efficiency were calculated with the following
Equations (1) and (2):

162B
DS = 1501508 g
DS
RE = 2
M/n 2)

where B and 150 denote the percentage content (%) and molecular mass of 2-bromoisobutyryl
substituents, respectively, and M and n are the moles of BIBB and anhydroglucose residues of
starch, respectively.

2.2.3. Infrared Spectral Analysis

The Fourier transform infra-red (FTIR) spectra of ACS and BBES samples were acquired on an
IRPrestige-21 FTIR Spectrometer (Shimadzu Co. Ltd., Kyoto, Japan) by using KBr disk technique
to prove the successful introduction of new functional 2-bromoisobutyryl substituents in the starch
molecules after bromoisobutyryl esterification. The spectra were collected in a wavenumber range of
500-4000 cm~! with the running condition of 4 cm™! spectral resolution.

2.3. Preparation Method of BBES under a Suitable Synthesis Process

Dried ACS (120 g) and anhydrous sodium sulfate (30 g) were added into a 500 mL four-necked
flask connected to a mechanical stirrer and dispersed with THF to form a 30% dispersion. Then, the
TEA (molar ratio of TEA to BIBB was 2:1) was added dropwise into the dispersion, and the dispersion
was mechanically stirred for 60 min under N, atmosphere. After the temperature of the reaction system
had been cooled to 0-8 °C, certain amounts of BIBB and DMAP (dissolved with THF, respectively)
were slowly added dropwise. The reaction was kept for 1 h at the above temperature and then heated
up to 40 °C for 24 h. Finally, the final product was filtered, washed thoroughly with anhydrous ethanol,
followed by freeze-dried in vacuum, powdered and sieved with a 100-mesh sieve.

2.4. Scanning Electron Microscopy (SEM) Analysis

The surface morphologies of the granular ACS and BBES samples as well as the cross-sections of
their film samples were observed by means of a scanning electron microscope (Hitachi S-4800, Tokyo,
Japan). Prior to SEM imaging, the samples were sprayed gold to avoid charge accumulation.

2.5. Apparent Viscosity and Viscosity Stability

The apparent viscosity of gelatinized starch paste (6% (w/w)) was recorded using an NDJ-79 Rotary
Viscometer (Tongji Electrical Machinery Plant, Shanghai, China) at 95 °C by the method described in
the literature [36]. For each paste, two individual determinations of the viscosity were conducted, and
the average value was reported. Viscosity stability was determined and calculated using the method
described in the work [37].
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2.6. Adhesion Test

Pure PLA and polyester roving were applied as adherents to examine the adhesion using the legal
standard method (FZ/T 15001-2008) in China to determine the adhesion of a sizing material to fibers.
The determination of the adhesion contains three steps (as shown in Scheme 2): (1) the formation of
the 1% starch aqueous paste by thoroughly stirring the dispersion and heated it to 95 °C for 1 h; (2)
PLA or polyester roving carefully wound onto a rectangular steel frame, was immersed in the paste
for 5 min, and subsequently the immersed wet roving was atmospherically dried; (3) After storing
at 65% relative humidity (RH) and 20 °C for 24 h, bonding forces of dried roving were measured on
YG026D Electronic Strength Tester (Ningbo Textile Instrument Factory, Zhejiang, China) with an initial
chuck-distance of 100 mm and a drawing speed of 50 mm/min at the above ambient condition [38]. For
each case, the mean values of 20 successful tests were reported.

Stepl: Pasting the starch sample

) ) 95°C for 1 h )
Starch aqueous dispersion (1wt%) »  Forming the starch paste
mechanical stirring

Step2: Sizing the roving

; . . 95°C for 5 min o . .
Immersing the roving with the paste P Drying in air to form sized roving samples

Step3: Tensile test

. . . 65% RH and 20°C for 24 h ]
Storing the sized roving sample P Measuring on a Strength Tester

Scheme 2. Determination of the adhesion.
2.7. Surface Tension

A DCAT 21 Automatic Tensiometer (Dataphysics Co., Ltd., Filderstadt, Germany) was used to
determine the surface tension of cooked starch paste. A 1 wt. % starch aqueous paste was prepared by
heating the 1 wt. % starch aqueous dispersion to 95 °C and maintaining at this temperature for 1 h.
After cooling down, the tension was determined in duplicate at room temperature.

2.8. Preparation and Measurement of Starch Films

2.8.1. Preparation

The film was formed by drying cooked starch paste that was cast onto a polyester film at 65% RH
and 20 °C according to the method described in our previous work [39]. Briefly, a 6% (w/w) starch
aqueous paste (400 mL) was formed by preparing the starch aqueous suspension and heating the
suspension to 95 °C for 1 h under mechanical agitation. Afterwards, the paste was cast onto a smooth
polyester film (650 mm in length and 400 mm in width) spread on a glass plate and dried at the above
ambient condition for forming the starch film.

2.8.2. Measurement

Then, the films prepared were cut into 200 mm X 10 mm strips. After storing at 20 °C and
65% RH for 24 h, tensile strength and elongation at break of the films were measured on a YG026D
Electronic Strength Tester in an initial chuck-distance of 100 mm and a stretching speed of 50 mm/min
in accordance with the ASTM D 882-02 method. For each set of data, the averages of test results of
twenty strips were reported.
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2.9. X-Ray Diffraction (XRD) Analysis of Starch Film

The XRD patterns of ACS and BBES films were recorded on an XRD-6000 X-ray Diffractometer
(Shimadzu Co., Japan) equipped with a wavelength of 0.154 nm CuKa radiation at an X-ray generator
setting of 40 kV and 30 mA. The scanning region of diffraction was registered with a speed of 4°/min
and a 20 angular range of 5° to 45° with an angular step of 0.02°.

3. Results and Discussion

3.1. Process Research of Synthesizing BBES

To ascertain the suitable synthesis process of BBES, this work will mainly carry out research on the
influences of the synthesis process parameters—amount of BIBB, amount of catalyst (DMAP), reaction
temperature, and reaction time—upon the DS.

To confirm that the synthesis process of BBES in Section 2.2 could be adopted to successfully
prepare the BBES samples, we performed the esterification of ACS with BIBB in a THF medium, and
subsequently tested the chemical compositions of the granular product prepared by scanning electron
microscopy with an energy-dispersive X-ray spectrometer (SEM-EDS) [40], as shown in Figure 1. It can
be seen that the elemental composition of the product mainly comprised O, C and Br, while the ACS
mainly comprised O and C. The elemental composition of Br demonstrated the successful preparation
of BBES, thereby laying a foundation for subsequent research on the synthesis process of BBES.

Figure 1. SEM-EDS images of (a) ACS and (b) BBES.

The successful introduction of 2-bromoisobutyryl substituents into starch molecules after
esterification was demonstrated by FTIR spectra of BBES and ACS, as shown in Figure 2a,b, respectively.
It can be seen that there were differences in the wavenumber range of 3600-3100 cm™~!, which were
mainly attributed to the decreases of the OH groups after the esterification. In addition, the FTIR
spectrum of the BBES (Figure 2a) showed an absorption bond at the wavenumber of 1737 cm™!,
which indicated the characteristic absorption band of carbonyl groups [20,41,42] in 2-bromoisobutyryl
substituents. There was no sign of this bond in the spectrum of the ACS (Figure 2b). This observation

confirmed the successful introduction of 2-bromoisobutyryl substituents into the starch molecules.

52



Polymers 2019, 11, 1936

(a)
1737
(b)

Transmiltance

L L | L | L 1 L 1 L ]
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm")
Figure 2. FTIR spectra of BBES with a DS value of 0.107 (a) and ACS (b).

3.1.1. Influence of the Amount of BIBB on the DS

When the other conditions were fixed, it can be seen from Figure 3 that the DS of BBES increased
as the molar ratios of BIBB to anhydroglucose residues were raised from 0.35 to 2.8. This is mainly
attributed to the fact that as the amount of BIBB increases, the concentration of BIBB in the reaction
system gradually increases, and the active hydroxyl groups on the macromolecular chains of ACS will
have more chances to react with the BIBB, so that more hydroxyl groups in the starch molecules are
esterified, thereby causing a gradual increase in the extent of esterification.

0,075 | -

0.060 |-

\

0.045 -

0.030 -

| | 1 1 1
33 1.0 1.5 2.0 25 3.0
Molar ratios of BIBB/anhydroglucose residue

Figure 3. Influence of the amount of BIBB on the DS of BBES.

3.1.2. Influence of the Amount of DMAP on the DS

Under the following fixed conditions: reaction temperature of 30 °C, reaction time of 24 h, and
molar ratio (BIBB/ACS) of 2.8; the influence of the amount of DMAP (denoted by the molar ratio of
DMATP to BIBB) on the DS is depicted in Figure 4. As observed, when the other conditions were fixed,
as the molar ratio of DMAP/BIBB was increased from 0.11 to 1.38, the DS showed a trend that first
increased and then decreased. When the molar ratio was 0.23, the DS of BBES reached its maximum
value of 0.074, which indicated that the most appropriate molar ratio of DMAP/BIBB was 0.23. The
DS value gradually decreased once the molar ratio of DMAP/BIBB was above 0.23, which might be
attributed to the fact that this might occur as a side reaction when the catalyst concentration was
increased, thereby producing an adverse effect on the DS.
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Figure 4. Influence of the amount of DMAP on the DS of BBES.

3.1.3. Influence of Reaction Temperature on the DS

To avoid the gelatinization of starch granules in the aqueous dispersion, a reaction temperature
range of 20-60 °C was selected for the study. The influence of reaction temperature on the DS is
represented in Figure 5 under the following conditions: 24 h reaction time, 2.8 molar ratio of BIBB/
anhydroglucose residues, and 0.23 molar ratio of DMAP/BIBB. It can be found that the DS was
dependent on the reaction temperature, and with the rise in the temperature range from 20 to 60 °C, DS
showed a gradually increased tendency. With the increase in the temperature, the thermal motion of the
starch macromolecules and the BIBB molecules increases, and the probability of collision between them
increases, so that the DS of BBES gradually increases. However, when the temperature exceeds 40 °C,
the increment in the DS lowers. This may be attributed to the fact that, as the temperature is higher
than 40 °C, the excessive temperature may result in decreased activity of the DMAP. Accordingly, we
concluded that the appropriate reaction temperature under the given process conditions was 40 °C.
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Figure 5. Influence of reaction temperature on the DS of BBES.
3.1.4. Influence of Reaction Time on the DS

Figure 6 depicts the influence of reaction time on the DS under the following conditions: 30 °C
reaction temperature, 2.8 molar ratio of BIBB to anhydroglucose residues, and 0.23 molar ratio of
DMAP to BIBB. Under the above conditions, it can be seen that the DS of BBES exhibited a proportional
relationship with the reaction time, i.e., the DS increased as raising the reaction time. In the initial
stage of the reaction, BIBB reacts with DMAP to form the intermediate. After a certain reaction time,
the intermediates reach a certain concentration and subsequently reacting with the hydroxyl groups
on the starch chains. Therefore, with the extension of the reaction time, BIBB reacts with DMAP to
form new intermediates for continuous reaction with hydroxyls, so that the DS gradually increases
with the extension of the reaction time from 0 to 24 h.
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Figure 6. Influence of reaction time on the DS of BBES.

3.2. SEM and DS Analyses of the BBES Samples with the Suitable Synthesis Process

After investigating the influences of the synthetic process parameters upon the DS, we obtain the
suitable synthesis process parameters of BBES: reaction time of 24 h, reaction temperature of 40 °C,
and 0.23 in molar ratio of catalyst (DMAP) to BIBB. Accordingly, to study the properties of BBES,
such as adhesion-to-fibers and film properties, etc., a series of BBES samples with different DS values
were prepared.

SEM technique has become an important means of clearly recording the granule morphology
of a modified starch [43]. Figure 7 shows the SEM images of ACS and BBES granules. As can
be seen, the ACS granules were round or polygonal shapes with various sizes (Figure 7a) [44].
Nevertheless, the morphology of BBES granules was changed in comparison with the ACS. As shown
in Figure 7b, the surfaces of the BBES granules underwent some visible damage, indicating the
successful bromoisobutyryl esterification of granular ACS, and the modification mainly occurs on the
hydroxyls of granule surfaces, as the reaction temperature is 40 °C.

Rl e

Figure 7. SEM images of ACS granules (a) and BBES ones (b).
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Using the suitable synthetic process parameters, the DS values and reaction efficiencies of granular
BBES samples prepared were measured and denoted by plotting the DS values and reaction efficiencies
versus moles of BIBB, as illustrated in Figure 8. It can be found that the DS values and reaction
efficiencies were dependent on the moles of the BIBB used in the esterification, i.e., with the increases
in the moles of BIBB from 0 to 0.065, the DS values gradually increased from 0 to 0.036, which indicated
that BIBB with a esterification level range from 0 to 0.036 could be obtained by the reaction of ACS with
BIBB in a THF medium. In addition, as the moles of BIBB increased, the efficiencies gradually decreased.
As the esterification goes on, active sites are gradually occupied by the substituents introduced and
there are not adequate sites for introducing new 2-bromoisobutyryl substituents into starch molecules.
Consequently, the efficiencies decrease with the increase in the moles of BIBB.
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Figure 8. Degrees of substitution and reaction efficiencies of BBES samples prepared.

3.3. Influence of Bromoisobutyryl Esterification

3.3.1. Influence on Apparent Viscosity and Its Stability

Figure 9 depicts the influence of bromoisobutyryl esterification on apparent viscosity and its
stability of cooked ACS paste. As observed, the esterification was able to raise the paste viscosity
compared with that of the ACS (DS = 0) paste. In addition, with the rises in DS values, the viscosities
of cooked BBES pastes gradually increased. In addition, the BBES samples were superior to their
counterpart ACS in stability (82.1% paste stability for ACS). As the total DS raised, the stabilities of the
BBES pastes exhibited an increased tendency and were all above 85%, which fulfilled the requirement
of >85% in paste stability for achieving a stable size pick-up during warp sizing [45]. This suggested
the bromoisobutyryl esterification of ACS did not produce a negative effect on the paste stability, and
the BBES paste could satisfy the requirement in the paste stability for confirming the stability of size
pick-up during the sizing process.
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Figure 9. Apparent viscosity and its stability of gelatinized starch paste.
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3.3.2. Influence on Adhesion

The influence of bromoisobutyryl esterification on adhesion of ACS to PLA and polyester fibers
was estimated by plotting the bonding forces versus DS values, as shown in Figures 10 and 11,
respectively. It can be seen that the bonding forces of ACS (DS = 0) to PLA and polyester fibers were
47.4 N and 107.8 N, respectively, and BBES was superior to ACS in the bonding forces to PLA and
polyester fibers. This meant that the esterification was capable of ameliorating the adhesion of ACS to
PLA and polyester fibers. The forces of BBES were correlated with the DS. With the rise in the DS, the
forces of BBES to PLA and polyester fibers increased, and when the DS was 0.016, the forces reached
their maximum values, at 50.6 N for PLA fibers and 116.8 N for polyester ones. When the DS was
above 0.016 in the range of 0.016 to 0.036, the forces gradually decreased to 48.2 N for PLA fibers and
110.5 N for polyester ones, still showing a slight increase compared with those of ACS. This implies
that bromoisobutyryl esterification will not produce an adverse effect on the adhesion of grafted BBES
prepared in future based on the BBES. Based these results, the suitable DS of BBES for improving the
adhesion of ACS to both fibers was 0.016.
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Figure 10. Influence of bromoisobutyryl esterification on adhesion of starch to PLA fibers.
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Figure 11. Influence of bromoisobutyryl esterification on adhesion of starch to polyester fibers.

To ascertain the influence of bromoisobutyryl esterification on adhesion, the characteristics of
the gelatinized starch paste must be given attention. It is generally known that starch granules in
the aqueous dispersion heated at a high temperature will swell due to adsorbing the water, and the
hydrogen bonds of starch will be disrupted; sequentially the crystalline structure of the granules will
be destroyed to form an amorphous structure, subsequently forming a gelatinized starch paste [46].
The paste formed can be regarded as a biphasic system, simultaneously containing disperse and
continuous phases [47]. The disperse phase is swollen remnants of the granules that mainly consist
of the amylopectins, and the continuous one is the solution of the soluble starch coins that is mainly
comprised of linear amyloses [48]. Linear amyloses in low-temperature aqueous paste tend to orient
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themselves in a parallel fashion and approach each other closely enough to form aggregates [49].
Furthermore, amylose molecules are also able to produce co-crystallization with the linear branches of
amylopectins [50] in the aqueous paste by the hydrogen bonding between starch hydroxyls [51]. These
phenomena can lead to paste retrogradation of starch [11]. At high concentrations, the retrogradation
can convert the paste into a gel that is composed of a three-dimensional network held together by
hydrogen bonding [11]. It is generally accepted that a gelled paste may lose the fluidity and produce
incomplete wetting and spreading of the paste onto the fiber surfaces [52]. According to the failure
position, the failure of an adhesive joint commonly contains cohesive failure and interfacial one [53],
which denote failures that occur wholly within the matrix of an adhesive layer formed by adhesives
such as starch, and exactly at the interfaces between the layers and fibers, respectively. The interface
failure and high internal stresses within the matrix of the adhesive layer [38] are prone to occur around
unwetted or outspread areas, thereby generating a damage to adhesion [49].

Undoubtedly, steric hindrance generated by the 2-bromoisobutyryl substituents derivatized into
starch molecules can obstruct the parallel fashion and closely approach between starch amyloses in
the paste, and lower the co-crystallization between the amyloses and linear branches of amylopectin,
thereby favoring the diminishing of paste retrogradation. Consequently, the 2-bromoisobutyryl
substituents derivatized may be expected to improve the wetting and spreading of the paste on the fiber
surfaces. In addition, as broadly accepted, wetting and spreading of an adhesive liquid onto a given
solid surface is closely related to surface tension [38]. A decreased tension favors wetting and spreading,
and commonly induces an improved adhesion [50]. For this reason, the influence of 2-bromoisobutyryl
substituents on the surface tension of cooked starch paste was investigated, as depicted by indicating the
tension versus DS in Figure 12. As observed, the tension of cooked ACS (DS = 0) paste was 66.7 mN/m.
The substituents had much impact on the tension, and the tension was lowered after the introduction
of the substituents. The tension of the BBES paste depended on the DS, and it gradually decreased in
the DS range of 0.009-0.036. This meant that 2-bromoisobutyryl substituents were necessary to provide
the derivatives with stronger surface activity. A decreased tension also favors the amelioration of the
wetting and spreading of the pastes onto the fiber surfaces. The amelioration will lower the probability
of interfacial failure mentioned above, inducing an improvement in the adhesion. Furthermore, the
hindrance is also able to raise intermolecular distance between starch chains, and reduce hydrogen
bonding between starch hydroxyls, thereby exerting an internal plasticization on the matrix of starch
adhesive layers. Therefore, the internal stresses within the matrix of the adhesive will be reduced after
the derivatization of the 2-bromoisobutyryl substituents. Additionally, 2-bromoisobutyryl substituents
contain ester groups, and display a hydrophobic characteristic, which will increase the van der
Waals force at the interfaces between the layers and PLA and polyester fibers, due to the chemical
similarity with the esters in PLA and polyester chains. This also favors improving the adhesion.
These reasons indicate that bromoisobutyryl esterification provides a positive effect on the adhesion.
Nevertheless, it is doubtless that the hydrophobic 2-bromoisobutyryl substituents derivatized can
lower the water-dispersibility of starch. It has been verified that the worse water-dispersibility can
cause incomplete wetting and spreading [54], thereby leading to a negative influence on the adhesion.
Consequently, the combination of the positive and negative effects may be expected to reduce the
probability of interfacial failure and internal stresses, favoring the adhesion. In addition, due to the
combination effects, the adhesion of BBES to PLA and polyester fibers presents a trend that first
increases and then decreases with increasing esterification level.
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Figure 12. Influence of the 2-bromoisobutyryl substituents on the surface tension of cooked starch paste.
3.3.3. Influence on Film Properties

During the sizing process, a portion of starch paste forms a starch film around the surfaces of
sized yarns [55]. The film can provide a protective effect for the warps from mechanical abrasions, and
thus enhancing their weavability [27]. Therefore, desirable film must be flexible and stretchable [27] for
withstanding repeated and extensive drawing, impacting, friction, and bending actions in weaving [56].
As a result, the tensile properties of starch film were determined for evaluating the protection against
the actions.

The influence of bromoisobutyryl esterification on tensile strength and breaking elongation of
ACS film is shown in Figure 13. Compared with the ACS film, the films cast from cooked BBES
pastes exhibited higher breaking elongation and lower tensile strength. This implied that derivatizing
2-bromoisobutyryl substituents onto the backbones of starch can decrease the brittleness of starch film.
The maximal elongation (3.63%) of the BBES film was observed at the DS value of 0.016 compared with
the elongation of 2.64% for the ACS film. In addition, breaking elongation and tensile strength of the
BBES films were related to the DS. With increasing DS, the elongation gradually increased, reaching
its highest value when the DS was 0.016, and subsequently gradually decreasing. In addition, the
strength gradually reduced as the DS increased. Therefore, the BBES (DS = 0.016) film with a higher
elongation is preferable to the brittle ACS film for the applications in warp sizing and surface coating,
and it will not produce an adverse effect on the film properties of grafted BBES prepared in future
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Figure 13. Influence of bromoisobutyryl esterification on tensile strength and breaking elongation of
ACS films.

During formation of the film, the amyloses in aqueous paste parallelly arrange and approach
closely with each other, and subsequently form a three-dimensional network structure held together
by hydrogen bonding between the hydroxyls [57]. This is the main reason starch film shows the
characteristics of strong brittleness and small deformation [58]. Undoubtedly, the steric hindrance of
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2-bromoisobutyryl substituents favors blocking the arrangement in an orderly way of the amyloses
during film formation and preventing the growth of crystal on nucleus. As a consequence, it may
be expected to lower the degree of crystallinity ascertained by X-ray diffraction of the starch film, as
depicted Figure 14. By comparing the X-ray diffraction patterns of the ACS film (Figure 14a) and
BBES film (Figure 14b), we found that the intensity of the peaks for BBES film was lower than the
intensity for the ACS one, although the location of the peaks was almost the same. The reduction of
the intensity of the starch crystal peak showed that the substituents introduced lowered the formation
of the crystalline structure of starch film, indicating that BBES film had a lower crystallinity (14.6%)
than ACS film (21.7%). As a result, a high elongation and a low strength are exhibited for the BBES
film by diminishing intermolecular hydrogen bonding compared with ACS film. This meant that the
bromoisobutyryl esterification was able to lower the brittleness of starch film, providing a toughening
effect for the film. The reduced brittleness provided by the esterification can be confirmed by observing
the SEM images of the cross-section of ACS and BBES film samples, as shown in Figure 15. It can be
observed from Figure 15a that ACS film exhibits a strong brittleness, while BBES film represents a
lower brittleness, as can be seen from Figure 15b, confirming that the bromoisobutyryl esterification
produced the effect of lowering the brittleness of the film.

(a)

Intensity

)

26°)

Figure 14. X-ray diffraction of (a) ACS film and (b) BBES (with a DS of 0.016) one.

5.0kV 11.7mm x500 SE(M) 100um

5.0kV 13.3mm x500 SE(M) 100um

Figure 15. SEM images of the cross-section of ACS film (a) and BBES (with a DS of 0.016) one (b).
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4. Conclusions

Through the investigation to the influences of the synthesis process parameters—amount of BIBB,
amount of catalyst (DMAP), reaction temperature and reaction time—upon the DS, we obtain suitable
synthesis process parameters for BBES: reaction time of 24 h, reaction temperature of 40 °C, and 0.23 in
molar ratio of DMAP to BIBB. Then, to study the properties of BBES such as adhesion-to-fibers and
film properties, etc., for producing a positive effect on the properties of grafted BBES prepared in the
near future, a series of BBES samples with the DS values of 0.009, 0.016, 0.027 and 0.036 and reaction
efficiencies of 61.3%, 54.5%, 46.0% and 40.9%, were prepared according to the suitable synthesis process
parameters. The successful introduction of the 2-bromoisobutyryl substituents was demonstrated by
FTIR technique. It could be concluded that introducing 2-bromoisobutyryl substituents into starch
molecules via bromoisobutyryl esterification of ACS with BIBB generating the positive effects on the
properties of ACS, such as paste stabilities of above 85%, improvement in the adhesion of ACS to
PLA and polyester fibers, and reduction of film brittleness. The stabilities of above 85% indicated that
the introduction of the substituents could meet the requirement in the stability for warp sizing. The
adhesion of BBES to both fibers was correlated with the DS, and the forces presented a trend that first
increased and then decreased as increasing DS. When the DS was 0.016, the highest force was obtained.
The breaking elongation of the BBES film was higher than the ACS film, and its tensile strength and
degree of crystallinity were inferior to those of ACS film, indicating that 2-bromoisobutyryl substituents
derivatized could lower the film brittleness (was verified by the SEM analysis of the cross-sections of
ACS and BBES film samples). Considering the results of BBES with respect to paste stability, adhesion,
and film properties, BBES with a DS of 0.016 showed potential in the applications of PLA and polyester
sizing, and will not produce an adverse effect on the properties of grafted BBES prepared in the near
future based on the BBES.
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Abstract: Irradiation is a good modification technique, which can be used to modify the electrical
properties, mechanical properties, and thermal properties of polymer materials. The effects of
irradiation on the electrical properties, mechanical properties, and structure of polyimide (PI) films
were studied. PI films were irradiated by a 1 MeV electron, 3 MeV proton, 10 MeV proton, and
25 MeV carbon ion. Dielectric constant, dielectric loss, and resistance measurements were carried out
to evaluate the changes in the electrical properties; moreover, the mechanical properties of the pristine
and irradiated PI were analyzed by the tensile testing system. The irradiation induced chemical
bonds and free radicals changes of the PI films were confirmed by the Fourier transform infrared
(FTIR) spectra, X-ray photoelectron spectroscopy (XPS), and electron paramagnetic resonance (EPR).
The dielectric constant of the PI films decreases with the increase of fluences by the four kinds of
irradiation sources.

Keywords: low dielectric constant; PI; irradiation; dielectric loss

1. Introduction

In recent years, with the rapid development of microelectronics industry, the miniaturization of
electronic components, the rapid growth of large scale integrated circuit chips, the increase of chip
interconnect density, and the improvement the circuit connection of the resistance and capacitance,
the signal delay of resistance production effect signal transmission speed and signal loss [1-3]. Asa kind
of functional material, low dielectric constant polymers have become an important research direction.
Polyimide, as an important insulating and encapsulating material, is widely used in aerospace and
microelectronic fields. Currently, many researchers have reported that polyimide (PI) thin films with
low dielectric constant are obtained by doped fluorine-containing groups, doped porous, or other
introduced functional groups methods. Goto et al. [4-7] successfully prepared a series of thermostable
low dielectric constant polyimide (PI) by introducing diphenyl fluorine group into the main chain.
The result shows that the lowest dielectric constant of the non-fluorinated PI is 2.77, while the lowest
dielectric constant of the fluorinated PI is 2.35. Fujiwara et al. [8] prepared poly(norborneolin imide)
with large fluorinated aromatic groups in the side chain and confirmed that the main chain structure
of fluorinated poly(norborneolin imide) showed helical structure through molecular simulation.
The results showed that the polymer had good heat resistance and glass transition temperature (T)
available at above 400 °C, the spiral structure increased the free volume, and the dielectric constant
was as low as 2.31 [9]. The reason for the decrease in the dielectric constant of the PI-PDMS polymer is
that polydimethylsiloxane (PDMS) was added to the polyimide, and then the chain reaction produced
carbon dioxide to form nanoporous films. The result showed that the copolymers had the lowest
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dielectric constant (2.58) when the mass fraction w(PDMS) = 25% and w(MDI) = 5%. Meanwhile, Lee
et al. [10-12] prepared nanoporous polyimide films with polyoxyethylene (PEO) polyhedral oligomeric
silsesquioxane (POSS) nanoparticles, and the dielectric constant of such porous hybrid films were
3.25-2.25. The method can be used to obtain low dielectric constant polymers by doping porous
materials or introducing other functional groups.

Radiation treatment of polymers involves irradiation of the polymers, usually in a continuous mode,
and modification of the polymers to improve their performance for industrial purposes. The irradiation
processing of polymers mainly includes cross-linking, curing, grafting, and degradation [13-16].
Irradiation changes the structure and properties of polymer materials, and the dielectric constant
of the irradiated polymer decreases when the content of polarized group decreases. Polyimide (PI)
can be used as dielectric material for thin-film transistors and capacitors [17-20]. Therefore, it is
of great significance to study the properties of irradiated polymers to evaluate the improvement
or deterioration in their mechanical strength, molecular weight, dielectric properties, and thermal
properties. At present, some researchers have reported the effects of irradiation on the dielectric
properties of polymers. S. Raghu et al. [21] used electron beam and gamma ray irradiated polymer
electrolyte films, the results showed that the dielectric constant and conductivity increased with the
increase of irradiation fluences. Qureshi et al. [22] found that the dielectric constant and dielectric
loss of polyimide increased with the increase of irradiation fluences after irradiation with 80 MeV O°*
ion. Quamara et al. [23] pointed out that the dielectric behavior of polyimide was a non-monotonic
evolution law with the increase of irradiation fluences after 50 MeV Si* ion irradiation and that
it was temperature-dependent. However, the irradiated polymers with low dielectric constant are
rarely reported.

In this research work, PI films were exposed by irradiation sources including a 1 MeV electron,
3 MeV proton, 10 MeV proton, and 25 MeV carbon ion with different fluences. The dielectric properties
of pristine and irradiated PI films were analyzed by dielectric spectroscopy, and it was found that the
dielectric constant decreased to a minimum of 2.7. However, the mechanical properties did not change
much compared with pristine PI. The four kinds of irradiation sources can decrease the dielectric
constant of PI films.

2. Experimental Section

2.1. Materials and Equipment

Kapton-H polyimide (PI, Isophthalic anhydride diaminodiphenyl ether) films with the density of
1.34 g/cm® and 50 um in thickness were purchased from Du Pont co., Ltd., with molecular formula
(C22H19N2Os)n. The high-energy electron irradiation test was performed by the DD 1.2 high-frequency
high-voltage electronic accelerator in Heilongjiang Technical Physics Institute. High-energy proton and
carbon ion irradiation experiments were carried out using the EN2 X 6 tandem electrostatic accelerator
at Peking University.

2.2. Experimental Parameter

The PI films were cut into 5 X 5 cm? size and all the irradiation area was larger than this size.
The electron energy is 1 MeV; particle radiation flux is 2 X 10% cm~2-s71; and the irradiation fluences
are 3.8 x 1013, 3.8 x 10, and 2.2 x 10'¢ e/cm?, respectively. The 1 MeV electron penetration depth is
~100 um calculated by Geant4. The proton energy is 3 MeV; the 3 MeV proton penetration depth is
~100 um, as calculated by Stopping and Ranges of Ions in Matter (SRIM) software; and the irradiation
fluences are 4.4 x 101, 1.1 x 10'2, and 2.2 x 10'2 p/cm?, respectively. The proton energy is 10 MeV;
the 10 MeV proton penetration depth is ~1000 pum, as calculated by SRIM software; and the irradiation
fluences are 5 x 10'!, 1 x 10'?, and 1 x 10'3 p/cm?, respectively. The carbon ion energy is 25 MeV,
the 25 MeV carbon ion penetration depth is ~30 um as calculated by SRIM software, and the films
thickness is 50 pm, thus the 25 MeV carbon ion does not penetrate through the PI films, and the
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irradiation fluences are 2.8 x 10, 1.2 x 10'2, and 5 x 102 jion/cm?, respectively. The sizes for the
dumbbell-shaped tensile samples are 12, 4, and 0.5 mm.

2.3. Characterizations

The dielectric constant, dielectric loss, and insulation resistance of the samples were measured
by BDS 4000 Novocontrol broadband dielectric spectrometer/impedance, which was produced in
Germany in a wide frequency range from 107! to 107 Hz at room temperature. Both sides of the PI
samples were plated with a 25 mm diameter Al electrode by the vacuum evaporation machine before
test. The equipment used in external stimulus is an electric field, E. The composition and chemical state
of polyimide were characterized by the X-ray photoelectron spectroscopy (XPS) (K-Alpha) produced
by the Thermal fisher scientific. The samples used for the tensile test are dumbbell-shaped samples
with drawing rate of 2 pm/s at room temperature in air, which uses an MST810 material tensile testing
system. Fourier infrared spectroscopy (FTIR) spectra of films have been obtained by Nicolet Magna-IR
560 spectrometer operated in transmission mode with the spectral region between 4000 and 700 cm ™!
and scanned 32 times on average. Free radicals were tested by the A200 type Electron paramagnetic
resonance (EPR) from the German Bruke company. In this experiment, the center of the magnetic field
is 3580 G, the sweep width field is 90 G, the microwave frequency is 9.85 GHz, the time constant is 20 s,
the spectral gain is 2 x 10*, the modulation amplitude is 1 G, and the microwave power is 6.140 mW.

3. Results

3.1. Dielectric Constant Analysis

The dielectric constant (¢) of pristine and irradiated PI samples after 1 MeV electron with different
fluences (3.8 x 10'3 e/cm?, 3.8 X 10'* e/cm?, 2.2 x 10'® e/cm?) at different frequency and room temperature
are shown in Figure 1a. The dielectric constant of PI films decreases after the four kinds of irradiation
sources; moreovetr, it decreases with the increase of the fluences. The lowest dielectric constant of
Pl irradiated by 1 MeV electron with 2.2 x 106 e/cm? is ~2.7. The dielectric constant of polyimide
decreases with the increase of irradiation fluences in the whole frequency range. It is worth noting that
the degree of attenuation of the dielectric constant is not linear with the increase in irradiation fluences
as shown in Figure le. All samples show normal dielectric dispersion behavior, and the dielectric
constant is only slightly reduced. All of the dielectric constant curves are frequency dependent. In the
higher frequency range (>10° Hz), the decrease in dielectric constant is more obvious. Under such
high frequency conditions, the polar group with such orientation polarization motion cannot keep up
with the change of electric field frequency, so the dielectric constant decreases.

Figure 1b,c shows the variation of the dielectric constant of PI samples before and after 3 MeV
proton irradiation with different fluences (4.4 x 1011, 1.1 x 102, and 2.2 x 1012 p/cmz) and 10 MeV
proton irradiation with different fluences (5 x 10,1 x 10'2, and 1 x 10%3 p/cm2) as a function of the
frequency at room temperature. Both dielectric constants of the irradiated PI decrease obviously with
the increase of the fluences. All samples show normal dielectric dispersion behavior; the dielectric
constant of PI samples decreases in the high-frequency range and the dielectric constant decreases
with the increase of frequency. Figure 1d shows the variation of the dielectric constant of PI samples
before and after 25 MeV carbon ion irradiated with different fluences (2.8 X 1011, 1.2 x 102, and
5 x 10'2 ions/cm?) as a function of the frequency at room temperature. The dielectric constant of
polyimide decreases with the increase of irradiation fluences in the whole frequency range. However,
the dielectric constant of irradiated polyimide begins to decrease at lower frequency when compared
with the dielectric constant of the pristine PI, as the Figure 1d shown. The dielectric constant of pristine
PI begins to decrease at 10° Hz, the dielectric constant of irradiated PI with 2.8 x 10! ions/cm? begins to
decrease at 10° Hz, the dielectric constant of irradiated PI with 1.2 x 10'? ions/cm? begins to decrease at
10% Hz, and the dielectric constant of irradiated PI with 5 x 1012 ions/cm2 begins to decrease at 103 Hz.
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Figure 1le shows the variation in the dielectric constant of PI irradiated with different sources
and fluences, the curve of 1 MeV electron uses bottom X-axis, and the curves of other irradiation
sources use top X-axis at 100 Hz. The dielectric constant decreases nonlinearly with the increase of
irradiation fluences. Figure 1f shows the measurement results with the rate of change of dielectric
constant (at 100 Hz). The variation trend of Figure 4f is consistent with that of Figure le. These changes
in the dielectric constant were calculated by using Equation (1).
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Figure 1. Frequency dependent dielectric constant of pristine and irradiated polyimide (PI) films with
different sources and fluences at room temperature: (a) 1 MeV electron, (b) 3 MeV proton, (c) 10 MeV
proton, (d) 25 MeV carbon ion, (e) dielectric constant at 100 Hz, and (f) the rate of change of dielectric
constant at 100 Hz.

Here, ¢}, is the dielectric constant of pristine Pl and ¢, is the dielectric constant of irradiated PIL

According to the evolution characteristics of the dielectric properties of polymers, the dielectric
constant of polymer is closely related to its characteristics of molecule, chain group structure, and the
internal defects [21]. When the frequency is lower than 1 x 108 Hz, the dielectric behavior of PI films
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mainly depends on the orientation polarization, the interface polarization, and dipole polarization,
as shown in Figure 9. The interface polarization mainly comes from the defects after irradiation,
as shown in Figure 8. The orientation polarization mainly comes from the main chain of molecule.
This experiment is tested at room temperature, so the polarization is weak. The results are different
from the high dielectric constant induced by irradiation such as gamma, so there may be some other
main polarization mechanism leading to the reduction of dielectric constant here.

3.2. Dielectric Loss and Resistance Analysis

The dielectric loss of pristine and irradiated PI with different sources and fluences is shown in
Figure 2 at different frequency and room temperature. From Figure 2a, it can be seen that the dielectric
loss of the irradiated PI with 1 MeV electron increases compared with the pristine sample, especially
at low frequency, but the dielectric loss increases with the increase in frequency (>10* Hz) and the
curves are almost the same after irradiation with different fluences. From Figure 2b,c, the data shows
that the dielectric loss decreases a little with the increase in the frequency in the low frequency region,
but the dielectric loss increases obviously with the increase of frequency in the high frequency region.
It can be seen that the dielectric loss of the irradiated PI with 3 MeV proton shows a movement in
the peak compared with the pristine sample at 10 Hz. The peak moves to 100 Hz after the 10 MeV
proton. The dielectric loss of irradiated PI increases slightly compared with the pristine PI in the whole
frequency. Figure 2d shows the variation of dielectric loss of PI irradiated by 25 MeV carbon ion
in different frequency. The dielectric loss of PI irradiated by 25 MeV carbon ion increases with the
increase of fluences in low frequency but the curves almost the same in high frequency compared with
the pristine sample. The dielectric loss increases with the increase of the frequency for all irradiated
and pristine PI samples. The dielectric loss depends on a number of factors, such as orientation
polarization and dipole polarization. At low frequency, the dielectric loss is mainly caused by the main
chain of the molecule movement polarization relaxation. There is a peak around 100 Hz that may be
caused by the space charge polarization relaxation. The strong polarity in the molecular chain can
produce unsaturated groups, such as carbonyl group, which have the polarization characteristics of
space charge due to the movement ability limited, so the increase in the dielectric loss produces the
peak. At high frequency, the dipole polarization relaxation produces the dielectric loss, and the dipole
polarization cannot keep up with the change of frequency, thus the dielectric loss increase with the
increase of the frequency.

The variation insulation resistance curves of Pl irradiated with different fluences of four irradiation
sources are shown in Figure 3 at the voltages of 500 V and 4000 V. It can be seen from the figure that the
insulation resistance of PI decreases with the increase of fluences under different irradiation conditions.
This indicates that all kinds of irradiation sources lead to the poor insulation of polyimide. This implies
that the conductivity increases approximately with the increase of fluences. However, the resistance of
the irradiated polyimide is 10'2 Q, which still maintains good insulation performance.

@) 1 MeV Electron A 3MeV Proton

Dielectric loss

—a— Pristine sample
o 3.8x10"eicm®
—a—3.8x10"eiem”

v 2.2x10"c/em’

Diclectric loss

!

—&— Pristine sample
—0—4.4x10""piem’
——1.1x10"piem’
—V—Z.le()‘:p’cm:

1l
o AL 5
10 o N 104210 10

10750 B R 050 1008 103 02 10 19 10 10 10 10
TFrequency (I1z) Frequency (Hz)
(a) (b)

Figure 2. Cont.

69



Polymers 2020, 12, 879

E 10
10MeV Proton 25 MeV Carbon ion
. 10° 107
5 2
= 2
2 9
é K <2 S o 10° Pristine sample
10 —I—l.)nstlll:e san}ple =] —0—2.8x10"jons/cm”
—o—>x1014p-'cmﬂ —&—1.2x10"ions/cm”
—f&—1x10 Tp:‘cm: —5—5x10"ons/cm”
—7—1x10"p/em” P
w" il I L ! L L 10 o Il ‘; |3 le ls Iu 7
10° 10! 10? ';03 10* 10° 10° 107 10 10 10 10 10 10 10 10
requency (Hz) Frequency (Hz)
(c) (d)

Figure 2. Frequency dependent dielectric loss of pristine and irradiated PI films with different sources
and fluences at room temperature: (a) 1 MeV electron, (b) 3 MeV proton, (c) 10 MeV proton, and
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Figure 3. Frequency dependent resistance of pristine and irradiated PI films with different sources and

fluences at room temperature: (a) 1 MeV electron, (b) 3 MeV proton, (c) 10 MeV proton, and (d) 25 MeV
carbon ion.

3.3. XPS Analysis

To investigate the chemical bond states and content of PI samples after irradiation, the XPS fine
spectrum of pristine polyimide C1 s and O1 s and the detailed relative component ratios of different
bonds irradiated by 3 MeV proton with 2.2 x 10'2 p/cm? and 25 MeV carbon ion with 5 x 10!? jons/cm?
are studied, as shown in Figure 4. The two peaks at 286.3 eV and 288.4 eV are attributed to C-O
bonds and carbonyl group C=0 bonds, respectively. By analyzing the content of different chemical
bonds in the C1 s fine spectrum of XPS, it can reflect the structural damage behavior of polyimide after
irradiation. Compared with the pristine PI, the relative content of C=0 bonds and C-N bonds reduces
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after irradiation by 3 MeV proton and 25 MeV carbon ion, whereas the relative content of C—C bonds
and C-O bonds increases, as shown in Table 1. Moreover, the content of C—C bonds changes a little
after 3 MeV proton irradiation. However, the content of C—C bonds increases significantly after 25 MeV
carbon ion irradiation, because the carbon ion irradiation produces a large number of pyrolytic carbon
free radicals, and then the compound of these free radicals generates a lot of C—C bonds. Compared
with the pristine PI, the relative content of C=0 bonds decreases after irradiation by the 3 MeV proton
and 25 MeV carbon ion, whereas the relative content of C-O bonds increases in the O1 s spectrum,
as shown in Table 2. Thus, the content of polar groups such as C-N bonds and C=0O bonds decreases,
whereas the content of nonpolar groups such as C—C bonds increases after irradiation. This reduces
the dielectric constant of the material, and forms a PI film with a low dielectric constant.
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Figure 4. X-ray photoelectron spectroscopy (XPS) curves of pristine and irradiated PI films: (a) C1 s of
pristine PI, (b) O1 s of pristine PI, (c) C1 s of irradiated PI with 3 MeV proton of 2.2 X 1012 p/cmz, (d)O1
s of irradiated PI with 3 MeV proton of 2.2 x 1012 p/cmz, (e) C1 s of irradiated PI with 25 MeV carbon
ion of 5 x 102 p/cm?, and (f) O1 s of irradiated PI with 25 MeV carbon ion of 5 x 10'? p/cm?.
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Table 1. C element composition of PI with irradiation energy of 3 MeV proton and 25 MeV carbon ion.

Irradiation Energy  Fluence (tm2)  Chemical Bond Binding Energy (eV)  Proportion (%)

Cc-C 284.5 60.4
- . C-N 285.5 20.1
Pristine Polyimide Cc-O 286.3 6.8
Cc=0 288.4 12.7
C-C 284.5 65.7
C-N 285.5 16.8
12
3 MeV Proton 22x10 Cc-O 286.5 7.5
Cc=0 288.5 10.0
C-C 284.5 71.6
C-N 285.5 11.4
25 MeV Carbon ion 5.0 x 1012 lae) 286.5 7.3
Cc=0 288.5 9.7

Table 2. O element composition of PI with irradiation energy of 3 MeV proton and 25 MeV carbon ion.

Irradiation Energy  Fluence (tm2)  Chemical Bond Binding Energy (eV)  Proportion (%)

_— . Cc=0 532 741
Pristine Polyimide -0 533.2 25.9
C=0 532 71.1
12
3 MeV Proton 2.2 %10 C-0O 533.2 28.9
C=0 532 70.6
: 12
25 MeV Carbon ion 5.0x 10 Cc-0 533.2 294

3.4. FT-IR Analysis

The FT-IR spectra of the pristine and irradiated PI films with different sources and fluences as
a function of the frequency are shown in Figure 5. All of the samples exhibit typical characteristic imide
peaks at 1780 cm™! (imide C=0 asymmetric stretching), 1720 cm~! (imide C=O symmetric stretching),
1246 cm™! and 1168 cm™! (aromatic ether (C-O-C) asymmetric stretching vibration), and 1380 cm™!
(C-N-C stretching vibration). The intensity of the bands at 1500 and 1116 cm™! represents the C=C
stretching vibration and C—C stretching vibration, respectively [21]. The peak positions and patterns of
the absorption peaks of the irradiated characteristic groups are similar to the spectral lines of the pristine
samples, and no new characteristic absorption peaks generate, which indicates that no new groups
generate inside the irradiated materials. By comparing the strength of the characteristic absorption
peaks of materials before and after the four irradiation sources, it can be seen that the strength of
characteristic absorption peaks of each group decreases slightly with the increase of irradiation fluences.
The reason for this change may be the increase of material surface roughness caused by irradiation [22],
this improves the material surface infrared scattering and weakens the intensity of absorption.

3.5. EPR Analysis

The EPR spectra of the pristine and irradiated PI films with different sources and fluences are
shown in Figure 6: (a) 1 MeV electron, (b) annealing curves after 1 MeV electron, (c) 25 MeV carbon ion,
and (d) the change of the content of free radicals. The results show that a large number of free radicals
appear in the PI films under the condition of charged particles irradiation. In Figure 6a, the content
of free radicals increases with the increase in the electron irradiation fluences. The content of free
radicals changes greatly after carbon ion irradiation, as shown in Figure 6c. In Figure 6b,d, the content
of free radicals after 1 MeV electron irradiation decreases as the change of time, which corresponds
to the results of XPS data. This means that the free radicals on the surface from irradiated PI films
recombine with the surrounding environment active factors such as oxygen from air, which leads to
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the decreasing of the content of free radicals. Figure 6d shows that the content of free radicals changes
with the change of fluences or time after irradiation. The data are calculated by Formula (2):

N [ [sds

== @)

where N is the content of free radicals, S is the measured EPR spectrum, and m is the quality of test
sample here. As it can be seen from Figure 6d, the PI films produce a lot of free radicals and the content
of the free radicals increases with the increase in the electron and carbon ions irradiation fluences.
Moreover, more free radicals are produced after carbon ion irradiation than after electron irradiation.
The g value is 2.0025 in this data, and the g value is stable and did not change with the irradiated
particle energy and fluences. In the polymer material, the g values correspond to two kinds of free
radical: one is a kind of pyrolytic carbon free radical, and the other is a hydroxyl superoxide radical.
The irradiation experiment is under a vacuum environment, and therefore there is not enough oxygen
reacting with free radicals, so it is impossible to generate such a large number of hydroxyl superoxide
radicals. Moreover, combining the result in Figure 6c, the free radicals measured in experiment should
be mainly pyrolytic carbon free radicals. The reason why the content of the free radicals after electron
irradiation reduces in Figure 6d mainly because the free radicals on the surface recombine with active
factors in the air, such as oxygen, as shown in Figure 8.
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Figure 5. FT-IR curves of pristine and irradiated PI films with different sources and fluences: (a) 1 MeV
electron, (b) 3 MeV proton, (c) 10 MeV proton, and (d) 25 MeV carbon ion.
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Figure 6. Electron paramagnetic resonance (EPR) curves of the pristine and irradiated PI films with
different sources and fluences: (a) 1 MeV electron, (b) annealing after 1 MeV electron, (c) 25 MeV carbon
ion, and (d) the change of the content of free radicals.

3.6. Mechanical Property Analysis

As we all know, stress is defined as the force per unit area of the samples and strain is the measure
of the change in the sample length. The pristine and irradiated PI films with different sources and
fluences exhibit typical stress—strain curves at room temperature, as shown in Figure 7. In the first
stage of deformation, the stress gradually increases and reaches the yield strength about 110 Mpa,
which shows the strain strengthening characteristics. With the obvious strain softening characteristics,
it enters the second stage of deformation directly, and the tensile stress increases until the material
breaks up. It is worth noting that the yield strength decreases slightly after the irradiation of four
different sources, but the elongation at the break, at which the strain is ~60%, did not show an obvious
change after irradiation. However, the elongation at the break decreased after the 10 MeV proton
irradiation. The reason for this may be the degradation of PI after radiation, and then the reduction
in molecular weight, resulting in the reduction in yield strength. Compared with other methods
of introducing holes, which led to the mechanical properties of the materials decreasing sharply,
the mechanical properties of the materials can still be maintained by the irradiation method. However,
the disadvantage of this method is that a large number of fluences of irradiation for the material cannot
be use; otherwise, the materials will degrade a lot and lose their available properties.
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Figure 7. Stress—strain curves of pristine and irradiated PI films with different sources and fluences at
room temperature: (a) 1 MeV electron, (b) 3 MeV proton, (c) 10 MeV proton, and (d) 25 MeV carbon ion.

4. Discussion

The schematic of the irradiation process and irradiation degradation process and results of XPS
data of PI repeat unit is shown in Figure 8. The schematic shows that the PI films irradiated by the four
kinds of irradiation sources, including 1 MeV electron, 3 MeV proton, 10 MeV proton, and 25 MeV
carbon ion, may produce defects, and the free radicals on the surface of the irradiated PI films and
the free radicals may combine with active factors such as oxygen. The accelerated 1 MeV electron,
3 MeV proton, 10 MeV proton, and 25 MeV carbon ion all have enough energy to break chemical bonds
in organic materials. The irradiation sources may break the benzene ring, ether bonds, C-N bonds,
and C=0 bonds of the PI films. The most common result of chemical bond breakage is the formation
of free radicals. From the EPR results, we know that the free radicals are the pyrolytic carbon free
radicals. The irradiation processes can be classified according to the effects of formation of free radicals,
including curing, cross-linking, degradation, and grafting [24]. The experimental XPS results show
that the content of C=O bonds and C-N bonds decreases and the content of C-O bonds and C-C bonds
increases. According to the results, we can know degradation is the main process and the fracture of
chemical bonds often forms polymers with low molecular weight.

The sample schematic of orientation polarization, interface polarization, and dipole polarization
in the PI films is shown in Figure 9. The dielectric constant section refers to these polarizations.
The orientation polarization mainly regards the molecular main chain polarization and the ability
of the polarization relaxation related to the movement of main chain molecules. The reason why
the interface polarization happens is that the irradiated PI films produce defects on the surface [24].
The dipole polarization is closely related to the relaxation process of the corresponding groups within
the molecular features, and highly polarized groups in the molecular chain of polyimide, which can
dominate this dipole polarization process. Tables 3 and 4 show the typical molecular dipole moment
and polarizability of the functional groups of the polyimide [25]. It can be seen that the groups C=0,
C-0O, and C-N have high polarizability and dipole moment, so electron density is concentrated around
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carbon, whereas oxygen and nitrogen are depleted in the condition of external field; these groups have
strong polarization and corresponding relaxation phenomenon.
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Figure 8. Schematic of the irradiation process and irradiation degradation process of PI repeat unit
and the XPS results show that the content of C=0O and C-N decrease and the content of C-C and
C-O increase.

E—— E=0 E#0
o+ &
B, c—0 C—O
\& o NN
C—N C—N
Orientation Interface Dipole
polarization polarization polarization

Figure 9. Simple schematic of orientation polarization, interface polarization and dipole polarization
happened in PI films.

Table 3. Polarizabilities of the chemical bonds parallel and normal to the bond axis and the mean value
for all three directions in space [24].

Bond oy (xl m

C-N 058 084 075
C-H 079 058  0.65
Cc-C 1.88 0.02 0.64
-0 225 048 1.07
=0 200 075 120

Table 4. Dipole moments of the chemical bonds of the relevant molecules expressed in Debye units [24].

Bond  u(10-30/CM)

C-N 0.40
C-H 0.74
Cc-C 0.00
Cc-O 2.30
Cc=0 0.73

The dielectric constant of all samples decreases with the increase in the fluences and the rate of
the decrease is not the same as all samples. Some researches have reported that polymer electrolyte
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films used electron beam and Gamma ray at 50 and 150 kGy, and the results showed that the dielectric
constant increased with the increase of irradiation fluences and temperature because of the presence of
an appreciable number of defects and dipoles in the form of chain scission [21]. Different irradiation
sources, fluences, and irradiation rates have different effects on the structure, defects, and free radical
damage of materials. The four different kinds of irradiation sources may have different mechanisms for
low dielectric constant. The reasons why the four types of irradiation cause the decrease of dielectric
constant are as follows. First, the molecular structure change is due to the increase of the free volume
of the molecular structure and decrease of the density of the material. The large free volume reduces
the number of polarizing groups per unit volume which can lead to the decrease of dielectric constant
of the material. This should be the main reason for the decrease of the dielectric constant. Second, the
irradiation may lead to defects of the PI films and the dielectric constant of air is 1, so the dielectric
constant decreases. Third, the dipole polarization of the irradiated PI films decreases. The irradiation
effect will directly lead to damage of the functional groups of the polymer. The polarity with large
groups such as C=0, N-H, O-H, C-N, etc. is probably detached from the molecular main chain.
Therefore, the decrease in the polarization ability of the groups inside the polymer material leads to
the decrease in the dielectric constant.

5. Conclusions

The electron/proton/carbon ion beams of PI samples with different fluences have been
systematically investigated, and the electrical and mechanical properties of the irradiated PI have been
closely observed. The results show that the dielectric constant of PI irradiated by the four kinds of
irradiation sources decrease with the increase of irradiation fluences. The dielectric loss of irradiated
PI with the different fluences does not change obviously, but it increases significantly with the increase
of frequency after 10* Hz. The XPS data implies that the polytetrachloric anhydride group in the
polyimide degrades after irradiation, the content of polar groups such as C-N bonds and C=0 bonds
decreases, whereas the content of non-polar groups such as C-C bonds increases. The results of the
EPR show that irradiation produces a lot of pyrolytic carbon free radicals which will compound when
the irradiated PI is putted in air. The mechanical properties decrease slightly after irradiation.
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Abstract: In this paper, the waterborne UV lacquer product (WUV) was used as the main raw material,
zinc oxide (ZnO) was used as the additive, and the stearic acid as the surface modifier. According
to the method of spraying coating on the surface of poplar wood (Populus tomentosa), a simple and
efficient preparation method was carried out to generate a super-hydrophobic surface and enhance
the erosion resistance of the coating. By testing, the contact angle (CA) of water on the coating surface
can reach 158.4°. The microstructure and chemical composition of the surface of coatings were studied
by scanning electron microscope (SEM), Fourier transform infrared spectroscopy (FT-IR), and X-ray
diffraction (XRD). The results showed that under acidic conditions, the non-polar long chain alkyl
group of stearic acid vapor molecule reacted with the hydroxyl group in acetic acid, the metal ions
of the ZnO were displaced to the stearic acid and generated globular zinc stearate (CssH70O4Zn).
The hydrophobic groups -CH3 were grafted to the surface of zinc stearate (ZnSt2) particles and the
micro/nano level of multistage flower zinc stearate coarse structure was successfully constructed on
the surface of poplar wood, which endowed it with superhydrophobic properties. It is shown that
the coating has good waterproof and erosion resistance.

Keywords: poplar wood; waterborne UV lacquer product; wood modification; contact angle;
spectroscopy; super-hydrophobic coating

1. Introduction

Waterborne UV lacquer product (WUV) is a kind of coating which realizes crosslinking curable by
UV irradiation [1]. It does not contain volatile toxic substances or irritating gases [2-4]. WUV combines
UV-cured technology with waterborne polymer technology [5,6], which not only saves energy and
protects environmental but also has the advantages of fast curing speed, pipeline production and high
production efficiency [7,8]. The main component of WUV is waterborne acrylic resin [9]. It has the
advantages of light color, high solid content, and strong adhesion, but its hardness, wear resistance,
and mechanical properties limit its use [10-12]. However, due to the water-based acrylic resin with
water as the dispersion medium, the phenomenon of incomplete curing is easy to occur during curing,
and the residual water-based additives lead to poor water resistance of the coating. In addition, the
evaporation of water requires more heat, which asks higher requirements during the drying process
of the coating. In order to better play the application of UV cured coatings in the field of wood,
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the ultra-hydrophobic modification [13] and durability enhancement [14] are needed to improve the
properties of WUV, so as to better meet the production and use requirements. Zhong et al. [15] used
maleic anhydride and silicon modified waterborne alkyd resin, and prepared fluoro-acrylate resin by
micro-emulsion polymerization without surfactant. The modified resin has better mechanical stability
and corrosion resistance due to its larger contact angle with water. Saladino et al. prepared for the
silica/PMMA nanocomposites with different silica quantities by a melt compounding method and
systematically investigated it as a function of silica amount from 1 to 5 wt %. Results showed that
silica nanoparticles are well dispersed in the polymeric matrix whose structure remains amorphous.
The degradation of the polymer occurs at higher temperature in the presence of silica because of the
interaction between the two components [16].

As a kind of inorganic material, zinc oxide nanoparticles have diversified morphology and
excellent physicochemical properties [17]. Therefore, ZnO nanoparticles are a common packing, they
are low cost [18-20], harmless to the environment [19], and have excellent photoelectric performance
and rich form. Therefore, they have a broad application prospect in coatings [21-23], sensors [24,25],
photoelectric material [26-28], medicine [20], and many other fields [29]. For example, Zahra et al. [30]
used mixed ZnO/GO nanostructures to modify the surface of low carbon steel before acrylic resin
coating. Through the structural properties and interactions between the oxygen-containing groups of
ZnO and GO structures, the corrosion resistance of low carbon steel was improved. Zhou et al. [31]
prepared the nano-hydroxyapatite/ZnO coating on biodegradable Mg-Zn-Ca block metallic glass by
one-step hydrothermal method. Due to the presence of ZnO in the coating, the antibacterial rate of
BMG in vitro was close to 100%. Guo et al. prepared two coatings on the surface of spruce panels, the
first coating was coated by UV light absorbing ZnO and an additional hydrophobic layer of stearic acid,
which endowed the wooden panels with water repellence as well as protected the ZnO coating from
erosion due to rain. The second coating was based on a thin TiO, layer attached to the wood surface,
which aimed to avoid a pronounced initial color change induced by the coating itself [32]. Nair et al.
prepared a stable dispersion of nanoparticles of three metal oxides, zinc oxide (ZnO), cerium oxide
(CeOy), and titanium dioxide (TiOy) by propylene glycol (PG) through ultrasonication. The stability
test of the coating was measured by UV-vis absorption spectroscopy and an accelerated weathering
tester. Results shown that the increase in concentration of nanoparticles in the dispersion imparted
higher resistance to UV induced degradation [33].

In wood science, the utilization of wood can be improved by changing its dimensional stability,
flammability, biodegradability, and other properties [34]. Tuong et al. treated the acacia hybrid
wood with TiO, impregnation through the combination of pressure impregnation and hydrothermal
post-treatment. Results showed that the color stability against UV irradiation of the TiO, impregnated
wood was significantly improved than that of the untreated acacia hybrid wood. The TiO, nanoparticles
were located on the inner surfaces of the wood vessels and it could improve the UV resistance of
fabricated wood samples [35]. Yu et al. constructed ZnO nanostructures on the surface of solid wood
via a simple two-step process consisting of generation of ZnO seeds on the wood surface followed
by a solution treatment to promote crystal growth. Accelerated weathering was used to evaluate the
photostability of treated wood. Results showed that the photostability of the treated wood was greatly
enhanced [36].

The super-hydrophobic modification of WUV can make it have the properties of
self-cleaning [37,38], antifouling [38] and water resistance [39] and improve the erosion
resistance [3,40—43] of the coating, so that the wood material will possess a higher use value [44—46].
Yang et al. [47] soaked the poplar wood in a compound solution of maleic rosin and ethanol for 24 h.
After being taken out and dried, the sample was then soaked again in the solution of TiO, and modifier
to obtain a super-hydrophobic wood with a contact angle up to 157°. After soaking the modified poplar
in water for a week, irradiation under the hot sun for a week or boiling at 100 °C, the wood surface still
has super hydrophobicity. Gao et al. prepared superhydrophilic and underwater superoleophobic
poly by salt-induced phase inversion method. This kind of poly can quickly and efficiently separate
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the oil-water mixture system from the emulsified oil-water system, and the separation property is
stable. After repeated use, the separation efficiency of the oil-water mixture was above 98%, and that
of the oil-water emulsion is above 91%, which can be widely used in the oil-water mixture system and
emulsified oil-water system [48]. Wang et al. [49] impregnated wood into a mixture of zinc acetate
dihydrate and triethylamine, constructed a ZnO coating with roughness on the wood surface, and
modified the coating surface with stearic acid to obtain a super-hydrophobic coating with low surface
energy. The superhydrophobic coating remained superhydrophobic after drying at 60 °C for a month
or soaking in deionized water for a week, showing good air stability and erosion resistance, which
retained the natural appearance of wood while minimizing maintenance intervals. Poplar wood
is a kind of fast growing wood, which is sustainable, biodegradable, biocompatible [34], rich in
natural resources and low in price. It is usually used in furniture manufacturing. In this paper, ZnO
nanoparticles (ZnO NPs) were used as the modifier to prepare for a superhydrophobic WUV coating
on poplar wood, which retained the natural appearance of wood while minimizing maintenance
intervals [32,50]. The possibility of large-scale application of this low-cost and environmentally
friendly superhydrophobic surface preparation technology is discussed theoretically. This study is of
guiding significance to the application of functional materials with superhydrophobicity.

2. Experimental Part

2.1. Materials

The poplar wood (Populus tomentosa) cut from the longitudinal section with the size of 20 mm long
x 20 mm wide X 2 mm thick was supplied by Yihua Lifestyle Technology Co., Ltd., Shantou, China.
Its moisture content was 9.9% and the absolute dry density was 298 kg/m> The above data was tested
at 10 a.m. in winter, in an environment of 25 °C and the relative humidity of 46%. The waterborne
UV lacquer product (A185721006) was purchased from Huzhou Dazhou Polymer Material Co., Ltd.,
Huzhou, China. Ethyl acetate (99.5%) and acetic acid (CH3COOH, 99.5%) were provided by Nanjing
Chemical Reagent Co., Ltd., Nanjing, China. Zinc oxide (ZnO) was obtained from Xilong Scientific
Co., Ltd.,Guangzhou, China. Anhydrous ethanol (99.7%), n-hexane (99%) and TBOT (98%) was
purchased from Sinopharm Group, Shanghai, China. Stearic acid (C1gH340,) was provided from
Yonghua Chemical Technology Co., Ltd, Changshu, China.

2.2. Experimental Method

First, the poplar wood was dipped in anhydrous ethanol and distilled water respectively and
experienced sonication by an ultrasonic crusher (Misonix, Inc., New York, USA) for 1 h, and then the
treated wood was dried to absolute dry condition at 100 °C by a constant temperature blast drying
oven (Shanghai Xinmiao Medical Devices Co., Ltd., Shanghai, China). 10 g WUV and 6 g ZnO powder
was added into 13 mL ethyl acetate and the mixed solution was magnetically stirred by a magnetic
stirrer (Yinyu High-tech Instrument factory, Gongyi, China) for 45 min, so that the WUV and ZnO
powder were evenly dispersed in ethyl acetate. The obtained ZnO/WUYV lacquer was sprayed onto
dried poplar wood surface with a high-pressure electric spraying machine (Pritzker Power Tools,
Ningbo, China) at a distance of about 15-20 cm. Two layers of UV lacquer product were applied to the
poplar wood surface. The ZnO/WUYV lacquer was cured under ultraviolet lamp (Wuxi Jinhua Test
Equipment Co., Ltd, Wuxi, China) for 3.5 min and dried at 85 °C for 4 h to obtain ZnO/WUYV coating.

Then the anhydrous ethanol was used as dispersant, 20 mL stearic acid and acetic acid were
allocated as mixture under 70 °C. The solution was centrifuged at 4000 r/min with a centrifuge
(Shanghai Anting Scientific Instrument Factory, Shanghai, China) for 5 min. The sonicated mixture was
cooled to room temperature, and the ZnO/WUV sample was dipped into the mixture for 200 seconds
before being removed. The multistage flower zinc stearate/waterborne UV lacquer super-hydrophobic
coating (ZnSt2/WUV) was obtained after drying. The diagram of modification process of ZnO/WUV
and ZnSt2/WUV coatings is shown in Figure 1.
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Figure 1. Diagram of modification process.

2.3. Contact Angle (CA) Test

The contact angle of water on the cross section of ZnSt2/WUV was measured by Theta t200 Optical
contact goniometer (Sweden baiorin technology Co. Ltd., Gothenburg, Swedish). After drying, the
WUV and ZnSt2/WUYV samples were placed on the loading platform. About 2 uL of deionized water
was dripped on the surface of the samples under test. The sample was tested three times in parallel at
different locations.

2.4. SEM

After the prepared WUV and ZnSt2/WUYV samples were dried, thin slices with a width of about
5 mm and a thickness of about 2 mm were cut and fixed to the conductive adhesive on which the
samples were placed with tweezers. The samples were sprayed with gold for 30 s with a vacuum
plating apparatus. The surface and internal morphology of the samples were observed with an
environmental QUANTA 200 SEM (FEI Company, Hillsboro, OR, USA) at 3 kV voltage.

2.5. FTIR and XRD

A Vertex 80V infrared spectrum analyzer (Germany Bruker Co., Ltd., Karlsruhe, Germany) was
used to determine the functional groups of the ZnSt2/WUYV, and the wave number range was set at
500-4000 cm~!. AXIS UltraDLD XRD (Nippon Koji Co. Ltd, Osaka, Japan) was used to characterize
the internal molecular structure of the sample. The scanning speed was set from 5° to 70° [51], the
acceleration voltage was 40 kV, and the impressed current was 30 mA.

2.6. Different pH Values of Solution and Organic Solvent Immersion Test

ZnSt2/WUYV was soaked in the solutions with the pH values of 2, 4, 7, 9, 12, respectively and
dried after a period of time [52]. Similarly, the samples were soaked in different organic solvents [53],
dried after a period of time, and the contact angle of water on two samples in the same reagent were
measured and the average value of them was obtained as the final data.

2.7. Water Resistance Test

In order to determine whether the ZnSt2/WUYV coating had good water resistance, two samples
for each of WUV and ZnSt2/WUV were impregnated in distilled water, and then which were taken
out and weighed after a period of time, and the water absorption before and after modification was
calculated by using Equation (1):

WA (%) = (mg; — my;) / mp; X 100% 1)
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where my,; and m,; represent the film weights before and after absorbed water, respectively [15].
3. Results and Discussion

3.1. Contact Angle (CA) Test

By testing, the contact angles of water on the WUV and ZnSt2/WUYV (Table 1) coating samples
were 68.2° and 158.4°, respectively. Compared with the WUV coating, the ZnSt2/WUYV coating had the
property of superhydrophobicity.

Table 1. Image of contact angle (A: WUV; B: ZnSt2/WUV)

Contact Angle of Water on the

Name of the Coating Coating Surface (°)

Image of Contact Angle

WUV 68.2

ZnSt2/WUV 158.4

- -

3.2. SEM

The surface microstructure of WUV and ZnSt2/WUV coating samples was shown in Figure 2.
It could be seen from Figure 2A and 2B that the surface of WUV was smooth and covered by a uniform
and continuous WUV, with a few nanoparticles distributed on the surface. It could be seen from
Figure 2C that, at a magnification of 250, the surface of ZnSt2/WUV coating was evenly arranged
with micron-sized bulbous flower clusters, indicating that under the adhesive effect of WUV and the
modification effect of stearic acid, ZnO NPs reacted with acetic acid solution to form a micro/nano
flower-like structure. As could be seen from the Figure 2D, the surface of the micron-scale bulge was
evenly arranged with the petal-like mastoid structure. The petal-like mastoid tip had a nanoscale folded
structure, which enabled the gas to exist in the structure and lift the droplets when contacting with
the water droplets, so that the water droplets cannot penetrate and spread. The micro/nano structure,
similar to that of rose petals, was the key reason to the superhydrophobicity of the ZnSt2/WUV
coating [29,54].

3.3. FTIR and XRD

Figure 3A shows the FTIR spectrum of ZnSt2/WUV. 2869.5 cm™! corresponded to the symmetric
tensile vibration peak of C-H bond. 1320.9 and 1164.7 cm™! were the asymmetric stretching vibration
peaks of C-O-C, while 1488.7 and 1432.8 cm~! were the bending vibration peaks of -CH,. 1376.9 cm~!
was the symmetric deformation vibration peak of -CHj3. The absorption peaks corresponding to the
reaction products -CH, and ~CHj; were 2923.5 and 2850.2 cm™!, respectively. It can be seen that the
amount of C element and alkyl on the surface of ZnSt2/WUYV increased significantly, indicating that
the coating had been modified by stearic acid. The XRD pattern of the ZnSt2/WUV was shown in
Figure 3B. It could be seen that the characteristic diffraction peak of zinc contained a small amount
of C and O elements. In Figure 3B, the peaks at 16.2°,22.6°, and 33.2° corresponded to the peaks of
zinc stearate crystals. This indicated that the modification of stearic acid promotes the changes in
topography of the surface and the formation of nano-particles, the carboxyl group in acetic acid reacted
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with ZnO particles, and the -CH3 hydrophobic group was grafted onto the surface of ZnSt2 particles,
successfully constructing the superhydrophobic coating on the surface of poplar wood.

Figure 2. SEM images of WUV (A: at 250 magnification; B: at 2000 magnification) and ZnSt2/WUV (C:
at 250 magnification; D: at 2500 magnification) coatings.
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Figure 3. FTIR (A) and XRD (B) of ZnSt2/WUV.
3.4. Different pH Values of Solution and Organic Solvent Immersion Test

The water contact angle of the water on ZnSt2/WUYV coating was measured after impregnated
in different pH values of solution and organic solvent. As could be seen from Figure 4A, the CA of
coating was greater than 150° after being soaked in the solutions with pH values of 2, 4, and 7 for 50 h.
After soaking in the solutions with pH values of 2, 4, and 7 for 100 h, the CA was greater than 140°,
this was owing to the ZnSt2/WUYV coating decompose into stearic acid and corresponding salt when it
encounters acid, and its hydrophobicity would not lose, indicating its ability to maintain hydrophobicity
in acid solution and neutral solution. The superhydrophobic property of the ZnSt2/WUYV coating
lost after impregnating in the solution with pH values of 9 for 15 h and 12 for 5 h, respectively.
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This indicated that it is difficult for ZnSt2/WUYV coating to maintain hydrophobicity in alkaline solution
for a long time. The contact angle was above 140° after the ZnSt2/WUV coating was impregnated for
60 h in the solution with pH value of 9 and the contact angle was above 140° after the coating was
impregnated in the solution with pH value of 9 for 3 h. The contact angle of the coating was above
130° after immersion for 100 h in the solution with pH values of 9 and 12. The results showed that the
surface of the sample was still hydrophobic after dipping with the alkaline solution, the hydrophobicity
of ZnSt2/WUYV can be well maintained in acidic medium. As shown in Figure 4B, because the ethyl
alcohol and n-hexane used for impregnation was neutral and acetic acid was said to be acidic, the
ZnSt2/WUV coating remained super-hydrophobic after being impregnated in the solution of n-ethane,
anhydrous ethanol, and acetic acid for 50 h, respectively. The stability of ZnSt2/WUYV coating in ethyl
acetate and tetrabutyl titanate solutions—which all present alkaline after hydrolysis—was relatively
poor, which might be due to the reason that the low surface energy material on the coating surface was
easy to dissolve in alkaline organic solvent, resulting in the loss of superhydrophobicity of the coating.
In Figure 4A, the R2 coefficient of the contact angle of water on ZnSt2/WUYV with the immersion time
is —0.93, and in Figure 4B, the R2 coefficient of the contact angle of water on ZnSt2/WUYV with the
immersion time is —0.94. It can be seen that there is a negative correlation between the contact angle
of water on ZnSt2/WUV and the immersion time. In a word, the coating could be better to maintain
its hydrophobicity in acid organic solvents. Therefore, the application of this superhydrophobic
coating onto wood surface could protect wood from erosion when it is exposed to an acid or alkaline
environment, and extend the use of poplar wood.

—u— pH=2 —=— n-hexane
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Figure 4. Different pH values of solution and organic solvent immersion test of ZnSt2/WUV (A:
immersion in different pH solutions; B: immersion in different organic solvent).

3.5. Water Resistance Test

The water resistance test results of WUV and ZnSt2/WUV coatings are shown in Figure 5.
WUV and ZnSt2/WUV was soaked in distilled water for 45 days. The water absorption rate increased
with the increase of days and the water absorption of WUV went up even more and faster. When the
samples were immersed in water for 45 days, the absorption rate of the WUV coating increased
from 6.1% to 88.9%, while that of the ZnSt2/WUYV increased from 0.9% to 67.8%. It could be seen
that the ZnSt2/WUV showed good water resistance. This is because the modification of stearic acid
constructed a super-hydrophobic structure of multigrade ZnO on the surface of poplar wood, so
that the wood surface containing hygroscopicity components was covered by ZnSt2, which reduced
the hygroscopicity of poplar wood. According to the test, after 50 days of immersion in distilled
water, the contact angle of water on the surface of the sample was 154.4°, which showed a persistent
superhydrophobicity [53]. Therefore, this method of constructing superhydrophobic coatings on the
surface of wood substrates was expected to expand the use of poplar wood in waterproof and stain
resistant [55].
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Figure 5. Water resistance test of WUV and ZnSt2/WUV.

4. Conclusions

A superhydrophobic coating was constructed on the surface of poplar wood with a contact angle of
up to 158.4° through the water-based UV-cured wood coating which was modified by ZnO and stearic
acid. The results showed that under acid condition, the nonpolar long chain alkyl group of stearic
acid vapor molecule reacted with the hydroxyl group in acetic acid, the metal ions of the ZnO were
displaced to the stearic acid and generated globular zinc stearate (C34H79O4Zn). -CH3 hydrophobic
groups were grafted to the surface of ZnSt2 particles and micro/nano level of multistage flower ZnSt2
coarse structure was successfully constructed on the surface of poplar wood, which was the key to the
superhydrophobic property of the coating. The pH, corrosion resistance, and water resistance tests
revealed that the ZnSt2/WUYV coating had good resistance to acid medium and some organic solvent
corrosion ability. Compared with WUV, the water resistance of ZnSt2/WUYV was stronger, which was
conducive to prepare superhydrophobic coatings in an easy and environmentally friendly way and
expand the application scope of poplar products in waterproof field.
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Abstract: In this study, basalt fiber-reinforced polymer (BFRP) composites with epoxy matrix, 20 layers,
and volume fraction of fibers V; = 53.66%, were prepared by a hand lay-up compression molding
combined method. The fabric of the basalt fibers is in twill 2/2 weave. Through dynamic mechanical
analysis (DMA), their viscoelastic behavior at elevated temperatures and in various frequencies
was explored, whereas thermomechanical analysis (TMA) took part in terms of creep recovery and
stress-relaxation tests. Moreover, the glass transition temperature (T¢) of the BFRP composites was
determined through the peak of the tand curves while the decomposition of the BFRP composites
and basalt fibers, in air or nitrogen atmosphere, was explored through thermogravimetric analysis
(TGA). The mechanical behavior of the BFRP composites was investigated by tensile and three-point
bending experiments. The results showed that as the frequency is raised, the BFRP composites can
achieve slightly higher T, while, under the same circumstances, the storage modulus curve obtains a
less steep decrease in the middle transition region. Moreover, the hand lay-up compression molding
hybrid technique can be characterized as efficient for the preparation of polymer matrix composites
with a relatively high V¢ of over 50%. Remarkably, through the TGA experiments, the excellent
thermal resistance of the basalt fibers, in the temperature range 30-900 °C, was revealed.

Keywords: basalt fiber; epoxy composite; glass transition temperature; DMA; TMA; creep recovery;
stress-relaxation

1. Introduction

Nowadays, fiber-reinforced polymer (FRP) composites are broadly used, with the most use in
critical applications. These composites have proved their significant mechanical behavior in various
applications whereas research on them, using various materials and methods for their production, is still
ongoing. In particular, FRP composites consist of a polymer matrix reinforced with fibers. The usual
applications of the FRPs are in the aerospace, marine, automotive, and construction industries [1].
Additionally, due to their high strength-to-weight ratio, high stiffness-to-weight ratio, corrosion
resistance, and light weight, the FRP composites are appealing in civil engineering applications [2].
It must be noted that these materials have generally remarkable costs, so the applications must verify
them and the parameters such as fibers’ architecture and composites” production method affect the
properties of the FRP composites to a great extent.

The most commonly used fibers in the FRP composites are the carbon, glass, aramid, and basalt;
boron and silicon carbide fibers are also used, but in limited amounts. When long fibers are applied as
reinforcement phase, the composite obtains characteristics familiar for structural applications because
of the remarkable ability of these fibers to carry loads.
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A promising material for usage in various applications is the basalt, which is solidified volcano
lava. The basalt fibers are attractive to be used as reinforcement phase in composites because they
combine superior properties with low price. In particular, basalt fibers can be fabricated through
the use of basalt rocks [3]. When these fibers are embedded in a polymer matrix, the named basalt
fiber-reinforced polymer (BFRP) composites are formed. The stiff and brittle nature of the basalt fibers
is associated with their disadvantages [4].

During the production of the basalt fibers, shattered basalt rocks are melted at 1400 °C and the
molten material is drawn [5]. The continuous basalt fibers are fabricated with technology similar to
the E-glass, with the primary discrepancy that the latter are produced through a complex group of
materials, whereas the basalt filament is produced through the melting of basalt rocks without other
additives [6]. Corresponding to the degree of the contained SiO,, the basalt materials are categorized
to alkaline basalts (up to 42% SiO,), midly acidic basalts (43% to 46% SiO;), and acidic basalts (more
than 46% SiO5) [7].

One of the most common polymers, which is used as a matrix in the FRP composites, is epoxy.
Epoxy is primarily used for aerospace composites, but its long curing time makes it not the first choice
in automotive applications where polyester, vinyl ester, or polyurethane polymer matrices are preferred
due to their lower curing time than the epoxy [8].

The FRP composites production methods are mainly divided to autoclave and out of autoclave
(OOA) methods. The former include the use of autoclave, with which high quality FRP composites are
produced, but with significant costs for operation and energy, whereas the latter methods are more
economic and not so high level equipment needed. The lay-up techniques are those in which layers
are stacked, and the most familiar technique of them is the hand lay-up. In this method, the laminate,
usually with fiber fabric as reinforcement phase, is prepared by placing ply over ply by hand until
the desired thickness is achieved by the use of a roller as the resin is applied on the laminate and
as the excessive amount of it is removed. The hand lay-up technique has two main disadvantages;
it is difficult to achieve uniform distribution of the matrix, resulting in non-uniform percentage of
fibers/matrix in the composite laminate, and that during the curing, usually there is no pressure on
the laminate, which in turn increases the porosity of the composite plate. In this research, after the
preparation of the lay-up of the BFRP composite plate and during its curing, compression molding
was used to eliminate its porosity.

One of the main disadvantages of the FRP composites is their low thermal resistance and,
generally, their weakness at high temperatures, something which is mainly caused by the low thermal
resistance of the polymer matrix. The thermal behavior of the FRP composites is investigated
through thermal analysis, which is the study of the materials’ properties in accordance with the
temperature; measurement of properties under a specific temperature range or in an isothermal situation.
Familiar experiments of this sector are the dynamic mechanical analysis (DMA), thermomechanical
analysis (TMA), and thermogravimetric analysis (TGA). Generally, the materials’” behaviors are
influenced by high temperatures, so it is necessary for these to be tested and verified under
these circumstances.

DMA is used for the investigation of the rheology of the materials. By this technique, materials’
properties such as storage modulus, loss modulus, tand, and glass transition temperature (Tg), under
various temperatures, frequencies, forces, and deformation modes can be determined. Moreover, by
DMA, the properties of viscoelastic materials, like the polymers, can be explored. With the term
viscoelastic, materials which exhibit both elastic and viscous characteristics, when they are deformed,
are described. Additionally, another characteristic of the DMA experiments is that the deformation can
be applied on the specimens through various ways, depending on the instrument, such as three-point
bending, single cantilever and dual cantilever bending, tension, compression, and shear mode. It must
be noted that, in DMA tests, it is important the measurements to take part in the linear viscoelastic
region of the materials.
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Furthermore, through the DMA, the glass transition temperature (Ty) can be specified. The Ty
is an important point in the mechanical behavior of the materials and usually, at this temperature,
the polymers change phase from a solid state to a rubbery. However, T, is not very accurate defined
whereas there are many methods for its determination such as peak of loss modulus or tand curves, so it
is essential the method which was followed for its determination to be described. Furthermore, the T,
is quite different from the melting temperature (Tr,), because the melting point is the beginning of the
materials’ melting whereas at T, the materials becomes softer [9].

During the real life applications of the materials, forces are exerted on them for long periods of time
so it is essential their properties to be studied in dependence with the time. Through stress-relaxation
and creep recovery tests the materials” time dependent behavior can be investigated [10]. It should
be noted that, because the polymer matrix has viscoelastic behavior, polymer matrix composites
show viscoelastic behavior with the stress and strain to be dependent on time and temperature [11].
In particular, the long molecular chains of the polymer matrix cause the viscoelastic phenomenon of the
polymer composites [11]. Contrastively with the solid materials, the viscoelastic, when they are under
a constant load, do not exhibit a constant deformation but they continue to flow with the time—the
phenomenon named “creep” [12]. Additionally, the viscoelastic materials have time-dependent
behavior and permanent deformation [13].

During a creep experiment, constant stress is applied on the material at isothermal temperature,
and the arising strain is recorded in accordance with the time [14]. The parameters which affect the
creep behavior of FRP composites are temperature, frequency, applied stress, and the interface between
polymer-fibers. In the stress-relaxation experiment, a constant extension is applied on the sample and
the reducing force is recorded as the time is increased.

Various properties of BFRP composites have been investigated by researchers.
Huaian Zhang et al. [15] studied the effects of strain rate and temperature on the tensile properties of
BFRP composites which were produced through vacuum-assisted resin infusion technique.

Using two different matrices, vinylester resin and epoxy resin, and the same type of basalt fibers
as reinforcement, C. Colombo et al. [16] produced two types of basalt fiber-reinforced composites,
and they explored them experimentally through static tensile tests, static compression tests, static
delamination tests, fatigue tests, and stepwise tests. The results showed that the basalt fiber-reinforced
composites with epoxy matrix had higher ultimate tensile strength and ultimate compressive strength
than the one with vinylester matrix [16].

T. Bhat et al. [17] studied the fire structural properties of a basalt fiber-reinforced polymer laminate
under compressive loading and compared them with the properties of an E-glass fiber composite
which had the same fiber content, ply orientation, and polymer matrix. Dynamic mechanical analysis
was performed on BFRP plates by Zhongyu Lu et al. [18].

V. Lopresto et al. [19] fabricated, through vacuum bag technology, E-glass and basalt
fiber-reinforced plastic laminates, and they investigated them in terms of tensile, bending, shear,
compression, and impact tests. A study about the tensile, shear, and impact strengths of basalt
fiber-reinforced unsaturated polyester composites with and without acid and alkali treatments of the
fabrics was conducted by V. Manikandan et al. [20].

The influence of elevated temperatures on the flexural fatigue behavior of a pultruded basalt
fiber-reinforced epoxy plate was studied by Zike Wang et al. [21]. In particular, the BFRP specimens
were subjected to elevated temperature treatment in an oven at 150 °C and 250 °C for 0.5, 1, and 2 h [21].

Farzin Azimpour Shishevan et al. [22] investigated the low-velocity impact behavior of BERP
composites. In particular, in this study, BFRP and carbon fiber-reinforced polymer (CFRP) composites
were produced through vacuum-assisted resin transfer molding (VARTM) method and they were
tested to low-velocity impact experiments with different energy magnitudes [22].

Salvatore Carmisciano et al. [23] produced basalt and E-glass woven fabric reinforced composites.
Particularly, these composite laminates were fabricated by a resin transfer molding (RTM) system,
and through various tests, it was revealed that the basalt fiber composites exhibited higher flexural
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modulus and interlaminar shear strength but lower flexural strength compared to the composites
containing E-glass fibers [23].

P. Amuthakkannan and V. Manikandan [24] studied the free vibration and dynamic mechanical
properties of surface modified basalt fiber-reinforced polymer composites. In particular, by hand
lay-up method, they fabricated untreated, acid-treated, and base-treated basalt fiber composite and
investigated them through DMA [24].

However, a research study of BFRP composites, which have volume fraction of fibers (V) over
50%, representing enough experimental results, both for the mechanical and the thermal behavior of
these compounds, appears to be missing. At this point, it must be noted that in the FRP composites’
industry, the introduction of natural fibers, in percentage of 50% and over in a composite, while
maintaining good mechanical behavior of it, is of great interest as much from an ecological point of
view as from mechanical investigation aspects. In order to gain a better understanding of an FRP
composite, due to its viscoelastic matrix, several thermal analysis techniques must be employed to
study and characterize it.

In the present study, BFRP composites, consisting of 46.4% epoxy and 53.6% of basalt fibers,
volume fraction percentages determined through TGA, in 20 layers, were successfully prepared by
a hand lay-up compression molding combined technique and their dynamic mechanical properties,
in terms of storage modulus, loss modulus, tand, and glass transition temperature were determined.
Through the maximum values of the tand curves, the glass transition temperatures of them were
defined while TMA was performed in the modes of creep recovery and stress-relaxation experiments.
Moreover, TGA was used for the exploration of the decomposition of basalt fibers and BFRP composites,
as well as for the determination of the weight fraction of reinforcement phase and matrix, whereas
the mechanical behavior of the BFRP composites was investigated through tension and three-point
bending experiments.

2. Experimental

2.1. Materials

For the preparation of the BFRP composites, a mixture of Epoxy resin Epidian® 652 CIECH
Sarzyna S.A (Cieszyn, Poland) and hardener TFF CIECH Sarzyna S.A (Cieszyn, Poland), in a mixing
ratio of 100:27 parts per weight, was used as matrix. A fabric of basalt fibers 235 g/m?, in twill 2/2 weave,
supplied by Havel Composites (Cieszyn, Poland) was used as reinforcement phase (Figure 1). The fact
that the specific weight of the used basalt fibers is 2.67 g/cm?® must be stressed. For the production of
the BFRP composites, the steps described below were followed. By hand lay-up technique, a laminate
composed of 20 layers of polymer fibers was prepared, and then it was placed between two rectangular
metal plates forming a mold. It must be noted that the polymer matrix was applied on the fibers fabric
through a roller. Consequently, this system was placed in a compression machine, where it was pressed
under 20 MPa for 24 h, at a laboratory temperature of 24 °C. Then, the composite plate was left for
curing at room temperature for a week, and finally, specimens were cut in the desired dimensions
through water jet and mechanical cutting.

2.2. General Experimental Conditions

In all of the experiments, both of thermal analysis and mechanical behavior, the specimens were
in storage in a laboratory environment at 24 °C for not less than 40 h prior of the tests. During
the experiments, the conditions in the laboratory were at a temperature of 23 °C and humidity of
approximately 50%.
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Figure 1. The used basalt fibers. The photo was taken with the Carl Zeiss Stemi 2000C Microscope
(Jena, Germany) from the edges of the mold.

2.3. Dynamic Mechanical Analysis (DMA)

The DMA experiments were performed by the DMA 1 instrument, from METTLER TOLEDO
(Schwerzenbach, Switzerland), with using the STARe Software and under single cantilever configuration
(Figure 2). The dimensions of the rectangular shape specimens were 25 mm X 5.7 mm X 2.1 mm
(length x width x thickness).

Figure 2. DMA specimen on the single cantilever mode.

Firstly, for the determination of the linear viscoelastic region of the BERP composites, strain sweep
tests over the range 1-31 um were performed at 25 °C and 1 Hz frequency.

Next, temperature sweep tests were conducted over the temperature range of 30-180 °C, with a
heating rate of 2 K/min under three different frequencies: 1, 5, and 10 Hz. The displacement amplitude
was adjusted to be 8 um. Moreover, the T temperatures of the BFRP composites was determined
through the peak of the tanb and they are presented in Table 1.

Table 1. Glass transition temperature of the BFRP composites.

Frequency 1Hz 5Hz 10 Hz
T¢ (peak of tand) 67.1°C 72.1°C 754 °C
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2.4. Thermomechanical Analysis (TMA)

The creep recovery and stress-relaxation tests were carried out by the METTLER TOLEDO
DMA 1 (Schwerzenbach, Switzerland) instrument, with the STARe Software and under TMA mode
and three-point bending configuration. For both types of the experiments, creep recovery and
stress-relaxation, the specimens were in rectangular shape with dimensions 40 mm X 5.7 mm X 2.1 mm
(length x width X thickness) with the span length between the supports to be 30 mm.
Specifically, the particular specifications of these tests are described below.

2.4.1. Creep Recovery Tests

In the first type of the creep recovery experiments, at isothermal 25 °C, a force of 1, 3, or 5 Newton
was applied on the specimens for 30 min and then the recovery behavior of them was recorded under
0N for 120 min.

The second type of the creep recovery tests took part under three different temperatures. In detail,
1 N was applied on the specimens whereas the temperature was 25, 50, or 75 °C and the recovery of
them, under 0 N, was measured for 120 min.

2.4.2. Stress-Relaxation Tests

The stress-relaxation tests were performed at three different temperatures: 25, 50, and 60 °C.
In detail, during these experiments, 20 pm extension was applied on the specimens and their
time-dependent stress was being measured for 60 min. It should be noted that experiments were
performed at 75 °C, but they were failed due to the small resistance of the BFRP sample in deformation
at this temperature; the force was always falling in negative values.

2.5. Thermogravimetric Analysis (TGA)

The TGA was performed with the TGA Q50 Thermogravimetric Analyzer, from the TA Instruments
(New Castle, DE, USA), in the temperature range 30-900 °C, with heating rate 10 °C/min, in air or
nitrogen atmosphere for two different separate runs. It must be noted that the TGA tests were setting
and performed with the Thermal Advantage Release 5.4.0 software and the results were evaluated
with the TA Instruments Universal Analysis 2000 version 4.5A program. In particular, during these
experiments, samples with weights of approximately 60 mg were placed in an alumina crucible, and the
total flow was set at 100 mL/min; balance purge flow at 40 mL/min, and sample purge flow 60 mL/min.
It must be noted that the complex structure of the BERP composites requires enough mass during the
TGA experiments, so as to be excluded reliable conclusions for its decomposition and that is why the
weight of the TGA samples was relative big.

2.6. Mechanical Properties

The flexural strength of the BFRP composites was determined at room temperature using
the testing machine Zwick/Roell 1456 (Ulm, Germany) with the software testXpert® II V2.1.
In particular, the three-point bending experiments were exhibited with specimens of dimensions
75 mm x 10 mm X 2.1 mm (length X width x thickness) with the span length-to-depth ratio of 20:1,
whereas the crosshead speed was set to 1 mm/min. For reliability in the measurements, four specimens
were tested, and the average values of the flexural characteristics are presented in Table 2.

Table 2. Average values of the three-point bending results.

F at 0.2% Plastic Deformation [N]  Upper Yield Point [N]  ogmax [MPal
BFRP composite 187.75 195 282
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The tensile tests were carried out, at room temperature, with the testing machine Vibrophore
100, from Zwick/Roell Company (Ulm, Germany) with the software TestExpert III. In particular,
the tensile strength of the BFRP composites was measured with specimens of dimensions
150 mm X 13 mm X 2.1 mm (Figure 3) with the gripping sections to be each 40 mm, giving a clear
tension testing length of 70 mm (Figure 4). Furthermore, the crosshead speed was set at 1 mm/min.
For this kind of experiment, five samples were tested, and the average values of them are presented
in Table 3.

Figure 4. Tension specimen on the grips.

Table 3. Average values of the tension experiments results.

F at 0.2% Plastic Strain [N] Osmax [MPa]  Strain at Breakage [%]
BFRP composite 2580 4944 4.68

3. Results
3.1. DMA Tests

3.1.1. Displacement Sweep Test

Figure 5 depicts the graph of a displacement sweep test on BFRP compound specimen. At the
chosen 8 um, the initial storage modulus value does not change remarkably so it is assumed that the
DMA experiments take part in the linear viscoelastic region of the materials.

97



Polymers 2020, 12, 1785

MPa
7000
6000

5000
4000
3000
2000
1000

0

Storage modulus [MPa]

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 pm

Displacement amplitude

Figure 5. Displacement sweep test of the BFRP specimen; storage modulus versus displacement.

3.1.2. DMA Experiments

The storage modulus (E’) is associated with the stored energy of the materials. Figure 6 shows the
storage modulus of the BFRP composites, as the temperature is increased, at three different frequencies;
1,5 or 10 Hz. From this graph, it is observed that as the temperature is raised the storage modulus of the
BFRP composites is reduced, with high rate, up to the 90 °C. Remarkably, after about the 55 °C, a steep
drop in the values is observed. Generally, this steep fall in the storage modulus curve specifies the
maximum working temperature of the materials and it is associated with the T¢. However, it should
be noted that as the frequency is increased, this transition region becomes less abrupt and with longer
duration. Furthermore, after about the 90 °C, the storage modulus values are in a steady low value
line until the final temperature.

Storage modulus [MPa]

0
30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 °C
Temperature [°C]

Figure 6. Storage modulus of the BFRP composites, as a function of the temperature, at 1, 5 and 10 Hz.

The loss modulus (E”) is correlated with the lost energy, as form of heat, under DMA tests.
High values of loss modulus point out viscous behavior therefore remarkable damping properties [25].
The loss moduli of the BFRP composites, at three different frequencies and as a function of temperature,
is presented in Figure 7. As it can be seen, at low temperatures, the curves follow a steep increase
achieving peak values whereas then a steep fall is observed until almost zero values which are
maintained up to the final 180 °C. It is worth mentioning that higher frequency seems to have a
negative impact in the peak values of the loss modulus.
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Figure 7. Loss modulus of the BFRP composites, as a function of the temperature, at 1, 5 and 10 Hz.
The tans is the ratio of loss modulus to storage modulus
tand = E”/E’ (1)

and it is sometimes called damping factor.

The tand curves of the BFRP composites, over the temperature range of 30-180 °C, whereas the
frequency is 1, 5, or 10 Hz, are shown in Figure 8. As it can be seen, at low temperatures the values are
almost stable, whereas after approximately the 50 °C, they follow a step upward trend, achieving a
peak value, which can be used for the identification of the materials’ glass transition temperature, and
then they follow a steep decrease.

Table 1 depicts the T of the BEFRP composites which were acquired through the corresponding
temperature of the peak of the tand curves. It can be revealed that as the frequency is increased
the BFRP can obtain higher T;. Daohai Zhang et al. [26] determined, through tand peak, the T of
long glass fiber reinforced thermoplastic polyurethane/poly(butylene terephthalate) composites, and
they found the Ty of these composites to shift in higher temperatures as the frequency was increased.
Moreover, the T¢ of auto polymerized hard direct denture reline resins, determinate through dynamic
mechanical analysis, was found to be higher in greater frequencies [27].
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Figure 8. tand of the BFRP composites, as a function of the temperature, at 1, 5, and 10 Hz.
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3.2. Thermomechanical Analysis (TMA)

3.2.1. Creep Recovery Tests

Figure 9 depicts the creep recovery behavior of the BFRP composites with an initial force of 1,
3 or 5 Newton at temperature 25 °C. In this graph, it can be noticed that the creep behavior of these
composites is almost stable or very slightly increases during the first 30 min of the experiments whereas
their recovery took part immediately after the release of the force. The final value of these curves is the
permanent deformation which was caused on the composites and as it was expected the 1 Newton
initial force caused the less.
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Figure 9. Creep recovery isothermal curves of the BERP composites under various initial forces.

Figure 10 illustrates the effect of the temperature on the creep recovery behavior of the BFRP
composites. In this graph, a remarkable point is that, in higher temperatures, the resistance of the BFPR
composites in deformation is reduced. Additionally, whereas at 25 °C, the deformation on the samples
was almost steady during the first 15 min of the force application, at 50 and 75 °C, the deformation
is rising rapidly during this time. This can be attributed to the fact that, at high temperatures, the
structure of the composites becomes more compliant, thus the viscoelasticity becomes more evident
and, as a consequence, this growing in deformation can be noticed.
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Figure 10. Creep recovery curves of the BERP composites at various temperatures under initial force of
1 Newton.
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3.2.2. Stress-Relaxation Tests

Figure 11 depicts the stress-relaxation of the BFRP composites at 25, 50, or 60 °C. Remarkably, the
viscoelastic nature of the BFRP composites is visible in the first minutes of these curves; initially, the
composites’ structure require a considerable high force which then is reduced, finally reaching almost
stable values.
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i3 2590
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Figure 11. Stress-relaxation curves of the BFRP composites at various temperatures.

3.3. Flexural Experiments

Strength of the materials is their ability to withstand forces without breakage. The determination
of the flexural strength is very useful, especially in structural applications, whereas its identification
also helps for the evaluation of the composites’ matrix—fiber interface. In engineering, the yield strength
is the point at which the materials change from elastic to plastic deformation, and usually, it determines
the maximum working strain of the materials, as after this point, there is permanent deformation on
their structure. Table 2 shows the three-point bending experiments results of the BFRP composites,
whereas Figure 12 represents the flexural curves of them in detail.
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Figure 12. Flexural strength curves of the BERP composites.
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3.4. Tension Experiments

The tension strength is the force which a material can withstand, due to pulling, before its
breakage and it is one of the most important properties of the materials. The curves of the five tension
experiments, are presented in Figure 13. As it can be revealed, a relative good reliability, for the hand
lay-up fabrication method and composite heterogeneous structure, can be obtained, as three of them
have almost identical curves, whereas the other two curves, despite the fact that they exhibited lower
maximum values, follow the same general trend. Additionally, the BFRP composites are characterized
as brittle materials because they break suddenly without showing plastic deformation.

Stress [MPa]

Strain [%]
Figure 13. Tensile stress-strain curves of the five specimens.
3.5. TGA

Figures 14 and 15 show the weight of the BERP composite as a function of the temperature, in
the range 30-900 °C, in air or nitrogen atmosphere. As it can be seen, during the decomposition of
the BFRP composite in both atmospheres, a sharp decline starts at approximately 260-300 °C, and
this is attributed to the main weight loss of the epoxy matrix. Comparing the decomposition of the
BRFP compound in air with its decomposition in nitrogen atmosphere, it can be revealed that the
degradation of its matrix, as the basalt fibers are not thermally affected in this temperature, in the latter
atmosphere takes part with a lower rate and continues up to the final 900 °C whereas in air the epoxy
has completely decomposed up to the 550 °C. A remarkable point in the DTG graphs, is the maximum
peaks which correspond to the maximum degradation rate of the investigated materials. In the case of
the BFRP composite, TGA in Ny, one peak is appeared at 341 °C, which is dedicated to degradation of
its matrix, whereas in air, two maximum heating rates are presented at 336.4 and 458.6 °C, respectively.
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Figure 14. TGA and DTG curves of the BFRP composite in Nitrogen atmosphere.
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Figure 15. TGA and DTG curves of the BFRP composite in air atmosphere.

Figures 16 and 17 depict the decomposition of the basalt fibers in air or N, atmosphere. As it can
be revealed, these fibers show excellent thermal resistance; they are not thermally influenced under
both atmospheres up to the final 900 °C.
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Figure 16. TGA and DTG curves of the basalt fibers in Nitrogen atmosphere.
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Figure 17. TGA and DTG curves of the basalt fibers in air atmosphere.

The used basalt fibers, in this TGA experiment, were taken from over the edges of the hand lay-up
mold so they were not absolutely pure. The approximately 6% weight reduction, in the temperature
range 200-600 °C, is attributed in decomposition, of a very small part of epoxy which was stuck on
the basalt fibers during the composites’ production. This is also verified from the fact that after the
approximately the 630 °C the basalt fibers are not thermally affected.

The used basalt fibers, in this TGA experiment, were taken from over the edges of the hand lay-up
composite plate so they were not absolutely pure. The approximately 4% weight reduction, in the
temperature range 200-500 °C is attributed in decomposition, of a very small part of epoxy which was
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stuck on the basalt fiber during the composites’ production. This is also verified from the fact that after
approximately the 500 °C the basalt fibers are not thermally affected.

3.6. Calculation of the Fibers” Volume Fraction (V) and Volume of the Matrix (Vyy,)

Based on the TGA experiments, and using the weight fraction of the reinforcement (Wy), the
weight fraction of the matrix (Wy,) and the densities of the basalt fibers and epoxy matrix, the Vy of the
reinforcement in the BFRP composite was calculated. In detail, the decomposition curve of the BFRP
composite, in air atmosphere, after approximately the 550 °C became flat and steady, thus meaning
that the epoxy matrix was completely decomposed where at the same time the basalt fibers were not
thermally affected. At this temperature, the weight percentage is 73.76% and so this includes only
basalt fibers; thus, Wr= 73.76% and W, = 26.24 %.

The densities of the basalt fibers and epoxy matrix are known, 2.67 and 1.10 g/cm? respectively.
So, the volume fraction of the reinforcement phase, in terms of weight fraction, was found according to
the equation [28]:

Wf * Pm
B Wf*Pm+Wm*Pf

Vy 2)
where:

Vi = volume of the reinforcement

Vin = volume of the matrix

pm = density of matrix

ps = density of reinforcement

So, finally, Vf =53.66% and V,;, = 46.34%.

4. Conclusions

During this research study, BFRP composites with relatively high V;over 50% were successfully
fabricated and were experimentally investigated through various thermal analysis and mechanical
behavior tests. At this point, it must be noted that the basalt fibers, which have natural origin, when they
are used in polymer matrix composites, especially with high V;, give them biodegradable characteristics,
an advantage which nowadays is becoming more and more important due to environmental concerns.
Based on the experimental results, the following conclusions can be drawn. Through the creep recovery
and stress-relaxation tests, the significant impact of the high temperatures on the materials” structure
was revealed. Especially near and over the T, the BFRP polymer showed remarkable reduction in
resistance in deformation forces. Thus, it can be concluded that the Ty is a critical point in the polymer
matrix composites’ behavior. Through the DMA, it was revealed that as the frequency increases, the
peak values of the tand of the BFRP composite move to higher temperatures, leading to a greater T,.
The Ty is affected by the frequency.

One of the significant revelations in this research is the thermal resistance of the basalt fibers.
In particular, in the TGA runs, these fibers showed no decomposition, in the temperature range
30-900 °C, in nitrogen or air atmosphere. Due to this characteristic, the basalt fibers can be classified as
potential material for usage in a very broad range of applications, as the resistance to high temperatures
is always a critical factor. These could be as thermal insulations against fire dangers, and also in the
surrounding regions of exhaust systems of airplanes, cars, and vehicles. Moreover, due to the basalt
fibers’ low density, the combination of them in polymer matrix results in a composite with low weight,
which turns to very important materials’ characteristics such as high strength-to-weight and high
stiffness-to-weight. These features make the BFRP composites ideal for commercial aircraft applications
where the BFRP composite” low weight will turn in reduction in airplanes’ fuel consumption, whereas
also in the case of fire, these fibers will show remarkable thermal resistance and will continue to provide
structural support up to high temperatures.
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From an overall point of view, the BFRP composites showed very good tensile and flexural
strength, something which means that the epoxy matrix formed a very good interfacial bond with the
basalt fibers. Generally, the FRP composites demonstrate low mechanical behavior in case of a poor
bond between matrix and fibers. Moreover, based on the overall results, especially on those of the
mechanical behavior of the BFRP composites, as in those in which a various number of specimens
were used for reliability, and due to the fact that the composite plate has remarkably stable thickness
(0.1 mm) through its structure, the hybrid hand lay-up compression molding technique can be
characterized as efficient and reliable for the production of FRP composites, with a high V of fibers of
over 50% as the produced BFRP composites.
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Abstract: Mullite whiskers were novelty prepared via pressure field assisted polycondensation
nonaqueous precipitation method. The precipitate phase transition in heating process, phase
compositions and microstructure of samples calcined at different temperatures, effect of pressure
field on precursors polycondensation and AlF; amount on sample morphology, the structure and the
growth mechanism of whiskers were investigated. The results indicate that pressure field caused by
kettle treatment promotes the polycondensation reaction between AlF; and tetraethyl orthosilicate
(TEOS), the excess aluminum fluoride coordinates with the precipitate skeleton of the =AI-O-Si=,
which brings about the low mullitization temperature (900 °C). The sample prepared with the optimal
amount of aluminum fluoride (1.3 of the theoretical amount) calcined at 1100 °C presents high
yield and aspect ratio (>15, 100 nm in diameter) of mullite whiskers. Growth of whiskers prepared
via pressure field assisted polycondensation nonaqueous precipitation method is attributed to a
vapor-solid (VS) mechanism with the inducement of screw. These mullite whiskers with the structure
of multi-needle whiskers connected in the same center can be distributed evenly in epoxy resin, which
greatly improves the mechanical properties of epoxy resin.

Keywords: mullite; whiskers; nonaqueous precipitation method; aluminum fluoride; polar
transformation; screw

1. Introduction

Mullite (3Al,03-25i0;) materials are widely applied as high-temperature engineering and
refractory materials, due to their unique excellent properties of high-temperature strength, low thermal
conductivity, high creep resistance, relatively low thermal expansion coefficient, excellent chemical
stability and creep resistance [1,2]. Mullite has a stable crystal structure of orthorhombic. Its lattice
constants (a, b and c) are of 7.545 A, 7.689 A and 2.884 A (JCPDS Card # 15-0776). The crystal growth of
mullite is generally more quickly in the c-axis direction than any other direction, which brings a high
orientation degree to form mullite whiskers. Mullite whiskers have attracted much attention as the
reinforcement for high-temperature materials [3-5].
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Various processing techniques have been utilized to prepare mullite whiskers, including the
mineral decomposition method [6], vapor-phase reaction method [7], molten salt method [8], hydrolytic
sol-gel method [9], nonhydrolytic sol-gel method [10], nonhydrolytic sol-gel combined with the molten
salt method [11-14], etc. The nonaqueous precipitation method is a novel materials synthesis method,
and it holds the merits of simple process, short cycle, non-aggregation of products [15-17]. However, in
order to give full play to the advantages of nonaqueous precipitation method, the precursor materials
must undergo nonhydrolytic polycondensation. In our previous researches, it was found that the
polarity of precursor material should not be too large, the ion bond percentage should not be more
than 50%, in order to make the precursor material directly undergo nonhydrolytic polycondensation.
At the same time, these polar compounds with a large percentage of ionic bond are often characterized
by low cost, low toxicity and environmental protection. However, it is a traditional problem in
the field of nonhydrolytic polycondensation that how to make compounds with more than 50%
ionic bond participate in nonhydrolytic polycondensation. If the compounds with high ionic bond
percentage more than 50% can also participate in nonhydrolytic polycondensation, the range of raw
materials for nonhydrolytic polycondensation can be greatly increased. In this work, a method of
pressure field assisted polycondensationis developed to make the compound with more than 50%
ionic bond percentage participate in nonhydrolytic polycondensation. This method is proposed
to be used in mullite whiskers in-situ synthesis via a facile nonaqueous precipitation process with
high ionic bond percentage. In comparison with traditional mullite whisker preparation methods,
this in-situ nonaqueous precipitation method has the superiorities of low mullitization temperature,
high homogeneity and efficiency, simple operation. The present work studies the phase transition
process and the structure of precipitate. Effects of aluminum fluoride amount on whisker preparation
are also investigated. The whiskers growth mechanism is discussed and their application as epoxy
resin reinforcement is also investigated.

2. Materials and Methods

Analytical grade of anhydrous aluminum fluoride (AlF;), tetraethoxysilane (Si(OC,Hs)4) and
anhydrous ethanol (C,H50H) were produced by China Medicine (Group) Shanghai Chemical Reagent,
Co., Ltd. They were directly used without further purification.

In the glove-box, 13.5 mL tetraethyl orthosilicate (TEOS) was dissolved in 120 mL anhydrous
ethanol with the formation of TEOS-ethanol solution (0.5 mol/L). Then 15.116 g (theoretical amount
(TA) for mullite synthesis, Ag), 16.628 g (1.1 of TA, A1), 18.139 g (1.2 of TA, Ap), 19.651 g (1.3 of TA, A3)
and 21.162 g (1.4 of TA, A) anhydrous aluminum fluoride was added to the ethanol solution of TEOS,
respectively. Mixtures were transformed to a kettle with the nominal volume of 200 mL, and then held
at 130 °C for 12 h. After washed repeatedly with ethanol and filtered, the precipitate powders were
obtained. They were finally dried at 110 °C for 2 h, and then calcined to a temperature scale from
900 to 1100 °C for 4h to get the final samples.

As to the epoxy resin samples, 5 g A3 mullite whisker (M*) or without whisker (E¥), and 6 g
diethanolamine were weighed and added to 5 Og epoxy resin with continuous and fierce stirring.
After the mixture was stirred evenly, they were poured into tin paper mold. The samples were then
degassed for 1 h in air and 30 min in negative pressure of 0.06 MPa, and cured at 80 °C for 12 h to get
the final sample.

Crystal phases of the samples calcined at different temperatures were tested via XRD (X-ray
diffractometer, D8, Bruker, Karlsruhe, Germany) with radiation of CuK, operated at 30 mA and
40 kV. The bonds contained in the precipitates were determined via FT-IR (Fourier transform infrared
spectroscopy, Nicolet 5700, Thermo, Boston, MA, USA) in the wavenumber of 4000—400 cm™1,
The samples morphology with different aluminum fluoride amounts was characterized by FE-SEM
(field-emission scanning electron microscopy, SU-8010, JEOL, Tokyo, Japan). The whiskers structure
was determined via TEM (transmission electron microscopy, JEM-2010, JEOL, Tokyo, Japan).
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The mechanical properties of pure epoxy resin and mullite whisker-epoxy resin composite were
measured by universal testing machine (TH-8203, Suzhou, China). Two-body abrasive wear test was
determined by pin-on-disc machine (MPX-2000A, Zhangjiakou, China) under multi-load conditions.
The specimens with the size of 10 mm X 10 mm X 3 mm and surface rubbed were glued on the steel
sample clip. They were rubbed with the abrasive paper of SiC, which was pasted on the disc through
the adhesive.

The specific abrasive wear rate (Ws) was calculated by the following relation:

VsVe

W= K—>——,
s EHé'f‘ua FN

1)
where the K is proportionality constant, H is the hardness, E is the elastic modulus, ¢fis the failure
strain, i, is the friction coefficient, Fy is the normal load, Vs is the sliding speed and V is the crack
growth speed. In present work, the Vs (150 rpm) and the Fy (5, 10 and 15 N) are small. It is applicable
of Equation (1).

3. Results and Discussion

3.1. Precipitate Phase Transition Analysis

Figure 1 presents the XRD patterns of Az precipitate calcined in the temperature range of
800-1100 °C with intervals of 100 °C. As can be seen from Figure 1, the mullitization occurred at 900 °C,
which could be inferred from the XRD pattern of the sample heated at 800 °C had no diffraction peak
and sample heated at 900 °C presented a unique mullite phase without any other diffraction peak.
It is worth noting the mullitization temperature is much lower than the traditional one [18] generally
generated via the solid phase reaction between SiO, and Al,O3 according to formula (2), which is
benefited from the precipitate mullitization is generated by the =Al-O-Si= bonds rearrangement
confirmed by the later FI-IR analysis.

3A1203 + 28102—>A16512013 (2)
e
z
=
2
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Figure 1. XRD patterns of the samples calcined at different temperatures.

As the temperature further increased to 1100 °C, it is also noteworthy that no impurity phase
peak, such as Si-Al spinel or y-Al,O3, could be observed in the XRD patterns from 900 to 1100 °C.
Mullite is a unique phase appeared in the whole heating process. These indicate TEOS had completely
reacted with AlF;, and the excessive AlFswasto the point.

3.2. Effect of Pressure Field Caused by Kettle Treatment

Figure 2 shows the XRD patterns of the samples without kettle treatment (a) and with kettle
treatment (b), both of them were calcined at 900 °C. No crystal phase diffraction peak existed in the
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sample prepared without kettle treatment (a), indicating that the sample was amorphous without
the formation of mullite phase. In stark contrast, only mullite phase diffraction peaks were detected
in the sample prepared with kettle treatment (b), suggesting that the crystalline phase of the sample
was the pure mullite phase. Figure 2 also presents the FT-IR spectra of precipitates without kettle
treatment (a) and with kettle treatment (b) to study chemical root for low mullitization temperature
of the sample prepared with kettle treatment. The FI-IR spectrum of the sample without kettle
treatment (a) shows a typical FI-IR spectrum of TEOS, the characteristic vibrations of Si-O-C in TEOS
are shown in it. However, no aluminum related vibration was detected, indicating that AlFzdidnot
participate in reaction. It was mainly because the ionic character of Al-F bond calculated according
to formula (3) was 64.89%. It indicates an obvious ionic character of AI-F bond. AlF; preferred to
exist in ions form in precursors mixtures liquid theoretically in conventional conditions. In sharp
contrast, the FT-IR spectrum of precipitates with kettle treatment shown in Figure 2 presents typical
absorbance peaks of =Al-O-Si=. It is the intermediate product of reaction between AlF; and TEOS.
The vibrations at 492 cm ™! and 1044 cm ™! ascribed to 5(SiO4) and v(SiO,) indicate the silica tetrahedron
formation. This certificates that molecules TEOS had reacted with (partial of) AlF3 molecules completely.
The vibrations at 810 and 854 cm™! assigned to v(AlOy) also show that the three Fs bonded with Al in
partial of AlF3 molecules were completely replaced by the groups of Si-O. While the appearance of
Al-F bond at 607 cm™! was caused by the excess of AlF;.In addition, the C=O bonds in sample (b)
were caused by adsorption of carbon dioxide in air, which indicates that the precipitate skeleton had
higher coordination ability and polycondensation.

(b)

O-H(vas)
C=0(vas)
Al-O-Sifvs)
Al-Fys)
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, . . &
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2-Theta(®) Wavenumbers/cm "

Figure 2. XRD patterns and FI-IR spectra of the samples without kettle treatment (a)and with kettle
treatment (b).

These results indicate the reaction between AlF; and TEOS shown as formula (3) and the structure
of precipitate with kettle treatment is deduced as shown in Figure 3.

Ionic character percentage (%) =1 — exp[—(X4 — Xg)%/4]. 3)

In formula (3), X4 and Xp are the electronegativities of the two elements in the compound AB.

OC,H; F OC,H; E OCHs ¢
[ 7130 °C I7 pveeas .+ 130 °C Pheemoeey t
cszo—sii—ocsz +F-Al —= C2H50—S|1—01C'«.H; FrAl — = CszO—ﬁl—O'Al: +CoHsF
. 2. ErAl Theveenns :
OC,H; F OC,H; F OCH; F

(4)

The polarity of the compound can be reversed in organic chemical synthesis reactions. The concept
of “polar transformation” in the reaction has been paid attention to in recent years. It is generally
believed that the change of entropy (isothermal) and temperature (adiabatic) will induce the change of
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dipole state when the molecular dipole of the material changes from a disordered state to an ordered
state. If the temperature change and the entropy change are large, it is called the electrothermal effect
of the material. Electric dipoles undergo heating fluctuations without external pressure, and their
orientations are random, similar to those of water molecules. When molecules are subjected to external
pressure, the dipoles may turn. When the external pressure becomes high enough, the dipole can even
be completely symmetrical, and the material is polarize-saturated to form polar covalent bonds with
high covalent bond percentage. Polarity conversion can broaden the selections of raw materials in the
organic related synthesis process. Therefore, when designing the reaction process, it should consider
not only the nature of the raw material itself and the inherent performance in the reaction but also the
possible transformation of raw material in the reaction process.
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Figure 3. Deduced structure of precipitate with kettle treatment.

“Polar transformation” can further enrich the contents of nonhydrolytic reactions and discussion
on the polarity of raw materials from the perspective of environment temperature and pressure. It plays
an important role in mastering the organic synthesis and provides a simpler way for the synthesis of
new compounds. It also enriches raw materials selection for nonhydrolytic reactions.

3.3. Effect of AIF3Amount on Sample Morphology

Figure 4 presents the FE-SEM graphs of the samples prepared with different AlF; amounts, Ag (a;
1.0 theoretical amount (TA)), A; (b; 1.1TA), A; (c; 1.2TA), Az (d; 1.3TA) and A4 (e; 1.4TA). Figure 4a
shows characteristic powder morphology; it is similar to the powder morphology prepared via a
non-hydrolytic sol-gel method [19]. The sample presents rice-like grains with the one-dimensional
growth trend. In comparison Figure 4a—d, the latter three samples show the characteristic whisker-like
morphology. Figure 4b—d) show that the particles mingled gradually disappeared in whiskers with
the increase of AlF3 amount. The whiskers diameter further increased with the AlF; amount increase.
The sample finally shows cluster-like-structured whisker morphology. However, when the amount
of AlFs further increased to 1.4TA (Ay; e), mullite whisker had disappeared. Sample morphology
develops into a sheet-like structure with a thickness of about 0.1-0.25 um. When AlF; was used as
a vapor catalyst for crystal growth, vapor saturation was the decisive factor for the final products.
Only appropriate low vapor saturation could generate high-quality whiskers. In this work, when AlF3
amount equaled to the theoretical amount for mullite synthesis, the whole system had no AlF; vapor
phase. Mullite crystal could hardly grow preferentially and finally formed a particulate. For sample A4
and sample A;, they were in low vapor concentration, their mullitization and mullite whiskers growth
were limited. The limited mullitization and mullite whiskers growth led to the mullite whiskers being
mixed with mullite particles. However, when the AlF3 amount further changed to 1.4TA, the vapor
supersaturation concentration of AlFswasat an over high degree, AlF; preferentially reacted with
H,O vapor to generate alumina phase. This process is shown in formula (5) and formula (6). Al,O3
preferred to grow into platelet-shaped corundum in AlF; vapor. Consequently, the optimal AlF;
amount was 1.3TA, namely 1.3 of the theoretical amount for mullite synthesis.
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AlF; + H,O = AIOF + 2HF. (5)
2AIOF + H,0 = AlLO; + 2HF. (6)

Figure 4. Field-emission (FE)-SEM images of the samples with different AlF;3 amounts; (a) Ay, (b) Aq,
(c) Ay, (d) Az and (e) Ay.

3.4. Structure Analysis of Whiskers

Figure 5 shows the TEM graph (a), SAED pattern (b) and HR-TEM graph (c) of the optimal A3
sample. TEM (a) graph shows the typical morphology of the as-prepared Az mullite whisker.
It demonstrated that the whisker had a relatively uniform microstructure, which shows the
well-distributed whiskers had formed. The mullite whiskers were less than 100 nm in diameter
and more than 15 in the aspect ratio. It was consistent with the results of FE-SEM. There was dark
bands in the whisker center, which indicates that it was a solid whisker rather than a tube. SAED
pattern (b) indicates the single mullite phase diffraction pattern. The whisker SAED pattern revealed a
single diffraction pattern of the mullite phase. In the SAED pattern, the cell constants were measured
a=0.757 nm, b = 0.769 nm and c = 0.289 nm. They were in excellent agreement with the theoretical
mullite values (JCPDF file no. 15-0776) and those calculated from XRD pattern. It was also deduced the
SAED pattern that [110] was the crystal band axis of mullite whiskers, and the axial diffraction spots
along the whisker corresponded to [001]. The mullite whiskers growth direction was parallel to [001]
direction. It was along the c axis direction. It was also proved by the HR-TEM graph shown in Figure 5c.
The HR-TEM of sample also clearly revealed that the whisker was a perfect mullite monocrystal,
without the crystal defects, such as low angle tilt grain-boundary or dislocation in the whisker.
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Figure 5. TEM, SAED and HR-TEM graphs of whisker. (a) TEM graph; (b) SAED pattern and
(c) HR-TEM graph.

3.5. Whiskers Growth Mechanism Analysis

To confirm the mullite whiskers growth mechanism prepared via nonaqueous precipitation
in-situ synthesis method, Figure 6 shows FE-SEM (a) and TEM (b) graphs of the sample A3z held
at 1100 °C for 0.5 h. Figure 6a presents many rod-like crystals on the gel skeleton surface. These
crystals show an evident anisotropic growth trend. There are also many tiny dots on the particles.
Figure 6b shows the high magnification TEM graph of the short-rod-like crystals shown in Figure 6a.
A mass transport path appears in the direction shown by the white arrow in Figure 6b, combining with
non-circular tip, which is generally thought to be relative to screw, these indicate the vapor—solid (VS)
model with the inducement of screw for mullite whiskers prepared in this work. Based on the results
and analysis above, a possible growth mechanism for mullite whiskers synthesized via nonaqueous
precipitation method is schematically illustrated in Figure 7. Firstly, heterogeneous polycondensation
reaction between the precursors of tetraethyl orthosilicate (TEOS) and aluminum fluoride occurred
with the aid of kettle treatment. The heterogeneous polycondensation product =Al-O-Si= generated
low-temperature nucleation of mullite, which was quite in favor to the further anisotropic growth of
mullite. This low mullitization temperature also ensured enough three-dimensional growth dynamics
differences, and it was also slightly lower than the volatilization temperature of aluminum fluoride.
Secondly, it is shown in Figure 6b that slender whiskers had formed by calcining at 1100 °C for 0.5 h,
which indicates vapor sediments on the surface of the whisker with sharp-pointed top, which indicates
the formation of screw. These sediments with markedly surface diffusion sign were caused by the
deposition of vapor molecule on the whisker surface. Figure 6b also shows the sediments diffusion
sign and process along the whisker surface to the growth point. It is generally known that mullite
whiskers growth is a dynamic physicochemical process, in which AlF3 is widely regarded as the most
effective auxiliary for mullite whiskers growth [20]. The vapor phase diffusion is known as the main
mass transport mechanism during the anisotropic growth of mullite whiskers, it can also induce the
formation of screw, which is also beneficial to the mass transfer and whisker growth. The AlF; vapor
accelerates the mullite whiskers growth, because the mass transport for crystal growth is enhanced in
the presence of vapor transport. The large mass transport accelerated by the vapor phase promotes
the grains growth near the surfaces and the formation of whiskers (Figure 7). The growth structure
at the end of whisker shown in Figure 6 was related to the enrichment of vapor nucleating particles
during calcining process. At this time, the aggregates formed in the nucleating process could not
crystallize along the orientation of whisker lattice, thus forming polycrystalline aggregation shown in
Figure 6b. The further growth process could only occur on the small crystal surfaces with different
orientations, that is, secondary growth at the end of the whisker. It is believed that the secondary
growth phenomenon of mullite whisker may be due to the local wave of A10OF and SiF, [2]. This is
because when the top of the whisker enters a region with high vapor supersaturation, the vapor phase
reactants with high supersaturation will nucleate rapidly at the top of the whisker (possibly with the
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help of many dislocation points at the top of the whisker), and form a polycrystalline pile-up pattern at
the top of the whisker. With the formation of mullite crystal nucleus, the supersaturation of gas-phase
reactants decreased rapidly and restored to the appropriate supersaturation for mullite whisker growth.
The growth started from the different orientation of the microcrystalline surfaces in the polycrystalline
aggregation surface, and it grew outwards continuously, forming the secondary growth of mullite
whisker. There was avisible terminal-bottleneck phenomenon at the end of the whisker shown in
Figure 6b. The terminal-bottleneck phenomenon detected in this work was generally thought as the
most typical characteristic of vapor—solid (VS) whisker growth mechanism.

(b)

Figure 6. FE-SEM and TEM of the sample A3 holding at 1100 °C for 0.5 h; (a) FE-SEM and (b) TEM.

Mulllte Surface
whisker adsorption
Diffusion Layion
direction

Figure 7. Schematic diagram illustrating whiskers growth mechanism.

According to the results of this work, our previous researches [11-15] and reference [21], Figure 7
schematically illustrates the growth mechanism of mullite whiskers prepared by the nonaqueous
precipitation method. Due to non-hydrolytic heterogeneous polycondensation reaction between ethyl
silicate and aluminum fluoride shown in formula (3) with the help of kettle treatment, and the formation
of =Al-O-5i= bonds in precipitate, the mullitization temperature is 900 °C. It was slightly lower than
the volatilization temperature of aluminum fluoride. These could ensure when aluminum fluoride
begins to volatilize, there are a large number of mullite crystal nucleus. Low mullitization temperature
also ensures the appropriate three-dimensional growth dynamic differences. Meanwhile, residual
aluminum fluoride in precipitate, which uniformly coordinates with the gel skeleton, volatilizes and
reacts with O, in the air according to formula (7) to form AIOF and F, and then =Al-O-Si= reacts with
F to form AIOF and SiF, [10,19]. They can further react with O, to form mullite (shown in formula (8)).
The newly formed mullite are generally on the surface of the particle, it plays the role of raw material
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for whisker growth and continuously diffuses to the top of the whisker with the help of gas-phase
mass transport and concentration gradient. With the continuous reaction and mass transport process,
precipitates particles eventually grow into mullite whiskers.

= Al-O-Si = (amorphous) + 5F — AIOF + SiF, (7)
6AIOF + 2SiF, + 3.50; — 3Al,03-2Si0;,(whisker) + 14F. (8)

3.6. Application of Whiskers in Epoxy Resin Reinforcement

Figure 8a shows the flexural strength of epoxy resin without mullite whisker (E¥) and mullite
whisker-epoxy resin composite (M*). For the epoxy resin, its flexural strength was 4.2 MPa (Figure 8
E*). The flexural strength for mullite whisker-epoxy resin composite (M*) dramatically increased
to 47.6 MPa, which was 11.3 times of pure epoxy resin. The mullite whisker-epoxy resin composite
(M*) also shows a lower relative flexural strength deviation, which might be due to the addition of
mullite whiskers reduces the influence of defects on the materials. Specific abrasive wear rates of pure
epoxy resin and mullite whisker-epoxy resin composite as a function of normal load are shown in
Figure 8b. The abrasive wear rate of mullite whisker-epoxy resin composite was much smaller than
that of pure epoxy resin. Both of their abrasive wear rates have presented a sharp decreasing trend with
the load increasing, which is in excellent agreement with Lhymn’s mathematical model [22]. It was
also obvious that effects of load on epoxy resin without mullite whisker (E*) were much larger than
that of mullite whisker-epoxy resin composite (M*), which shows a strong reinforcement of mullite
whiskers to epoxy resin.
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Figure 8. Mechanical properties of the samples. (a) The flexural strength of epoxy resin without mullite
whisker (E*) and mullite whisker-epoxy resin composite ™M*); (b) Specific abrasive wear rates of pure
epoxy resin and mullite whisker-epoxy resin composite as a function of normal load.

To confirm the reinforcement mechanism of mullite whisker to epoxy resin, the morphology of
mullite whisker-epoxy resin composite is presented in Figure 9. Compared with the original epoxy
resin shown in Figure 9a, the morphology of mullite whisker-epoxy resin composite clearly indicates
that mullite whiskers were three-dimensionally distributed in epoxy resin. The multi-needle whiskers
were connected in the same center, and there were whiskers in all directions, which could play a better
synergistic role. They could prevent the generation and development of cracks and resist the damage
of epoxy resin caused by friction. The unique structure of the multi-needle whiskers connected to the
same center guarantees that when a whisker is exposed to shear and pressure, other whiskers will
disperse the force of the whisker, thus eliminating stress concentration, preventing cracks and reducing
the probability of damage.
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Figure 9. Of samples, (a) original epoxy resin and (b) mullite whisker-epoxy resin composite.

4. Conclusions

Well-developed mullite whiskers were prepared via nonaqueous precipitation in-situ synthesis
method at 1100 °C taking tetraethoxysilane (TEOS) as silicon source, anhydrous AlF; as aluminum
source and growth auxiliary for whisker. The precipitate was composed of =Al-O-Si= bonds and
coordinated excessive AlF3. Kettle treatment facilitated the formation of =Al-O-Si= bonds due to it
changing the polarity of aluminum fluoride. The mullitization temperature of the precipitates was
900 °C, and they grew into mullite whiskers at 1100 °C. The whiskers grew preferentially along the
direction parallel to the c-axis, resulting in an orthorhombic-type crystallographic structure. XRD and
FE-SEM results show that the whiskers were in high purity with a high yield. The whiskers had the
aspect ratio of >15 (100 nm in diameter). The growth process of mullite whiskers wasdominated by
a vapor-solid (VS) mechanism combined with the inducement of =Al-O-Si= bonds formed in the
precipitates were beneficial for the low mullitization temperature and whiskers growth. The AlF;
amount was optimized to be 1.3 of the theoretical amount, which ensured appropriate AlF; vapor
supersaturation concentration. With the help of the vapor promoted mass transport process, precipitates
particles eventually grew into mullite whiskers.
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Abstract: Versatile product protective coatings that deliver faster drying times and shorter
minimum overcoat intervals that enable curing at faster line speeds and though lower energy
consumption are often desired by coating manufacturers. Product protective coatings, based
on silsesquioxane-modified diglycidyl ether of bisphenol-A (DGEBA) epoxy resin, are prepared
through a glycidyl ring-opening polymerization using dicyandiamide (DICY) as a curing agent.
As silsesquioxane modifier serves the octaglycidyl-polyhedral oligomeric silsesquioxane (GlyPOSS).
To decrease the operational temperature of the curing processes, three different accelerators for
crosslinking are tested, i.e., N,N-benzyl dimethylamine, 2-methylimidazole, and commercial Curezol
2MZ-A. Differential scanning calorimetry, temperature-dependent FT-IR spectroscopy, and rheology
allow differentiation among accelerators’ effectiveness according to their structure. The former
only contributed to epoxy ring-opening, while the latter two, besides participate in crosslinking.
The surface roughness of the protective coatings on aluminum alloy substrate decreases when the
accelerators are applied. The scanning electron microscopy (SEM) confirms that coatings with
accelerators are more homogeneous. The protective efficiency is tested with a potentiodynamic
polarization technique in 0.5 M NaCl electrolyte. All coatings containing GlyPOSS, either without or
with accelerators, reveal superior protective efficiency compared to neat DGEBA/DICY coating.

Keywords: polymers; octaglycidyl-POSS; DGEBA; dicyandiamide; accelerators; corrosion; protective
coatings; infrared spectroscopy; rheology

1. Introduction

Typically, alloys corrode merely from exposure to moisture and pollutants in the air atmosphere.
According to NACE International (National Association of Corrosion Engineers), the global cost of
corrosion is estimated to €2.2 billion, which is equivalent to 3.4% of global gross domestic product
(GDP) (<€640 billion or 3.8% GDP in Europe) [1]. Just by available proper corrosion control practices,
it is estimated that savings of between 15-35% of the cost of corrosion can be realized (globally
€340-800 billion per year) [1]. Commonly used anticorrosion approaches to slow down the corrosion
rate are cathodic protection with sacrificial anodes, deposition of protective coatings [2], the addition of
inhibitors directly into corrosive environments, or in the structure of protective coatings [3]. Protective
coatings are one of the most prospective and widespread methods for the corrosion prevention of
metals, which makes it one of the main critical technologies underpinning the competitiveness of the
European industry. The deposited coatings isolate the metal surface from the atmosphere or any other
corrosive media.
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As a corrosion barrier, the epoxy coatings [4] have been a subject of research and commercial
applications for a long time [5]. The well-established routes of their preparation use curing of
epoxy-precursors with amino groups-containing compounds; for example, a reaction of diglycidyl
ether of bisphenol-A (DGEBA) with dicyandiamide (DICY) curing agent (Figure 1). Despite that,
epoxy-based coatings continued to remain a promising topic of investigations through the formation
of various composite materials [6-8] and advanced metal/polymer laminates [9,10]. For instance, as a
challenging issue has remained the development of nanocomposite polymers, in which nanosized
reinforcement is applied to obtain improved performance of such protective coatings. Most commonly,
nano reinforcement compounds of <100 nm size have been added to the polymeric matrix, and the
uniform dispersion is the crucial key for achieving the desired properties. Nanoparticles are commonly
introduced as fillers [11] but can also be bound directly into the polymeric matrix as pendant groups.

R
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C: DICY D: 2-Melm E: Curezol 2MZ-A F: BDMA

Figure 1. Structures of the precursors: (A) diglycidyl ether of bisphenol-A (DGEBA), (B) octaglycidyl-
POSS (GlyPOSS), (C) dicyandiamide (DICY), (D) 2-methylimidazole (2-Melm), (E) 2,4-diamino-
6-[2’-methylimidazolyl-(1")]-ethyl-s-triazine (Curezol) and (F) N,N-benzyl dimethylamine (BDMA).

Nanoparticles that can, for example, be bound in the epoxy networks are polyhedral oligomeric
silsesquioxanes (POSS) [12]. They belong to a group of organic-inorganic hybrids [13]. Specifically,
the core is composed of an inorganic silsesquioxane, while different organic pendant groups can be
attached to each of the eight corners of the Tg cage. Homoleptic POSS nanoparticles have the same
organic groups in their shells, while organic groups in heteroleptic POSS can differ. Consequently,
POSS can incorporate in different modes into novel materials. (i) When no reactive organic group
is present in the shell, POSS simply behaves as a nanofiller. (ii) On the other hand, the presence of
a suitable reactive organic group can lead to the bounding of POSS into the epoxy network. POSS
can enter the epoxy curing reaction either as: (ii-a) glycidoxy-group containing precursor or (ii-b) an
amine-POSS hardener compound. (ii-a) The examples of the former approach are epoxy networks
based on DGEBA that contained different fractions of monoglycidyl-heptaisobutyl-POSS [14-17]
and were cured with different hardeners. Strachota et al. [18], on the other hand, used POSS with
1, 2, 4, or 8 glycidyl groups while remaining groups to Tg cage being either phenyl, isooctyl, or
cyclopentyl. (ii-b) The latter approach was demonstrated by partial exchange of hardener with either
monoamino-functionalized POSS [17,19-21] or octaamino-functionalised POSS [22]. (iii) Nevertheless,

122



Polymers 2020, 12, 591

the open-cube trisilanol-heptaphenyl-POSS was studied as a promotor of the curing reaction between
glycidyl and amino groups, i.e., the influence of silanol groups on epoxy curing kinetics [23].

By incorporation of POSS nanoparticles into polymer matrices, the composite materials with
superior functional properties can be obtained. For example, a combination of epoxy and various
glycidoxy-POSS nanoparticles have been studied from mechanical [14] and viscoelastic [18] perspective.
It was found that monoglycidoxy-POSS does not contribute to the deformation process of the network
while enhancing the thermal properties [14]. The thermal stability of epoxy/glycidyl-POSS materials
is improved, but higher loadings tend to decrease this beneficial influence [18]. The behavior of
DGEBA with monoglycidoxy-heptaisobutyl-POSS cured with short aromatic amines was studied
from the kinetic perspective by differential scanning calorimetry (DSC) [16]. In a similar material,
local thermal analysis (LTA) and DSC gave evidence of amorphous POSS-rich domains which can
eventually arise from phase separation [15]. As the main reason for that, the incompatibility of the
isobutyl groups of monoglycidoxy-heptaisobutyl-POSS and the aromatic epoxy-amine network was
suggested. Anyhow, when octaglycidoxy-functionalized POSS (Figure 1B) was introduced into the
DGEBA-based nanocomposite system, it was found to accelerate the rate of opening of glycidyl epoxy
rings of DGEBA [24].

POSS molecules also have a robust resistance to environmental degradation factors, such as
moisture, oxidation, corrosion, and UV radiation. It is therefore not surprising that various POSS
nanoparticles have already been tested as an additive in polymeric protective coatings for alloys,
for example, aminopropyl-heptaisooctyl-POSS in epoxy coatings [20,21]. However, although epoxy
coatings are used worldwide as corrosion protective coatings [7], we haven’t found any research
report on the corrosion topic where the glycidyl-POSS molecules are added to improve the protective
efficiency of epoxy coatings. Much more obvious are reports on the addition of different silanes [8]
or the application of silane primers [5]. Since the addition of monoglycidyl-heptaisobutyl-POSS
nanoparticles can cause phase separation, as hydrophobic isobutyl groups are not compatible with
the epoxy network [15], the much easier is to incorporate homoleptic octaglycidyl-POSS (abbreviated
GlyPOSS in Figure 1) molecules in the epoxy matrix [24]. Such molecule can be represented by
formula (R-5iO1 5)n (n = 8, R = —(CH;)3-O-CH,-[C;H30]). Under this premise, it is expected that the
developed coatings shall have lower curing and glass transition temperature (Tg), lower roughness,
dense structure, and consequently, also the outstanding protective properties.

To achieve the dense coating structure and other above-listed properties, special attention has to
be given to the selection of the amine hardener. In reports on epoxy composites with glycidyl-POSS
nanoparticles as hardeners, different aromatic amines [15,16] and polyetheramines (Jeffamines) [14,18]
were studied. However, the small aliphatic molecule of dicyandiamide (DICY in Figure 1C) also
suggests that dense crosslinking of the epoxy matrix is possible [7].

In order to decrease the production cost of protective coatings, the lowering of curing temperature,
is desired. This can be achieved through the acceleration of curing reactions, i.e., the addition of
suitable accelerators. The lowering of the activation energy for glycidoxy ring opening can be achieved
by the presence of proton donors, for example, alcohols or hydroxyl groups emerging from previous
reactions [25]. Further lowering of the ring-opening temperature is achieved by the addition of tertiary
amines [25]. Different tertiary amines have been tested for DGEBA-based systems, ranging from benzyl
dimethylamine (BDMA in Figure 1F) to various imidazolium-based structures [26,27]. The results
confirmed the influence of tertiary amine accelerators on the curing dynamics and resulting materials.
This suggests that specific studies should include different accelerators.

Herein, we report on a successful preparation of composite epoxy protective coatings for aluminum
alloy AA 2024. Part of DGEBA precursor is exchanged by GlyPOSS to decrease the influence of
bisphenol-A on public health, to decrease the production costs, and to achieve better protective efficiency
of coatings. Three different amine groups-containing accelerators, i.e., N,N-benzyl dimethylamine
(BDMA), 2-methylimidazole (2-Melm), and commercial accelerator Curezol (Figure 1D-F), are
compared regarding the triggering of the curing reaction. They are studied regarding their capacity
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for the opening of glycidoxy rings but also their eventual contribution to crosslinking. The influence
of accelerators on the curing is proved via thermal- and time-dependent FT-IR spectroscopy and
rheological examination. Differential scanning calorimetry (DSC) is used to determine the thermal
properties of epoxy-octaglycidyl-POSS composites. Morphology of the coatings is checked using atomic
force microscopy (AFM) and scanning electron microscopy (SEM). The electrochemical technique, i.e.,
potentiodynamic polarization, gives a clear answer on improved protective efficiency of the developed
epoxy-GlyPOSS coatings.

2. Materials and Methods

2.1. Materials

Diglycidyl ether of bisphenol-A (DGEBA) was obtained from ABCR (Karlsruhe, Germany), as well
as solvent 2-butanone (ACS, 99%). Commercial octaglycidyl-POSS (abbreviated GlyPOSS) nanoparticles
were purchased from Hybrid Plastics (Hattiesburg, MS, USA). Curing agent dicyandiamide (DICY)
and accelerators 2-methylimidazole (2-Melm, 99%) and N,N-benzyl dimethylamine (BDMA, 99%)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Commercial accelerator Curezol 2MZ-A
(abbreviated Curezol) was obtained from Air Products (Allentown, PA, USA). Dimethyl sulfoxide
(DMSO) was purchased from Merck (Darmstadt, Germany). All chemicals were used as supplied.

2.2. Preparation of Coatings

The preparation procedure of coatings is depicted in Figure 2. DGEBA (1.6 g) and GlyPOSS
(0.4 g) were dissolved in butanone (2 g) and stirred for 30 min. For coating without GlyPOSS, only
2 g of DGEBA was dissolved in butanone (2 g). Separately, DICY (0.25 g) was dissolved in DMSO
(1 g). Into the latter solution, if appropriate, one of three accelerators was introduced in molar
ratio DICY:accelerator = 1:0.1. Both solutions were finally mixed. Before dip-coating deposition on
aluminum alloy AA 2024 (Aviometal, Italy) with a pulling velocity of 10 cm/min, mixtures were left to
stir 5 min. The substrates (dimensions: 2 X 5 cm?) were polished using 3 M Perfect-IT III paste and
subsequently sonicated in hexane, acetone, and methanol for 15 min. Specifically, for this research five
types of coatings were prepared:

e DGEBA/DICY (D coating) without the accelerator,

e DGEBA/GlyPOSS/DICY (D-P coating) without the accelerator,
e DGEBA/GlyPOSS/DICY/BDMA (D-P-BDMA) coating,

e  DGEBA/GlyPOSS/DICY/2-Melm (D-P-2Melm) coating,

e  DGEBA/GlyPOSS/DICY/Curezol (D-P-Curezol) coating.

In parenthesis, the abbreviations that are depicted on graphs are shown. The curing process
was performed at 150 °C for 1 h for coatings without accelerators and at 120 °C for 1 h for coatings
with accelerators.

2.3. Methods

FT-IR absorbance measurements were made on a Bruker spectrometer, model IFS 66/S (Bruker,
Billerica, MA, USA). All samples, i.e., either precursors or formulations, were deposited on silicon
wafers. Temperature-dependent FI-IR absorbance measurements, from room temperature to either
120 or 150 °C, were performed in Spectra-Tech heated demountable cell with a controller. When the
desired temperature was achieved, the spectrum was recorded. The spectra were gathered every
10 min during measurements at 120 and 150 °C. The resolution was 4 cm™~!.

DSC measurements were performed on a Mettler-Toledo DSC-1 (Columbus, OH, USA) calorimeter
under a nitrogen atmosphere with a flow rate of 50 mL/min. Samples were sealed in 40 uL alumina
crucibles with the lids. The mass of the samples was around 10 mg for all lyophilized mixtures.

The analysis was performed with a heating rate of 5 K/min from —30 to 300 °C.
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The rheological behavior of the epoxy resin was observed by nonisothermal dynamic oscillation
with a rotational controlled rate rheometer (Physica MCR301, Anton Paar, Graz, Austria), equipped
with a parallel geometry (PP-25). The epoxy samples were heated by convection. A solvent trap was
used to minimize solvent evaporation, while a temperature-controlled hood was applied to prevent
heat dissipation. The measurements were performed under a constant shear strain (10-20%) with a
gap of 0.5 mm. Dynamic measurements were performed using a heating rate of 2 °C/min from 23 to
180 °C under a constant flow of dry nitrogen to eliminate any oxidative processes during heating.
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Figure 2. The preparation procedure of the protective coatings.

Taylor Hobson Series II profilometer (Leicester, United Kingdom) was used for coatings thickness
determination. Coatings were characterized by a scanning electron microscope FE-SEM Zeiss SUPRA
35VP (Zeiss, Oberkochen, Germany). Atomic force microscopy (AFM) images were made on an AFM
attachment of WITec alpha 300 confocal Raman spectrometer (Ulm, Germany). The images were
recorded on areas of 10 X 10 um? of the prepared coatings deposited on AA 2024 coupons. The images
are presented in the two-dimensional representation without filtering. According to the scale bars
alongside the images, the brighter the color, the higher the spot on the surface. Consequently, surface
roughness (SR) was calculated. Samples were measured at room atmosphere and temperature.

An Autolab PGSTAT30 potentiostat-galvanostat (Metrohm Autolab, Utrecht, The Netherlands)
was used to perform electrochemical measurements. Potentiodynamic polarization measurements
were made in a K0235 flat cell (Ametek Scientific Instruments, Oak Ridge, USA) with a built-in Pt grid
counter electrode. The cell was filled with a 0.5 M NaCl electrolyte. The coating on AA 2024 was
mounted as a working electrode, while Ag/AgCl/KClg,¢ served as a reference electrode. The coating was
held at an open circuit potential for 30 min before the measurement. Then linear sweep voltammetry
was swept from 1.0 to 0.0 V using a scan rate of 1 mV/s. The corrosion current density (jeorr) Was
extrapolated with Tafel slopes from the measured potentiodynamic polarization curves.
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3. Results

3.1. Characteristics of Formulations and Curing Process

Epoxy-based formulations belong to thermosetting materials that cure upon heating. Insight into
curing dynamics can be obtained using different analytical techniques. DSC analysis, for example,
provides information on glass transition temperature (Tg), start and completion of the curing process
and the enthalpy of the curing process (Figure 3). Time-dependent FT-IR absorbance measurements
during temperature treatment of coatings (Figures 4-6) enables insight into the crosslinking by
observation of decreasing intensity of the epoxy mode at 915 cm~! [28]. Rheology (Figures 7 and 8), on
the other hand, gives quite a piece of information on changes in consistency during the transformation
of the formulation into a crosslinked structure [18,29]. When the obtained results are observed in
parallel experiments, designed to approach to the same conditions as much as possible, they can
throw light to the curing processes that lead to the formation of highly crosslinked protective coatings.
The important point of this study is to follow the influence of accelerators on the curing process. We look
forward to connecting their structural properties with the behavior during the curing of formulations.

3.1.1. Thermal Properties

DSC analysis showed that for all curves of D-P-based formulations, the characteristic exothermic
peaks appear (Figure 3). The curing of the D-P formulation without accelerator took place in the
range of 130280 °C and the enthalpy of the reaction reached 506 ]/g (Table 1). As expected, the
addition of any of the three accelerators speeded up the curing. Consequently, the curing maximums
were found at approximately 30-40 °C lower temperatures (Table 1). The enthalpy detected for
formulations with accelerators was lower for 100-160 J/g, meaning that some reactions already started
during the lyophilization preparation procedure. In the case of BDMA and 2-Melm accelerators, this
phenomenon was more prominent as the crosslinking reaction started at lower onset temperatures
(Tonset: 2-Melm < BDMA < Curezol). The shapes of DSC curves of D-P and D-P-Curezol formulations
were the same indicating that the behavior of Curezol is similar to DICY. Namely, Curezol acts
as an epoxy ring-opening initiator (2-methyl imidazole part of its molecule accelerates and shifts
the curing reactions to lower temperature) and as a crosslinking agent (through amino groups on
the triazine ring). However, the Curezol accelerator shifted the D-P-Curezol curve to lower onset
temperature. As Curezol, also 2-Melm can act in both roles, i.e., as ring-opener and crosslinking
agent. The crosslinking role of imidazoles was confirmed already long ago by NMR studies [30]. In
addition, it was proposed that imidazole ring in the polymer matrix positively influences its physical
and chemical properties [30].

It is commonly accepted that accelerators in epoxy resins decrease the curing temperature and
enhance the curing rate. As described above, DSC curves (Figure 3, Table 1) confirmed that for all
three tested accelerators in our D-P system. The addition of any accelerator also led to a change
in Ty value [30-32]. However, these changes vary in both directions with regard to the Ty value
of 116 °C obtained for D-P formulation without accelerator (Table 1). Interestingly, the T value
increased in case of BDMA and Curezol, but decreased for accelerator 2-Melm. It is reported for
the DGEBA+DICY system that the increasing amount of accelerator 1-ethyl-3-methyl-imidazolium
dicyanamide consistently decrease the Tpeak temperature. All described formulations exhibit T above
120 °C and the values increased slightly with the increase in the concentration of the accelerator
1-ethyl-3-methyl-imidazolium dicyanamide. On the other hand, in a similar DGEBA+DICY system
with either BDMA or 2-Melm accelerators showed similar values of Tg to ours, i.e., 115-116 °C for the
2-Melm accelerator and 139-147 °C for the BDMA accelerator depending on cure characteristics [32].
More detailed dependency studies of Ty were performed for the BDMA accelerator [32]. Specifically,
the Tg value is dependent on the concentration of the BDMA accelerator and ratio DICY/BDMA, which
was confirmed with the maximal Ty value achieved in the middle of the tested concentration profile.
Moreover, dependency of Tg on amine/epoxy ratio in systems with BDMA was also demonstrated [32].
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It can be concluded though that the Tg value considerably depends on the systems and should be more
detailed studied for each system separately. This will be made in our future work.

Some studies observed the appearance of the second peak in DSC curves, as was noted for
accelerator 1-ethyl-3-methyl-imidazolium dicyanamide [31]. Such peaks became more dominant with
the increasing amount of the imidazolium salt accelerator. It was suggested that the second peaks can
be tentatively attributed to the more pronounced reaction of DICY (since the addition of this accelerator
decreased the amount of the unreacted DICY [31]. In addition, this aspect remains for our future
concentration-dependent investigation of our system.
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Figure 3. Normalized differential scanning calorimetry (DSC) curves of the D-P-based formulations.

Table 1. Thermal properties of D-P-based formulations used for the preparation of coatings.

T, 1 Tpeak 2 AH?3 T, 4

S 1 onset peak )
amp-le Je) €0 /) Q)
D-P 112 168 -506 116
D-P-BDMA 76 125 -345 128
D-P-2Melm 62 131 -363 113
D-P-Curezol 78 130 —405 120

! Tonset—onset temperature; 2 Tpesk—temperature of the peak; > AH—enthalpy of the curing reactions;
4 Ty—glass temperature.

3.1.2. Temperature-Dependent FI-IR Spectra

The characteristic bands in the FI-IR absorbance spectra of precursors (DGEBA, GlyPOSS)
and formulations D and D-P are evident from Figure 4 and Figure S1, the latter in Supporting
Information. The epoxy modes appear in the spectrum of DGEBA at 3056 (vs(C—H)epoxy ring)
1132 (V(C-O-C)epoxy ether) and 915 (V(C-O)epoxy ring) cm™! [5,16,28]. The first two bands are of
low intensity and in the proximity of other modes. The intensity of the band at 915 cm™! is moderate
and can serve as a measure of the extent of the curing reaction, i.e., opening of glycidoxy rings and their
crosslinking into polymeric materials [28]. The spectrum of D formulation, in addition to vibrations of
DGEBA, shows the stretching of primary and secondary amines (v(NH;), v(NH)) between 3430 and
3150 cm~! and cyano group at 2208 and 2162 cm~! [33] (Figure 4A). When DGEBA is in part exchanged
with GlyPOSS, i.e., for D-P formulation, the spectrum retains the basic characteristics of amino and
cyano groups (Figure 4A). As well, the epoxy bonds at 3056 and 915 cm™~! remained visible in this
spectrum, but the low-intensity epoxy band at 1132 cm™~! became overlapped with the broad bands in
the spectral region 1200-1080 cm~!. They belong to the stretching vibrations of v(Si-O-Si) originating
from the silsesquioxane cage of GlyPOSS. Such intensive v(Si-O-Si) band was also noted in the
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spectrum of GlyPOSS/4,4’-(1,3-phenylenediisopropylidene) epoxy composites [24]. Importantly, in that
study, the appearance of the glycidoxy groups of GlyPOSS is reported at ~745 cm ™! [24]. In our spectrum
of GlyPOSS, the nearest band that can be assigned to glycidoxy groups is at 762 cm~! (Figure 4B).
However, it overlaps with the glycidoxy groups of DGEBA. Therefore, it only marginally contributes
to the intensity increase of the 762 cm™! band in D-P formulation regarding the D formulation. For this
reason, it cannot be used to follow the curing of GlyPOSS glycidoxy groups.
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Figure 4. FT-IR absorbance spectra of precursors DGEBA and GlyPOSS, and initial D and D-P
formulations in the spectral ranges: (A) 4000-1900 cm~! and (B) 2000400 cm™L.

The FT-IR absorbance spectra obtained during the curing of D-P formulation with temperature
is evident from Figure 5 and, for comparison, for D formulation in Figure 6. The whole spectra are
shown in Figures S2 and S3 in Supporting Information. The spectrum recorded at 100 °C for D-P
formulation already showed a notable change (Figure 5). Specifically, the reactions between the opened
glycidoxy rings of DGEBA, GlyPOSS and primary and secondary amine groups of DICY started to
occur. The result was also the formation of hydroxyl groups [5,25], while the opening of glycidoxy
rings of DGEBA was indicated through the decrease in the intensity of the above-mentioned epoxy
stretching bands at 3056 and 915 cm™~!. Regarding the low intensity of the 3056 cm~! band, the 915 cm™!
band (Figure 5) remains the most appropriate one for the following of this curing reaction through a
calculation of its integral intensity [28]. The uncertainties can occur in the final curing stages when
the concentration of glycidoxy rings became very low [28]. As the reference band for normalization,
1509 cm™~! band of C~C stretching of the aromatic ring was taken.

The same trend, i.e., decrease in the intensity during curing (Figure 5), was observed for the
bands associated with amines of DICY in the spectral region 3430-3150 cm™! (v(NH,), v(NH)) and
1650-1500 cm™~! (8(NH)). According to the literature, cyano-CN groups (2208 and 2162 cm™!) can
also provide crosslinking at higher temperatures [31]. Such network crosslinking in the formulation
is evident from the appearance of the stretching v(C-N) band at 1084 cm™' at temperatures around
190 °C. Since this band is overlapped by v(Si-O-5i) bands of silsesquioxane GlyPOSS in Figure 5, its
evolution can only be followed in the spectra of D formulation (Figure 6; Figure S3 in Supporting
Information). The curing process of D-P formulation was finished after 80 min at 200 °C (Figure 5).
The main characteristics of the FI-IR bands with curing were similar, in the case of D formulation
(Figure 6). The spectra revealed the decrease in intensity of epoxy, amino and cyano bands at 200 °C.

128



Polymers 2020, 12, 591

As mentioned above, due to the absence of v(Si-O-5i) bands, the increase in the intensity of stretching
v(C-N) band can be observed (Figure 6B).

The spectra of D-P-accelerator formulations revealed similar features than the described D-P
one (Figure 5) due to the low concentration of accelerators. Consequently, the time-dependent FT-IR
spectra during thermal curing are not shown for the formulations with accelerators. Anyhow, the
influence of accelerators on the course of the curing reactions is shown through the presentation of the
integral intensity decrease in the 915 cm™~! band for either of the formulations (Figure 7). The curing
was performed up to either 120 or 150 °C, at which the process was followed for a certain period, before
the continuation with the temperature increase. The spectra of formulations without accelerators (D,
D-P) were only cured with the 150 °C temperature profile (Figure 7A).
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Figure 5. Time-dependent FI-IR absorbance spectra during the thermal curing process of formulation
D-P in the spectral ranges: (A) 4000-1900 cm~! and (B) 2000400 cm™1.

The curing of D and D-P formulations occurred quite gradually (Figure 7A). For D formulation
two slopes can be discerned. When GlyPOSS was added to the coating formulation (D-P), the integral
intensity of the 915 cm~! band decreased slower during the initial 20 min, but then somewhat more
abruptly around 60 °C. After reaching the isothermal temperature of 150 °C, the initial increase in
slope is followed by some relaxation and then a steady decrease. The integral intensity approached
zero after ~2 h of isothermal treatment for either of formulations, D or D-P. The observed differences in
the intensity decrease reflect the composition of both formulations. The incorporation of GlyPOSS
molecules into the epoxy matrix of D-P formulation induced the sterical hindrances. Specifically,
such molecules are equipped with eight reactive groups extending into all directions. When only
DGEBA and DICY are the reactive species in the D formulation (Figure 6; Figure S3 in Supporting
Information), the formation of the epoxy matrix demands the approaching of the reactive amine groups
to glycidoxy rings. The addition of GlyPOSS with eight glycidoxy rings in the corners of the cube
silsesquioxane, however, enabled their bonding without any necessary preceding orientation of the
silsesquioxane. Consequently, the crosslinking occurred somewhat faster at certain temperatures,
which becomes apparent at 60 °C. After that temperature, the inclinations of the slopes are similar for
both formulations, i.e., D and D-P, throughout the whole isothermal treatment.
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Figure 7. Time-dependent integral intensity changes in the characteristic epoxy band of 915 cm~! with
thermal curing. The temperature profile that was followed with time is depicted, as well: (A) 150 °C
and (B) 120 °C.

The addition of accelerators to D-P formulation changed the course of the integral intensity curves
(Figure 7A). During the temperature increase up to 150 °C, the integral intensity of the 915 cm™!
band decreased quicker compared to that of the neat D-P formulation. Interestingly, the accelerators
BDMA and 2-Melm behaved similarly. Such behavior was expected since at this temperature these two
accelerators are characterized as compounds that catalyze the opening of glycidoxy rings [32]. When
accelerator Curezol was added, the integral intensity decreased abruptly after reaching 130-140 °C
(after 30-40 min in Figure 7A). This is understandable since the Curezol—in addition to the opening of
the glycidoxy rings—can also contribute to the crosslinking reactions (post-curing) through primary
amino groups at the triazine ring (Figure 1E).

The inspection of the integral intensity behavior of the 915 cm~! band during a 120 °C temperature
profile (Figure 7B) revealed the difference among both accelerators with the predominantly catalytic
activity. Initially, during heating to 120 °C (40 min in Figure 7B), the intensity decrease was similar for
BDMA and 2-Melm accelerators. However, during isothermal treatment at 120 °C, the integral intensity
remained considerably constant when BDMA was added. It did not continue to decrease until 150 °C
(190 min) was reached, showing that BDMA possesses only the ring-opening properties. In contrast,
formulation with 2-MeIm showed a considerable decrease in the intensity of the 915 cm~! band already
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during the isothermal treatment. The described discrepancy pointed out that the 2-Melm as aromatic
amine is an epoxy ring-opener which can be after initiation ingrained in the polymer structure [31].
Curezol remained the quickest in its action that occurred through an opening of glycidoxy rings and
crosslinking up to 120 °C, while during isothermal treatment, it approached the intensity behavior of
formulation with 2-Melm.

3.1.3. Rheological Characteristics

With the same aim, i.e., to investigate the influence of different accelerators on the curing of
D-P-based formulations, rheological characterization was made. Figure 8 shows the dynamic storage
modulus (G”) and loss modulus (G”) versus temperature during heating at a heating rate of 2 °C/min.
These rheograms confirm that curing processes are time- and temperature-dependent [18,29]. Although
the shapes of the curves obtained for elastic and viscous modulus are similar for all formulations, the
curing reactions start at considerably different temperatures (i.e., times). However, G’ or G” tend to
final values of the order of magnitude 3 x 10° Pa (G’) and 10* Pa (G”) for all formulations, respectively.
The evolution of the elastic G’ modulus, which is proportional to the rigidity of the cured epoxy,
indicate the formation of molecular networks through the formation of chemical bonds (crosslinking)
in the either of the investigated epoxy systems [29].

The curves of the basic formulation D (Figure 8, Table 2) reveal that up to approximately 154 °C
when the viscous modulus G” dominated the elastic G’ one, this epoxy system was in a viscous state
(G” > G’). This gradual increase in the G”, viscous modulus shows that the reaction processes have
already started in the formulation. The crosslinking, however, occurred at 66 min and the temperature
of 155 °C, when G’ equals G” (Table 2). Afterward, the gel state occurred, but the values of elastic and
viscous moduli continue to increase. The elastic G’ portion prevails the viscous G” one thereupon.
The final stage of the curing process is the formation of the plateaus for both G’ or G”, indicating the
cured epoxy system. The more significant is the difference between both moduli in the plateau region,
the stronger is the cured epoxy system (i.e., more rigid solid matter).

The processes that are described for the D formulation also occurred in other investigated systems
but at a different temperature-scale (Figure 8). In D-P formulation, the crosslinking happened already
after 62 min and the temperature of 146 °C (Table 2). Other characteristics of the curing processes
remained similar as for D formulation. However, the absolute value of elastic modulus G’ reached
higher values for the formulation with GlyPOSS compared to neat D formulation. This indicated that
more crosslinked and stiff structure formed when GlyPOSS with eight glycidoxy groups steaming
from the siloxane cube center was added.

The addition of any accelerator (BDMA, 2Melm, Curezol) to D-P formulation contributed to even
faster crosslinking (~50 min) and at approximately 22 °C lower temperatures (Figure 8A, Table 2).
Differences among accelerators were small. Interestingly, the differences between plateau G" and G”
values were similar for all three accelerators, but when BDMA was added, both plateau were shifted to
somewhat lower values. This indicates that the extent of the crosslinking of the internal matrix was
the lowest in the case of BDMA accelerator (as it did not take part in crosslinking), which is in the
correlation with FT-IR results (Figure 7B) as more or less sufficient crosslinking was achieved at 120 °C.
When 2-Melm or Curezol were used, the achieved moduli G’ and G” were similar to the ones obtained
by D-P formulation, resulting in a similar crosslinking. These two accelerators could also collaborate
in crosslinking, they are not only epoxy ring-openers. BDMA only acts as the epoxy ring-opener.

As described above, rheology was used to check the influence of accelerators on the D-P system
(Figure 8A, Table 2). Besides, we evaluated their influence on sole D formulation (Figure 8B, Table 2).
Atfirst glance, the temperature of crosslinking is quite similar for either of the D-accelerator formulations.
However, if an average value is calculated out of temperatures of crosslinking for formulations with
accelerators, the average temperature obtained for D-accelerator formulation is about 1 °C lower
(Table 2). This implements that accelerators can exert a slightly larger influence on D formulation
compared to D-P formulation. Such an effect can be understandable since the introduction of GlyPOSS
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brings about some sterical hindrances and tensions during the packaging of the compounds into the

crosslinked solid material.
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Figure 8. Rheological characterization formulations during thermal curing: (A) D-P-based and

(B) D-based formulations.

Table 2. Rheological characterization of D-P-accelerator formulations used for the preparation

of coatings.

t1 T? Taverage 3
Sample (min) ) O
D 66 155
D-BDMA 50 123
D-2MelIm 49 119 122
D-Curezol 51 125
D-P 62 146
D-P-BDMA 51 124
D-P-2MeIm 50 122 124
D-P-Curezol 51 125

1 t—time, at which G’ = G”; 2 T—temperature, at which G’ = G”; 3 Taverage—average temperature, at which G’ = G”
for all three formulations with accelerators.

The typical characteristics of the crosslinking processes in the investigated epoxy formulations
can also be viewed through the behavior of phase angle (Figure 9). This parameter is defined as a ratio
between the lost and the stored deformation energy, which means the ratio between the viscous and
the elastic contribution to the viscoelastic behavior. Namely, the proper balance between the viscous
and the elastic contribution in the viscoelastic formulation before the deposition of the coatings is of
particular importance when our aim is the deposition of the protective coatings with excellent barrier
properties [18,29].

D-P-BDMA

7
D-P-2Melm!
20 A |

T T T
120 140 160 180

Figure 9. Phase angles of D, D-P and D-P-accelerator formulations during curing.
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Specifically, the phase angle 6 shows the time delay between the determined sinusoidal parameters
and the measured characteristics G’ and G”. These differences occur due to the viscosity changes of the
measured formulations. The values of phase angle are 45° to 90° for liquids, at 6 = 45° crosslinking
occurs, while below 45° to 0° G’ dominates over G” indicating formation of solid materials. An ideal
elastic deformation would result in 6 = 0°, an ideal viscous deformation in 6 = 90°. These characteristics
can also be viewed from Figure 9. Namely, in the beginning, when formulations are in a liquid state,
but their viscosity increase, the values of phase angle are between 90° and 45°. When crosslinking
occurs for G’ = G”, the phase angle equals 45°. Then the decrease in the values of the phase angle
towards 0° indicates the solid-state of the measured material. In this range, the epoxy formulations
become highly crosslinked, molecules with larger and larger molar mass form, and their mobility is
significantly decreased. The rigidity of the material increase, but during all stiffening processes also
some reactive components may be present.

3.2. Characterstics of Protective Coatings

3.2.1. Surface Properties

Protective efficiency of coatings is usually affected also by their surface morphology, originating
from the intensity of the interface between the coating surface and the corrosive media. Consequently,
SEM analyses of the surface and cross-cut of D-P and D-P-BDMA coatings are shown in Figure 10.
The surface of the D-P coating (Figure 10A,B) reveals tiny inhomogeneities. On the contrary, the surface
of the coating with the BDMA accelerator (Figure 10C,D) shows the presence of some elevated particles,
but the surrounding surface is more homogeneous compared to the D-P coating. This tentatively
suggests that when the accelerator was added the surface became more homogeneous. Nevertheless,
some particle formation was observed also in this coating with the accelerator. The SEM of the cross-cut
examples showed a compact coating structure for either coating without or with accelerator which is a
prerequisite for sufficient protective efficiency (Figure 10E,F).

Figure 10. SEM micrographs of protective coatings at different magnifications: (A,B) D-P coating and
(C,D) D-P-BDMA coatings. (E,F) Cross-cut SEM micrographs of D-P (E) and D-P-BDMA (F) coatings.
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Besides, AFM images were recorded for D, D-P and D-P-accelerator coatings (Figure S4 in
Supporting Information). The surface roughness is reported in Table 3. The AFM image of D coating
shows areas with spherical particles in the coating composition with the size of a few hundreds of
nanometers to the size of a micron. The measurements show random particle distribution. Moreover,
similar morphology with some spherical particles can be observed in the D-P coating (Figure 54).
Surface roughness values (SR), calculated from images demonstrate a considerably higher value for
the coating composed of D compared to the D-P coating.

Table 3. Morphological and electrochemical characterization of the protective coatings.

Protective dl SR? Ecort 3 Jeorr * Protective Ecort 3 jeore *
Coating (um) (nm) \%] (A/cm?) Coating \%] (A/cm?)
D 1.2 426 -0.336 1.8 x 1071
D-P 1.6 148 —-0.549 28x10711 D -0.336 1.8 x 1071
D-P-BDMA 15 91 -0.695 94x%x10712 D-BDMA -0.695 9.4 x 10712
D-P-2Melm 33 80 -0.138 26x10712  D-2Melm -0.138 2.6 x 10712
D-P-Curezol 35 58 -0.721 1.7%x10"11  D-Curezol -0.721 1.7 x 1071

1 d—thickness; 2 SR—surface roughness; 3 Ecorr—corrosion potential; 4 Jjeorr—CcorTOsion current density.

As already shown by SEM (Figure 10), the addition of accelerators causes a more uniform and
homogenous morphology of the coatings (Figure S4C-E in Supporting Information). As well, the
addition of accelerators decreased the average roughness values (Table 3), ranging from 91 nm for the
coating with BDMA to the smallest value of 58 nm obtained for the coating with Curezol (Figure S4C,E).
Such a difference can originate from added accelerators. Specifically, all three accelerators stimulate
the opening of the glycidoxy rings, which mitigated the reactions of crosslinking. Despite the reactions
start at lower temperatures in the presence of accelerators, the support in ring-opening enabled
more uniform crosslinking. Except in surface roughness, AFM images do not reveal any significant
differences among accelerators (Figure S4C-E). The eventual bonding of Curezol or 2-Melm in the
epoxy coating does not influence their images.

3.2.2. Electrochemical Characteristics

Potentiodynamic polarization is a quick test of the protective efficiency of investigated coatings.
The test is relative and the measurements should be performed in the same way and conditions.
Figure 11 reports the potentiodynamic curves for D-P- and D-based coatings without and with
accelerators in comparison. The difference in the current density between the measurement of the
uncovered AA 2024 and the substrates covered with coatings reveals their protective efficiency. It is
obvious that the shape of the potentiodynamic curves obtained for either of the D-P-based coatings
shows its considerably improved performance with regard compared to D coating (Figure 11A). Even
when either of accelerators was added into the D formulation (D-accelerator coatings in Figure 11B),
the shape of the curves did not improve but resembled that of the D coating. Namely, the anodic
current density for the D and D-accelerator coatings increased significantly with the increase in the
potential. On the other hand, the current density of the D-P-based coatings remained low for all
examined potentials. This showed the excellent protective efficiency of the D-P and D-P-accelerator
coatings. Their compact structure (Figure 10E,F) prevents the formation of corrosion products at the
interface coating substrate.
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Figure 11. Potentiodynamic polarization curves of protective coatings; (A) D-P-based formulations
and (B) D-based formulations.

4. Summary and Conclusions

Epoxy coatings are known for their excellent protective efficiency in corrosion applications.
Mostly, increased protective efficiency can be achieved through the formation of advanced epoxy
nanocomposites [5-8]. The addition of suitable nanoparticles can result in improved temperature,
chemical, and electrochemical resistance. An important parameter for the formation of nanocomposite
materials is the appropriate incorporation of nanoparticles in the polymer matrix. Although in some
cases reinforcement can be achieved by the simple addition of nanoparticles, their eventual bonding
into the epoxy matrix can prevent leakage, migration, and agglomeration. Consequently, homoleptic
octaglycidyl-POSS was used in this study. Specifically, 20 wt.% of DGEBA precursor was exchanged
by GlyPOSS in reaction with DICY hardener. Three different accelerators that promote the opening of
the glycidoxy rings were also tested.

DSC (Figure 3), temperature-dependent FI-IR absorbance (Figures 4-7) and rheology (Figure 8)
measurements confirmed that the addition of accelerators induced the lowering of the temperature
at which the crosslinking processes occur. Such an effect is desired from the industrial viewpoint,
significantly simplifying the production procedures and reducing the production costs. DSC (Figure 3)
revealed a similar lowering of crosslinking temperature for 2-Melm (131 °C) and Curezol (130 °C),
while somewhat lower peak temperature was obtained by BDMA (136 °C). Temperature-dependent
FT-IR absorbance measurements further differentiated among the accelerators. When isothermal
treatment was performed at 150 °C (Figure 7A), the Curezol was the quickest in its action. BDMA
was found the slowest during isothermal treatment at 120 °C (Figure 7B). Rheologically, the lower
plateau values of elastic G’ and viscous G” moduli for D-P-BDMA formulation showed that the BDMA
accelerator, as it did not take part in crosslinking, led to less strong internal structure compared to
2-Melm and Curezol (Figure 8). Temperatures at which G’ = G” were similar for all three accelerators,
although slightly lower (122 °C) when accelerator 2-Melm was used. The described findings reflect
the basic characteristics of the chosen accelerators. According to their structure, all three accelerators
function as glycidoxy ring openers. However, Curezol can also contribute to crosslinking processes
via primary amino groups on the triazine ring and 2-Melm via aromatic secondary amine. These
differences in the structures of accelerators reflect in the crosslinking behavior of the D-P-based
formulations. All three applied measurement techniques differentiate BDMA accelerator from 2-Melm
and Curezol ones. The double function of the latter two, being openers for the glycidoxy rings and
their possibility to collaborate in the crosslinking, prevented any final decision on the superior action of
either of them. Interestingly, the rheological time sweep experiments performed to determine gel time
(G’ = G”) based on viscoelastic parameters showed even its decrease when 1-benzyl-2-methylimidazole
catalyst was added to DGEBA/triethylene-tetraamine formulation [29]. The G’ and G” crossovers were
determined isothermally at five different temperatures from 60 to 100 °C and only in case of some
diluted formulations an accelerative effect of the catalyst was noted. This pointed to the importance of
the presence of aromatic secondary amine in the structure of 2-Melm (Figure 1). Anyhow, the slight
differences in our DSC (Figure 3), FI-IR absorbance (Figures 4-7) and rheology (Figure 8) measurements
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do not allow the decision on the preference. The preference may, however, be set via experimental
demands. Namely, while the admixture of BDMA or 2-Melm is straightforward, the addition of
Curezol might occasionally result in the formation of an opaque formulation. This is a consequence of
the low solubility of Curezol in organic solvents and water.

The surface roughness values obtained from AFM (Figure 54 in Supporting Information) showed
distinct changes among the surfaces. When accelerators were not applied, i.e., neat D and D-P
coatings, the surfaces revealed the presence of spherical particles and inhomogeneities in AFM images.
The addition of either of accelerators resulted in lower values of the surface roughness (Table 3).
SEM micrographs (Figure 10) confirmed the rougher surface of the D-P coating concerning the
D-P-BDMA coating with the BDMA accelerator. It is worth mentioning, that also the coating with
BDMA contained certain elevated areas, but the surrounding surface was much flatter and more
homogeneous (Figure 10C,D). The SEM measurements of the cross-cut samples (Figure 10E,F) revealed
the compact inner structures of D-P and D-P-BDMA coatings. Such a compact structure also resulted
in the extremely good protective efficiency of D-P and D-P-accelerator coatings with regard to the neat
D coating (Figure 11).

In conclusion, we can say that the time-dependent FT-IR absorbance measurements showed
that partial exchange of DGEBA with GlyPOSS resulted in curing at a somewhat lower temperature.
The reason probably lies in the eight glycidoxy groups that are positioned in the corners of this
homoleptic cube-shaped GlyPOSS. The further lowering of the temperature of curing was achieved
by the addition of various accelerators. It was found that the action of the accelerators considerably
depends on their structure. Although all three accelerators are capable of the opening of glycidoxy
rings, only Curezol and 2-Melm can collaborate in crosslinking reactions. Specifically, Curezol can
bind via two primary amino groups and 2-Melm through aromatic secondary amine. Potentiodynamic
polarization tests showed that all coatings comprising GlyPOSS show better protective efficiency
compared to neat DGEBA/DICY (D) coatings. Consequently, our material is a promising candidate for
a wide range of applications, such as coatings for food cans, white goods, etc.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/3/591/s1,
Figure S1: FT-IR absorbance spectra of precursors DGEBA and GlyPOSS, and initial D and D-P formulations,
Figure S2: Time-dependent FT-IR absorbance spectra during the thermal curing process of D-P formulation,
Figure S3: Time-dependent FI-IR absorbance spectra during the thermal curing process of D formulation, Figure S4:
AFM images of protective coatings: (A) D, (B) D-P, (C) D-P-BDMA, (D) D-P-2Melm, (E) D-P-Curezol.
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Abstract: Bio-based polymeric nanocomposites (NCs) with enhanced electrical conductivity and
rigidity were obtained by adding multi-walled carbon nanotubes (CNTs) to a commercial bio-based
polyamide 4,10 (PA410). Two different types of commercial CNTs (Cheap Tubes and Nanocyl
NC7000™) and two different preparation methods (using CNTs in powder form and a PA6-based
masterbatch, respectively) were used to obtain melt-mixed PA410/CNT NCs. The effect of the
preparation method as well as the degree of dispersion and aspect ratio of the CNTs on the electrical
and mechanical properties of the processed NCs was studied. Superior electrical and mechanical
behavior was observed in the Nanocyl CNTs-based NCs due to the enhanced dispersion and higher
aspect ratio of the nanotubes. A much more significant reduction in aspect ratio was observed in the
Cheap Tubes CNTs than in the Nanocyl CNTs. This was attributed to the fact that the shear stress
applied during melt processing reduced the length of the CNTs to similar lengths in all cases, which
pointed to the diameter of the CNTs as the key factor determing the properties of the NCs. The PA6 in
the ternary PA410/PA6/CNT system led to improved Young’'s modulus values because the reinforcing
effect of CNTs was greater in PA6 than in PA410.

Keywords: aspect ratio; carbon nanotube; dispersion; masterbatch; nanocomposite; polyamide

1. Introduction

The study of polymer nanocomposites (NCs), based on carbon nanotubes (CNTs), has attracted
significant academic and industrial interest in recent years [1]. Due to their outstanding conductive
properties, CNTs make it possible to obtain electrically-conductive thermoplastic/CNT NCs [2], with
conductivity values ranging from 1078 to 10% S/cm. Conductivity is achieved when the electrical
percolation concentration (p.) is reached—i.e., when a three-dimensional network of interconnected
nanotubes is formed within the matrix. Furthermore, the addition of CNTs has been widely linked to
improvements in the mechanical, thermal, and barrier properties of thermoplastic materials. Therefore,
polymer/CNT nanocomposites would seem to be materials of great interest and can potentially be
used in leading technological applications such as electrostatic dissipation (ESD) and electromagnetic
interference shielding (EMI) [3].
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Polyamides (PA) have been widely studied in the field of matrices. As they have excellent
thermo-mechanical properties, these engineering polymers are widely used in the automotive,
packaging, electrical, and electronics industries [4]. Moreover, polyamides from renewable resources
(bio-PAs) have recently come onto the market [5-7], adding to the wide variety of commercial
polyamides [6] already available. Indeed, there has been a growing demand in recent years to replace
conventional petrochemical polymers with plastics derived from renewable resources. The production
of bio-based polymers is expected to triple from 5.1 million tons in 2013 to 17 million tons in 2020
(Figure 1), and moderate growth is predicted in the bio-polyamides market [6]. The PA410 used in
this study is similar to conventional technical polyamides such as PA6 or PA66 in terms of properties,
but it is made from bio-based sebacic acid obtained from castor oil [7]. Therefore, its carbon content
is approximately 70% renewable, reducing its carbon footprint to almost zero compared with other
polyamides. While the butanediamine counterpart used in this study is derived from petroleum, it can
also be derived from commercially available bio-based succinic acid or from the direct fermentation of
sugars [5].
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Figure 1. Evolution of the production capacity of bio-based polymers.

In the extensive literature on PA/CNT NCs, PA6 is the commercial polyamide most frequently
used in the production of this type of nanocomposite [8-10]. However, other PAs, such as PA66 [11,12],
PA12 [13], PA610 [14], PA1010 [15], and PA11 [16], and to a lesser extent PA46 [17] and PA1212 [18],
have also been studied. It is worth mentioning that articles on bio-based PAs are rare [5,19,20] and
studies on bio-PA/CNT NCs are practically non-existent.

Regarding the preparation methods of CNT-based nanocomposites, melt mixing is a
well-established and cost-effective way of developing new polymeric materials with diverse properties
as it is fast, simple, solvent-free, and does not require specific equipment [21]. Therefore, melt mixing
is the preparation method of choice in the industry. It is also widely recognized that the orientation,
dispersion, and aspect ratio, i.e., the main factors that define the end properties of CNT nanocomposites,
are determined by the shear during melt processing [22]. Electrical measurements are commonly
used to obtain information about the dispersion of CNTs and the formation of CNT networks, with
higher conductivity values indicating well-formed conductive nanotube networks [22]. Accordingly,
well-dispersed masterbatches (typically in the range of 10-20 wt% CNT content) are often used as
they enable homogeneous dispersions to be obtained. However, a single nanotube parameter is not
enough to describe the overall effect on electrical and mechanical properties. Several other parameters
need to be considered, such as the length, dispersion, surface quality, and nature of the nanotubes
(single, double, or multi-walled carbon nanotubes) [23]. Haggenmueller et al. [24] observed that the
single-walled carbon nanotubes composites (SWCNTs) that maintained their length, but exhibited poor
dispersion, showed enhanced elastic modulus and electrical conductivity. Finally, the functionalized
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SWCNTs were better dispersed, but had shorter, more separated nanotubes (caused by the presence of
functional groups) and limited mechanical and electrical properties.

The aspect ratios of CNTs play an important role in the percolation threshold for polymer/CNT
composites. According to continuum percolation theory, for randomly oriented ideal monodisperse
penetrable rods with aspect ratios much greater than one, the following equation can be used to predict
the critical percolation (volume) concentration [25-27]:

D

®p:Z

)
where &, is the volume percolation threshold, D is the diameter, and L is the length of the CNT.

This equation has been found to reasonably describe the experimental data for the electrical
conductivity obtained from different multi-walled carbon nanotubes (MWCNTs), as reported
by Castillo et al. [26]. In their work, the lowest percolation thresholds recorded for different
polycarbonate/MWCNT NCs were attributed to the higher aspect ratios of the corresponding CNTs.
Similarly, Guo et al. [25] reported that the electrical percolation threshold of their PC/MWCNT NCs
decreased as the CNT aspect ratio increased. Caamario el al. [27] found that, in their PA66/MWCNT
NCs, the percolation thresholds of the larger diameter tubes increased as the L/D ratio decreased.
Haggenmueller et al. [24] demonstrated that, at a given CNT concentration, the electrical conductivity
of PA66/SWCNT NCs increased with the length of the nanotubes, showing that longer nanotubes are
more likely to build percolating paths than shorter nanotubes at a fixed nanotube loading.

Mechanical properties are also affected by the aspect ratio of CNTs. Castillo et al. [26] reported
that the storage modulus of PC/MWCNT NCs at 180 and 200 °C increased as the aspect ratio of
the MWCNTs increased. Haggenmueller et al. [24] provided evidence that the elastic moduli of
nanotube/nylon composites were enhanced at higher nanotube aspect ratios. Other studies have also
indicated that the diameter and length, as well as the degree of functionality, of either single-walled or
multi-walled CNTs, exert a significant influence on the electrical conductivity, and mechanical and
thermal properties of polymer/CNT composites [23,24,27,28].

Therefore, effective mechanical reinforcement and improved electrical properties in CNT-polymer
nanocomposites can be achieved with nanotubes with large aspect ratios and good dispersion levels [24].
In the present work, three different commercial bio-PA410/CNT-based systems were prepared and
characterized using different CNTs (Cheap Tubes and NC7000™) and different preparation methods
(involving CNTs in powder form and a PA6-based CNT masterbatch). Two of the systems shared the
same preparation method (CNTs in powder form was melt-blended with the PA410), which allowed
for the influence of the different natures of the CNTs to be studied, while the other two shared the
same CNTs (NC7000™), which enabled the influence of the preparation method to be examined. Thus,
an exhaustive characterization of the aspect ratio of the CNTs employed, comparing the before and
after-processing situations, allowed us to evaluate the effect of this parameter on the final properties
of the NCs. Furthermore, using a masterbatch is more innovative than using CNTs in powder form
because, firstly, masterbatches promote homogeneous CNT dispersion, and secondly, as they are
readily available commercially, so the need to use harmful CNT powder is removed from the process,
a highly attractive prospect for the polymer industry. This is why the effect of the preparation method
on the electrical and mechanical properties of the processed NCs was also studied.

2. Materials and Methods

2.1. Materials

The PA410 used in this work was EcoPaXX® Q150-D, kindly provided by DSM (Genk, Belgium).
Two kinds of commercially available pristine MWCNTs were used: Cheap Tubes (20-30 nm) (Grafton,
VT, USA) and Nanocyl NC7000™ (Sambreville, Belgium). Their properties are summarized in Table 1.
Additionally, a PA6-based MWCNT masterbatch—also manufactured by Nanocyl (Sambreville,
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Belgium) and commercialized as Plasticyl™ PA 1503—containing 15 wt % of the aforementioned
NC7000™ was also used to obtain the PA410-based NCs.

Table 1. Properties of the multi-walled carbon nanotubes (MWCNTs) used, according to their respective
data sheets.

Estimated Aspect Surface Area Carbon Purity

Sample Diameter (nm) Length (um) Ratio (L/D) (m¥/g) %)
Cheap Tubes 1 20-30 10-30 333-1500 110 >95
Nanocyl 2 9.5 15 158 250-300 90

1 Cheap Tubes. Description Multi Walled Carbon Nanotubes 20-30 nm; 2 Nanocyl. Technical Data Sheet: NC7000™,
12th July 2016, VO08.

2.2. Composite Processing

All the composites were prepared using the same processing techniques and conditions described
in a previous study [29]—it is available as an open access article in this journal. In order to prevent
moisture-induced degradation reactions during processing, the PA410 and Plasticyl™ PA 1503
masterbatch were dried in a dry air dehumidifier (Wittmann Drymax, Kottingbrunn, Austria) for
48-72 h at 80 °C. PA410/PA6/CNT NCs were obtained by melt-mixing, using a Collin ZK25 co-rotating
twin screw extruder-kneader (Ebersberg, Baviera, Germany) at 270 °C with a screw rotation speed
of 200 rpm and diluting the masterbatch with the correct amount of neat PA410. The diameter
and length-to-diameter ratios of the screws were 25 mm and 30, respectively. Directly melt-mixed
PA410/CNT binary NCs were also obtained under the same conditions, using Cheap Tubes and
NC7000™ CNTs. Table 2 shows the wt% content of each component for all the compositions studied.

Table 2. PA410, PA6, and carbon nanotubes (CNT) wt % content in the compositions studied.

Cheap Tubes Nanocyl NC7000™

Nomenclature PA410 (wt %) PA6 (wt %) (wt %) (Wt %)
100/0 100 - 0 -
99/1 99 - 1 -
PA410/CNT(1) 98/2 %8 - 2 -
binary NCs 97/3 97 B 3 B
96/4 9% - 4 -
95/5 95 - 5 -
94/6 94 . 6

99.5/0.5 99.5 - - 05
99/1 99 - - 1
PA410/CNT(2) 98/2 %8 - - 2
binary NCs 97/3 97 B B 3
96/4 9% . - 4
95/5 95 - - 5
94/6 94 . . 6

96.6/2.9/0.5 96.6 29 : 05
93/6/1 93 6 - 1
Pf:‘rlrg fAf\fgs\IT 87/11/2 87 11 . 2
y 80/17/3 80 17 - 3
73/23/4 73 23 . 4

As described previously [29], the extrudates were cooled in a water bath, pelletized, and dried
again. Subsequent injection molding of dried pellets was carried out in a Battenfeld PLUS 350/75
reciprocating screw injection molding machine (Kottingbrunn, Austria) with a press closing force
of 350 kN to obtain tensile (ASTM D-638, type 1V, thickness 2 mm) specimens. The diameter of the
screw in the plasticizing unit was 25 mm and the L/D ratio was 14. The melt and mold temperatures
were 270 and 85 °C, respectively. The injection speed, pressure-holding, and cooling times were
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42 cm3/s, 3 s, and 15 s, respectively. All specimens were kept in a desiccator to prevent post-processing
humidity absorption.

Standard circular sheets for electrical conductivity measurements (diameter and thickness: 70 mm
and 1 mm, respectively) were obtained by hot pressing in a Collin P200E hydraulic press (Ebersberg,
Baviera, Germany). The molding process was carried out at a temperature of 270 °C and a pressure
of 130 bar in three stages: Preheating or plasticizing (closure without pressure, 2 min), compression
(closure under pressure, 3 min), and cooling under pressure (6 min). Therefore, the only property of
the materials in the study that was not measured using injection molded tensile specimens was the
conductivity. While injection molding and hot pressing techniques can be expected to produce different
CNT dispersion levels, the methodology is still valid when the aim of the measurements is to compare
the electrical conductivity of the materials developed using different CNTs and preparation methods.

2.3. Phase Structure

The phase behavior was studied by dynamic mechanical analysis (DMA) using a TA Q800
viscoelastometer (New Castle, DE, USA) that provided the loss tangent (tand) against temperature.
The scans were carried out in single cantilever bending mode at a constant heating rate of 4 °C/min
and a frequency of 1 Hz, from —100 to 150 °C. The melting and crystallization behavior of the materials
was studied by DSC using a Perkin—Elmer DSC-7 calorimeter (Waltham, MA, USA), which was
calibrated using an indium standard as a reference. The samples were first heated from 30 to 300 °C at
20 °C/min and then cooled at the same rate. The melting and crystallization temperatures (Tr, Tc) were
determined, respectively, from the maxima of the corresponding peaks during the heating and cooling
scans, and the melting and crystallization enthalpies were determined from the areas of each of these
peaks. The degree of crystallization of PA410 was calculated from the melting and cold crystallization
enthalpies, taking the enthalpy of a 100% crystalline (AH;") PA410 as 269 J/g [5].

2.4. Morphology

The nanostructure was analyzed by transmission electron microscopy (TEM). The samples were
obtained from injection-molded specimens and ultrathin-sectioned at ~100 nm using a Leica EMFC 6
ultramicrotome (Wetzlar, Germany) equipped with a diamond knife. The micrographs were obtained
in a Tecnai G2 20 twin apparatus (FEI, Waltham, MA, USA), operating at an accelerating voltage of
200 kV.

2.5. Characterization of Nanotube Diameter and Length Distributions

The nanotube length and diameter distribution in the composites after processing was analyzed in
the three systems under study with 2 wt% CNT content (98/2 in the case of the binary PA410/CNT NCs
and 87/11/2 in the case of the ternary PA410/PA6/CNT NCs). The CNTs were extracted as described by
Krause et al. [30]. The samples for this characterization were pellets, as received from the extruder
after cooling. They were dissolved in formic acid at room temperature for 1 h and the dispersions
were treated afterwards for 3 min in an ultrasonic bath. The nanotube concentration in the dispersions
was 0.1 g/l.

For TEM observations, a drop of the newly prepared dispersion was placed onto a glow-discharged,
carbon-coated, TEM copper grid (300 mesh) and dried at ambient temperature. TEM micrographs
were used for the quantitative characterization of the geometry (length and diameter) of the CNTs.
Image analysis was carried out using the free Fiji software [31]. For the characterization of the lengths,
TEM micrographs with a pixel size of 2.1 nm/pixel were used. For each sample, 5 TEM micrographs
(the number of quantified nanotubes ranged from 223 to 1281, depending on the sample) were analyzed
following the procedure described here:

1. The background of the micrographs was homogenized by subtracting the background and
applying Gaussian filters.
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2. The micrograph was binarized (the objects of interest, the CNTs, were separated from the
background). A thresholding method was used for the binarization (Figure 2).

Artifacts were removed based on the particle size (Figure 2).

Morphological transformations were carried out to improve the quality of the binarized particles.
The particles were skeletonized.

ARSI

A quantitative analysis of the skeleton was performed by computing the skeleton length for
each particle.

Figure 2. Graphical diagram of Steps 2 and 3 of the image analysis procedure.

The thickness of the nanotubes was measured using higher magnification micrographs with a
pixel size of 0.75 nm/pixel (Figure 3). For each sample, 60-70 measurements were performed, using a
total of 5 micrographs per sample. Due to their irregular shape, 3-4 measurements were carried out on
each nanotube. These measurements were made manually on raw TEM micrographs.

Figure 3. Procedure for nanotube diameter measurements.

2.6. Mechanical Properties

The tensile tests were carried out in an Instron 5569 tensile tester (Instron, Norwood, MA,
USA). An extensometer at a crosshead speed of 1 mm/min was used to measure the Young’s modulus.
Yield stress and ductility, measured as the break strain (¢}, ), were determined from the load-displacement
curves at a crosshead speed of 10 mm/min. A minimum of five tensile specimens were tested for each
reported value.
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2.7. Electrical Properties

The electrical resistivity was determined according to the ASTM D4496-87 standard.
Volume resistances were measured and converted to conductivity values. Measurements were taken at
1V using a Keithley 6487 picoammeter (Cleveland, OH, USA) and a Keithley 8009 Resistivity Test
Fixture. Three measurements were performed for each reported value.

3. Results and Discussion

3.1. Phase Structure

As previously reported [29], the PA410/CNT(1) NCs showed slight T increases when compared
with the neat PA410, due to both the characteristic hindering effect of the CNTs in the movement of
polymeric chains in the amorphous phase and the reduction of the free volume. With respect to the
crystalline phase, the CNTs did not affect the melting behavior of PA410, and exerted a nucleating effect
during cooling, enhancing the overall non-isothermal crystallization rate of the PA410 from the melt.
The PA410/CNT(2) NCs, which were not studied in the previous work, showed very similar phase
behavior to that of the PA410/CNT(1) NCs (slight increases in Tg, no effect on the melting behavior and
a nucleating effect during cooling).

As described in the previous work [29], since the Ty observed for the ternary PA410/PA6/CNT
NCs was similar to that of neat PA410 — caused by the CNTs and PA6 offsetting each other, it can be
concluded that these ternary NCs are completely miscible in the amorphous phase. With respect to the
crystalline phase, a progressive decrease in Ty, was observed at increasing CNT contents, due to the
increase in the PA6 contents. During cooling, the nucleating effect of the CNTs was still evident despite
the drop in T, caused by the presence of PA6 in the PA410 matrix. A fully detailed explanation of this
result can be found in our previous work [29].

3.2. Characterization of Nanotube Diameter and Length Distributions

Figures 4 and 5 show, respectively, the length and diameter distributions of the CNTs in the three
systems, recovered from the melt-extruded NCs after processing, measured from TEM micrographs
and following the image analysis procedure described in the experimental part. Table 3 summarizes the
experimentally measured average length and diameter values of the different CNTs and the calculated
aspect ratio (L/D).

As can be inferred from Figure 4 and seen in Table 3, the average length of the nanotubes in
the three systems studied was similar. This result is particularly relevant considering that, before
processing, the Cheap Tubes CNTs in the PA410/CNT(1) system were 7-20 times longer (10-30 um,
Table 1) than the Nanocyl CNTs in the PA410/CNT(2) and PA410/PA6/CNT systems (1.5 um, Table 1).
It has previously been demonstrated in the literature that melt processing CNT-based NCs causes the
nanotubes to break [22,32] due to the characteristic shear stress in this method of processing. Moreover,
as the three systems in the study were obtained under the same processing conditions and therefore
subjected to the same shear stress, this result suggests that a certain shear stress reduces the average
length of all the CNTs to a similar one, regardless of their initial length. Similar results have previously
been obtained in PC-based NCs [25].

With respect to the diameter of the nanotubes, as Figure 5 suggests and Table 3 shows, the values
measured by TEM were consistent with those reported in the data sheets (Table 1). Thus, it can be stated
that, as expected and unlike its effect on the length, the shear stress applied during melt processing
barely affects the diameter of the CNTs.

The aspect ratio of the nanotubes of the three systems, calculated from the length and diameter
measurements, is shown in Table 3. As can be seen, the values for the two systems containing Nanocyl
CNTs are similar because the length of the CNTs is similar and the diameter is practically identical.
However, the aspect ratio of the system containing the Cheap Tubes CNTs is significantly lower than
that of the Nanocyl CNT systems, because the length of the Cheap Tubes nanotubes is similar but the
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diameter is greater. When the experimental L/D values are compared with the values on the data sheets
(Table 1), the decrease in the three systems is very significant, but much more so in the PA410/CNT(1)
system (95%—-99%) than in the systems containing Nanocyl CNTs (82%—84%). Therefore, the high
aspect ratio of the Cheap Tubes CNTs before processing was compared with the Nanocyl CNTs drops
after processing.

It has been widely reported in the literature and will be demonstrated later in this work that the
aspect ratio of carbon nanotubes affects the mechanical and electrical properties of NCs. Many previous
studies have also shown that higher aspect ratios result in lower electrical percolation thresholds [25,26],
as well as improved mechanical performance.

100

80 —
60 —
-
= L
3 =
o
S L
40 —
20 —
O7III\‘I\}\‘YI\(!IIII'IIII‘\I\\‘\\I\
0 0.5 1 1.5 2 2.5 3 35
Length (um)
400 -
350 — 4b
300 —
250 —
- E
= E
2 200 =
o E
150 |~
100
50
OEIJ.L[:QI‘D I g 1o uf
0 0.5 1 15 2 25 3 35
Lenght (um)
500
400 [
300
€
-
o
o
200

100

Length (um)

Figure 4. Nanotube length distributions after processing, as recovered from melt extruded PA410/CNT(1)
98/2 (a), PA410/CNT(2) 98/2 (b), and PA410/PA6/CNT 87/11/2 (c¢) NCs. Total number of particles: 223,
925, and 1281, respectively.
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Figure 5. Comparison of diameter distributions of Cheap Tubes (white bars), Nanocyl NC7000™

(grey bars) and PlasticleM PA 1503 masterbatch (black bars) after processing, as recovered from melt
extruded PA410/CNT(1) 98/2, PA410/CNT(2) 98/2, and PA410/PA6/CNT 87/11/2 NCs. Total number of
particles: 65, 60, and 62, respectively (with 3-4 measurements for each nanotube).

Table 3. Average values of the diameter and length, measured from transmission electron microscopy
(TEM) micrographs, and estimated aspect ratio of the CNTs after processing the NCs.

NC Diameter (nm) Length (um) Aspect ratio (L/D)
PA410/CNT(1) 18 0.32 18
PA410/CNT(2) 11 0.27 25

PA410/PA6/CNT 12 0.33 28

3.3. Morphology

Figure 6 shows the TEM micrographs of the PA410/CNT(1), PA410/CNT(2), and PA410/PA6/CNT
NCs at a CNT concentration of 1 wt%. As can be seen, the nanotube dispersion levels are qualitatively
good in the three NCs under study. Moreover, while difficult to appreciate in the images in Figure 6,
a systematic observation of all the TEM micrographs revealed that the nanotube dispersion level
of the systems that contained Nanocyl CNTs, i.e., PA410/CNT(2) and PA410/PA6/CNT, was better
than the system with the Cheap Tubes CNTs (PA410/CNT(1)). In the former, the nanotubes appeared
uncurled and individually dispersed, while in the latter, they were more curled, and there were more
small aggregates.

As mentioned in the previous section, the nanotube aspect ratio was significantly higher in the
Nanocyl CNTs-based NCs than in the Cheap Tubes CNTs-based ones, due to the similar length but
smaller diameter of the nanotubes. Moreover, the density of the pristine Nanocyl CNTs was also lower
than that of the Cheap Tubes CNTs. Therefore, given a certain nanofiller wt% content, there were more
nanotubes per volume unit in the Nanocyl CNTs-based NCs than in the Cheap Tubes CNTs-based ones.

In conclusion, the dramatic decrease in length—and consequently, in the aspect ratio—of the
Cheap Tubes gave rise to lower after-processing aspect ratio values than those of both Nanocyl-based
systems. This, along with the greater number and better dispersion of the nanotubes in PA410/CNT(2)
and PA410/PA6/CNT NCs, influences both the electrical and mechanical properties of the resulting
materials, as will be seen in the following sections.
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Figure 6. TEM micrographs of the PA410/CNT(1) 99/1 (a), PA410/CNT(2) 99/1 (b) and PA410/PA6/CNT
93/6/1 (c) NCs at x14500 magnification.

3.4. Electrical Properties

Figure 7 shows the electrical conductivity of the PA410/CNT(1), PA410/CNT(2), and
PA410/PA6/CNT NCs vs. the CNT content. As mentioned in the experimental section, the specimens
for the electrical conductivity measurements were obtained by hot pressing, rather than by injection
molding, which was used for the characterization of the other properties in the study. Therefore,
as discussed in a previous work [29], different CNT dispersion levels, orientations, and/or even aspect
ratios to the injection-molded samples were to be expected. However, given that the samples used
for taking the electrical conductivity measurements were all processed in the same way (extrusion
followed by compression molding) and under the same conditions, the conductivity results are still
valid for the purposes of comparison.

Electrical conductivity (S/cm)

CNT wt%

Figure 7. Electrical conductivity of the PA410/CNT(1) NCs (m), the PA410/CNT(2) NCs (a), and the
PA410/PA6/CNT NCs (®). When not visible, the error bars are smaller than the symbols.

As can be seen in Figure 7, the electrical conductivity increased by over seven decades in the three
systems studied, indicating that electrical percolation of the carbon nanofiller occurred. The maximum
conductivity values obtained were similar in the PA410/CNT(2) and in the PA410/PA6/CNT system:s,
but were higher than the figures for the PA410/CNT(1) system. The electrical percolation threshold
was calculated from the experimental data using a simple power law Equation (2) [33]:

a(p) =B(p-pc)' ©)
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where o(p) is the experimental electrical conductivity, B is the proportionality constant, f is the critical
exponent, p is the CNT concentration, and p. is the percolation concentration; where p is always higher
than p¢ (p > pc). The results obtained are stated in Table 4. As can be inferred from Figure 7 and shown
in Table 4, the electrical percolation of the carbon nanofiller occurred at similar, significantly lower
values in the two Nanocyl CNTs-based NCs than in the Cheap Tubes CNTs-based ones.

The three main factors that affect the electrical behavior of a CNT-reinforced polymeric system are:
(1) Orientation, (2) geometry, usually characterized by the aspect ratio, and (3) dispersion level, which
encompasses the number of individual CNTs, the aggregates, and the curled or uncurled geometry.
The first factor can be excluded because TEM observations clearly show randomly oriented CNTs
in the three systems of the study. With respect to the other two, it was previously demonstrated
that the aspect ratio and the dispersion level were similar in the PA410/CNT(2) and PA410/PA6/CNT
NCs, but higher and better, respectively, than in the PA410/CNT(1) NCs. Thus, the superior electrical
performance of the Nanocyl CNT-based NCs compared with the Cheap Tubes CNT-based ones can be
attributed to their good dispersion level and higher aspect ratio.

Table 4. Experimental percolation thresholds of the NCs.

NC. Percolation Threshold (wt%)
PA410/CNT(1) 3.98
PA410/CNT(2) 0.50

PA410/PA6/CNT 0.65

When these experimental percolation concentrations are compared with the theoretical values
obtained using Equation (1), calculated using the L and D values provided in the data sheets, it can
be seen that the experimental percolation thresholds (Table 4) are much higher than the theoretical
values (0.06-0.29 wt%) in the PA410/CNT(1) NCs, and similar or slightly higher than the latter results
(0.51 wt%) in the PA410/CNT(2) and PA410/PA6/CNT NCs. The difference in values can thus be
attributed to the reduction in the aspect ratio of the different CNTs during the processing referred
to earlier. Consistent with the aforementioned data regarding the reduction in the aspect ratio, the
maximum difference between the experimental and theoretical percolation values was observed in the
PA410/CNT(1) NCs with the Cheap Tubes CNTs.

However, when the theoretical p, values from Equation (1) were calculated using the experimentally
measured L and D values, i.e., after processing, the results were higher (5,17, 3,31, and 3,29 wt%,
respectively, for PA410/CNT(1), PA410/CNT(2), and PA410/PA6/CNT NCs) than the experimental pc-s
shown in Table 4. Given that Equation (1) assumes randomly oriented ideal monodisperse penetrable
rods, the lower experimental values obtained in this work are unexpected and point to the experimental
methodology used as underestimating the real L/D ratios of the CNTs. It is notable that Equation (1) is
consistent with experimentally measured p. values in certain polymer/CNT systems [25,26], however,
as calculations for these systems were performed with the initial L/D values of the CNTs, the effect of
the melt-mixing processing on the aspect ratio was not considered in any of these studies.

Finally, it is notable that careful selection of the CNTs brought about some of the lowest p.
values reported in the literature for melt-processed PA-based NCs, with obtained values ranging from
0.4% [34] to 6% [35], depending on the PA, processing method, and conditions used. As previously
demonstrated, given that the shear stress applied during processing reduced the initial dissimilar
lengths of the CNTs to similar lengths, the initial diameter of the CNTs, which was unchanged by
processing, plays a key role in the final aspect ratio of the CNTs, and therefore in the electrical behavior
of the NCs.

3.5. Mechanical Properties

Table 5 shows the Young’s modulus, tensile strength, and ductility values of the PA410/CNT(1),
PA410/CNT(2), and PA410/PA6/CNT NCs. Young’'s modulus vs. the CNT content is also shown in
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Figure 8. As expected in well-dispersed CNT-filled NCs, the stiffness increased at increasing CNT
contents in all the NC systems. The overall increase in Young’s modulus is caused by a decrease in
the molecular mobility of the polymeric chains, which is also supported by the Ty increase shown by
DMTA. The large interfacial area-to-dispersed phase volume ratio characteristic of well-dispersed
CNTs facilitates the presence of interactions between the polymer and the filler [36]. When the three
systems were compared, the maximum modulus increase was observed in the PA410/PA6/CNT system,
where a 10.3% increase was observed with a 4 wt% CNT content, followed by the PA410/CNT(2) system
(an increase of 11% with a 6 wt% CNT content), and the PA410/CNT(1) system, where a 4.5% increase
with a 6 wt% CNT content was observed. Therefore, the reinforcing efficiency of the Nanocyl CNTs is
clearly greater than that of the Cheap Tubes CNTs, and can be attributed to the higher aspect ratio and
better dispersion rate of the former, as previously discussed.

Table 5. Young’s modulus, tensile strength and ductility values of the PA410/CNT(1), PA410/CNT(2),

and PA410/PA6/CNT NCs.
o Young’s Modulus Tensile Strength . o
Composition (MPa) (MPa) Strain at Break (%)
100/0 2880 + 30 755+ 0.4 100 + 30
99/1 2850 + 100 743 +1.2 7+4
98/2 2860 + 60 75.6 £ 0.2 71
PA410/CNT(1) NCs 97/3 2870 + 40 743 +1.2 5+1
96/4 2930 + 40 75.1+0.7 7+1
95/5 3010 + 10 745 +0.8 5+1
94/6 3010 + 50 76.3 £0.5 6+0
99.5/0.5 2630 + 10 758 +0.3 14+6
99/1 2680 + 20 76.5+3.4 5+2
98/2 2730+ 30 79.2 0.4 6+4
PA410/CNT(2) NCs 97/3 2880 + 20 832+04 9+5
96/4 2950 + 60 82.6+1.8 7+4
95/5 3010 + 20 85.8+0.9 8x1
94/6 3160 + 40 845+1.0 4+1
96.6/2.9/0.5 2930 + 90 743 +£0.3 8+4
93/6/1 2850 + 40 735+0.5 5x1
PA410/PA6/CNT NCs 87/11/2 2930 + 40 73.8+1.0 6+2
80/17/3 3040 + 80 718 £3.6 4+1
73/23/4 3180 + 70 741 +2.0 340
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Figure 8. Young’s modulus of the PA410/CNT(1) NCs (m), PA410/CNT(2) NCs (a), and PA410/PA6/CNT
NCs(®@).
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When comparing the two Nanocyl CNTs-based NCs, the superior mechanical performance
of the PA410/PA6/CNT NCs is particularly noteworthy, considering that the Young’s modulus of
PA6 (=2400 MPa) is significantly lower than that of neat PA410 (=2900 MPa). As mentioned before
regarding conductivity, the most important factors affecting the mechanical behavior of CNT-filled
NCs are orientation, aspect ratio, and dispersion level. However, these parameters were found to
be similar in both the Nanocyl CNTs-based NCs in this study. In fact, the only difference between
the two systems is the presence of a certain amount of PA6 in the PA410/PA6/CNT NCs. In the
literature, the reinforcing capacity of the Nanocyl CNTs was better in a PA6 matrix [36] than in the
PA410 matrix of the present work. This is because the PA6/CNT masterbatch used here was used in
a pure PA6 matrix, and a 36% increase in modulus was reported after 5% CNTs were added. In the
present work, the addition of the same CNT content to PA410 led to a modulus increase of only 4.5%.
As already explained in a previous work [29], the PA410/PA6/CNT NCs studied in the present work
were prepared by diluting the aforementioned PA6/CNT masterbatch with the appropriate amounts of
pure PA410, while the PA410/CNT(2) NCs were prepared by direct melt-mixing pristine Nanocyl CNTs
and PA410. Consequently, the presence of a certain amount of PA6 in the ternary system produces a
synergistic reinforcing effect of the CNTs, which, in turn, produces higher Young’s modulus values in
PA410/PA6/CNT NCs.

As can be seen in Table 5, the behavior of the yield stress was similar to that of Young’s modulus in
the binary PA410/CNT(1) and PA410/CNT(2) NCs, showing slight and moderate increases as the CNT
content increased. Similar behavior has been observed in other CNT-filled NCs [9,13,37], although
the local nature of the yielding process—unlike the Young’s modulus where the whole section of the
specimen is involved—often leads to constant [8,38] or even decreasing [8,39] values at increasing CNT
contents. This seems to be the case of the ternary PA410/PA6/CNT system, where the presence of PA6,
with its lower yield stress (66 MPa), coupled with the local nature of the yielding process lead to
values similar to that of neat PA410.

The ductility of all the NC systems in the study decreased sharply even at the lowest CNT contents,
as expected in CNT-reinforced NCs. This decrease is attributed to restrictions in the mobility of the matrix
chains caused by the single CNTs, which promote fracture, and to the intrinsic crack-sensitive nature
of PAs [40—42]. No relevant differences were observed among them, and all the filled compositions
broke just after yielding.

4. Conclusions

Bio-based polymeric NCs with enhanced electrical conductivity and rigidity were obtained by
adding MWCNTs to PA410. Superior electrical and mechanical behavior was observed in the Nanocyl
CNTs-based NCs due to the improved dispersion and higher aspect ratio of the nanotubes. A much
more significant reduction in aspect ratio was observed in the Cheap Tubes CNTs compared to the
Nanocyl CNTs. This is attributed to the fact that the shear applied during melt processing reduced the
length of the CNTs to a similar value in all cases, pointing to the diameter of the CNTs as the key factor
determining the properties of the NCs. The presence of PA6 in the ternary PA410/PA6/CNT system led
to improved Young’s modulus values because the CNTs had greater reinforcing ability in PA6 than
in PA410.
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Abstract: Different forms of unmodified and modified Poly(ethylene glycols) (PEGs) are widely
used as antifouling and antibacterial agents for biomedical industries and Nylon 6 is one of the
polymers used for biomedical textiles. Our recent study focused on an efficient approach to PEG
immobilization on a reduced Nylon 6 surface via N,N’—disuccinimidyl carbonate (DSC) conjugation.
The conversion of amide functional groups to secondary amines on the Nylon 6 polymer surface was
achieved by the reducing agent borane-tetrahydrofuran (BH3-THF) complex, before binding the PEG.
Various techniques, including water contact angle and free surface energy measurements, atomic force
microscopy, scanning electron microscopy, X-ray photoelectron spectroscopy, and Fourier-transform
infrared spectroscopy, were used to confirm the desired surface immobilization. Our findings indicated
that PEG may be efficiently tethered to the Nylon 6 surface via DSC, having an enormous future
potential for antifouling biomedical materials. The bacterial adhesion performances against S. aureus
and P. aeruginosa were examined. In vitro cytocompatibility was successfully tested on pure, reduced,
and PEG immobilized samples.

Keywords: poly(ethylene glycol) (PEG); conjugation; N,N’-disuccinimidyl carbonate (DSC);
immobilization; surface modification

1. Introduction

The continuous increase and spread of infections caused by pathogenic bacteria and viruses in
healthcare facilities worldwide also leads to an increase in the development of microbial resistance
to antibiotics, antivirotics, and disinfectants [1,2]. From this point of view, many research groups
worldwide are intensively working on the development of effective solutions to this problem [3-5].
Most biomaterials used in healthcare facilities, which are often in direct contact with patients, are made
of polymers, particularly polyamides [6-8]. The possibility of modifying these materials via chemical
treatments provides these materials with added value and may thus improve patient care in the fight
against infections caused by pathogenic bacterial strains and/or viruses.

The most commonly used materials for fouling resistance are poly(ethylene glycol) (PEG) and its
derivatives, which are widely used to engineer the surface of various polymers by enabling them to
be hydrophilic, non-toxic, and biocompatible [9]. PEG also has the effect of minimizing the ability of
bacteria to colonize and form biofilms on a material’s surface [10]. According to the studies by Jeon
and co-workers, protein resistance to PEG-functionalized surfaces in water is caused by Van der Waals
attractions and steric repulsion between a solid substrate and proteins [11]. Recently, various different
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surface modification methods have been applied to graft PEG molecules onto various substrates
such as polymers, metals and composites [12-17]. Several experiments have shown that longer PEG
chains (e.g., My > 1000 g/mol) grafted to polymer surfaces are much more effective in minimizing
bacterial adhesion. It is usually considered that the benefit of using long polymer chains is related to
more efficient surface coverage. However, this statement closely relates to the type of tested bacterial
strain [18]. The stability of a PEG coating has been examined and was found to be stable under
exposure to phosphate-buffered saline (PBS) as well as sterilization conditions [19]. Below 37 °C,
the PEG chain configurations are not affected. Therefore, PEG—protein interactions and the antifouling
effect are not much altered [9].

The biomedical industry widely utilizes polyamides, including Nylon 6, for various purposes
such as wound dressings, suture material, dialysis membranes, catheters, angioplasty balloons and
porous bone scaffolds, etc. [20]. The recent worldwide crisis due to novel COVID-19 has enhanced
the importance of polymers for producing effective personal protective equipment (PPE) to create
a barrier between humans and germs. PPE comprises protective gloves, masks, protective eye
shields, and clothing (gowns, aprons, head covering, and shoe covers). Nylon is used as a PPE
material [21]. Suitable surface modifications may improve the performance of polyamide as a PPE
biomaterial [22]. The surface of nylon is commonly modified by plasma treatment to immobilize
the PEG chains [23]. Nevertheless, physical processes for polymeric immobilization have their own
disadvantages, mainly instability issues.

Conjugation chemistry is vastly used for modification reactions. N,N’-Disuccinimidyl carbonate (DSC)
is the smallest homo-bifunctional crosslinking reagent and contains only one carbonyl group with two
N-hydroxysuccinimide (NHS) esters [24,25]. This compound is highly reactive toward nucleophiles [26].
DSC is widely used to produce modified polymer surfaces and to introduce PEG to the definite sites of
proteins or nucleic acids. The advantages of DSC are a longer lifespan, wide range of suitable solvents
and higher reactivity towards the activated hydroxyl groups [27]. Several studies have shown that
DSC-mediated amination techniques provide higher coupling yields [28,29]. Antibiotics have been
activated with DSC to conjugate with poly(catechin) aiming to achieve antimicrobial efficacy using
polyurethane and a double-lumen silicone catheter [30]. DSC has also been employed in peptide and
protein bonding with PEG or its derivatives for drug delivery and in anti-fouling polymer materials [31-33].
In the context of surface chemistry, no examples of Nylon 6/polyamide surface modification with DSC
activated PEG or PEG derivatives have been reported to date.

In our previous studies, we explored various different ways of modifying the surface of Nylon 6 to
alter the surface functional groups to graft PEG derivatives via chemical modification [20,34]. Our recent
studies were chiefly focused on the efficient immobilization of PEG chains on a reduced Nylon 6
surface using a conjugation reaction with the carbonyl group of DSC. The surface characterization was
examined by water contact angle (WCA) and free surface energy (FSE) measurements. Furthermore,
surface topography and morphology were analyzed by atomic force microscopy and scanning
electron microscopy. Surface modification was also verified by X-ray photoelectron spectroscopy and
Fourier-transform infrared spectroscopy to confirm PEG chain tethering to the Nylon 6 surface.

Bacterial adhesion inhibition was examined against S. aureus and P. aeruginosa. In vitro cytocompatibility
tests were performed to assess the cytotoxicity of the pure and modified samples.

2. Materials and Methods

2.1. Materials

Nylon 6 film (thickness: 15 um) was supplied by Goodfellow Cambridge Ltd., (Huntingdon,
UK). Methanol (99.8%), 2-propanol (99.8%), hexane (99.9%), and sodium hydroxide (NaOH) were
supplied by PENTA Ltd. (Praha, Czech Republic). Borane-Tetrahydrofuran complex (1 M, BH;-THF)
and solvents tetrahydrofuran (99.95% THF), dimethyl sulfoxide (99% DMSO), acetone (99.5%),
ethanol (96%), and hydrochloric acid (HCI 35%) were purchased from Lach:Ner, s.r.0., (Neratovice,

156



Polymers 2020, 12, 2181

Czech Republic). Polyethylene glycol (M = 1450 g/mol, PEG) was purchased from Sigma-Aldrich Co.,
CZ. N,N'’-diisopropylethylamine (>99%), 4-(dimethylamino) pyridine (>98%), N,N’-Disuccinimidyl
carbonate (>95%, DSC), anhydrous tetrahydrofuran (>99.9%, inhibitor-free THF), and anhydrous
acetone (>99.5%) were obtained from Merck(Praha, Czech Republic). All modified and unmodified
sample washings were performed using deionized water.

Bacterial adhesion tests were performed using Gram positive Staphylococcus aureus-CCM 3953
and Gram negative Pseudomonas aeruginosa-CCM 3955 (ALE-G18, CSNI, collection of microorganisms,
Masaryk University, Brno, Czech Republic). Soyabean Casein Digest Medium-HIMEDIA®REF
(HiMedia, Einhausen, Germany) was used to prepare agar plates, while Luria-Bertani (LB)
broth-MILLER (Sigma-Aldrich-Merck, Praha, Czech Republic) was used to prepare the nutrient solution.

Cell experiments were performed using a 3T3 clone A31 mouse fibroblast cell line.
Dulbecco’s Modified Eagle’s Medium (DMEM), a penicillin/streptomycin antibiotic mixture and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were supplied by Sigma-Aldrich
Merck. Fetal bovine serum (Biosera, Loire Valley, France) and newborn calf serum (GibcoVR, Thermo Fisher
Scientific, Praha, Czech Republic) were used as protein supplements. Positive (PM-A) and negative (RM-C)
cytotoxicity controls were supplied by Hatano Research Institute (FDSC, Hatano, Japan). Staining of cell
nuclei and cytoplasm was performed using 3,3’ dihexyloxacarbocyanine iodide (DiOC6(3)), Triton X-100
and propidium iodide (PI) supplied by Sigma-Aldrich Merck. PBS, glutaraldehyde, Phalloidin-Fluorescein
Isothiocyanate (phalloidin-FITC) and 4’,6-Diamidine-2’-phenylindole dihydrochloride (DAPI),
which were used for cell adhesion tests, were also purchased form Sigma-Aldrich Merck.

2.2. Methods

2.2.1. Preparation of Samples

The Nylon 6 films (thickness: 15 um, size: 6 X 6 cm) were thoroughly rinsed with the following
solvents: deionized water, ethanol, 2-propanol, acetone, THF, and hexane. Samples were sonicated
with each solvent for 3 min. The washed samples were dried at 50 °C/3 h in a vacuum and stored in a
desiccator over silica gel until used.

2.2.2. Reduction of Nylon 6 with BH3-THF

The amide functional groups present in Nylon 6 were reduced to a secondary amine according
to a modified procedure described by Jia et al. [35]. Under an inert (argon) atmosphere, dry THF
(50 mL) was introduced into a Schlenk flask (250 mL), containing one weighed dry sample (~90 mg).
A total of 8 mL of BH3-THF solution [1 M (8 mmol)] was added at 0 °C with stirring at 150 rpm.
The reaction mixture was stirred for 1 h at r.t. and left overnight (18 h) at 50 °C. After cooling down to
r.t., the modified samples were sonicated for 3 min with each of the following solvents: THF, 1 M HCl,
deionized water, 1 M NaOH, deionized water, THE ethanol, acetone, and hexane. The reduced samples
were dried at 50 °C/3 h in a vacuum and stored in the desiccator until further treatment. For long-term
storage, the 1 M NaOH solution was skipped and the modified Nylon 6 was stored as ammonium
chloride salt prepared by HCl washing [34]. The reduced sample was referred to as Nylon 6-NH. All of
the reduced samples (size 6 X 6 cm) were cut into 2 X 2 cm size pieces before further functionalization.

2.2.3. Tethering of PEG to the Nylon 6-NH Surface by Conjugating DSC

A verified procedure was followed for the conjugation reaction, after the required modification [26].
N,N’-diisopropylethylamine (5 mL) and DSC (0.3843 g, 1.5 mmol) were stirred in 60 mL of dry acetone
at r.t./500 rpm/1 h. This suspension was added into the Schlenk flask (250 mL) containing five Nylon
6-NH samples under argon and stirred at r.t./200 rpm/3 h. The reaction medium was carefully removed
using a syringe and the samples were washed twice with dry acetone in a closed system. Meanwhile,
polyethylene glycol (2.9 g, 2 mmol PEG) was dried at r.t./2 h in a cold trap using liquid nitrogen (Ny).
Anhydrous acetone (35 mL) was added to a 100-mL round bottom flask containing dry PEG under
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an inert atmosphere and stirred at r.t./400 rpm/2 h. In another flask, 4-(dimethylamino) pyridine
(1.466 g, 12 mmol) was dissolved in 20 mL of anhydrous acetone and stirred at r.t./200 rpm/1 h. First,
the PEG solution was added to the washed Nylon 6-NH samples after reaction with DSC. Then,
the 4-(dimethylamino) pyridine solution was introduced, stirred at r.t./200 rpm, and allowed to react
overnight. Finally, the samples were removed and rinsed with acetone, ethanol, and hexane in a
sonication bath, then dried at r.t./5 h in a vacuum and stored in a desiccator. The modified samples
were referred to as Nylon 6-N-PEG.

2.2.4. Surface Characterization

The WCAs and FSEs were analyzed using a computer-based portable instrument having special
software that follows the ISO 27448:2009 test method (See System E, Advex Instruments s.r.o0., Brno,
Czech Republic). WCA measurement is a rapid, easy and useful surface analytical technique. Contact
angle measurements were performed by vertically positioning 10 droplets (3.5 puL per droplet)
of deionized water on each sample. The droplets were allowed to equilibrate for 5 s before the
measurement. The mean values were taken for plotting WCA bar graphs including standard deviations
(£SD). The FSEs related to the mean values of the WCAs were directly measured by the software using
the Kwok-Neumann model.

The topography of the pure and modified Nylon 6 films was studied in the air at atmospheric pressure
with NanoWizard® 3 NanoScience AFM (JPK Instruments, Berlin, Germany). For more accurate scanning,
a contact mode with Cantilever NANOSENSORSTM PPP-CONTSCR (resonance frequency = 23 kHz;
contact force = 0.2 Nm~!; tip radius <10 nm; tip height 10-15 um) was used. Sample scans and subsequent
surface roughness (Ra) evaluation were performed on areas of 10 X 10 pm and 1 X 1 um. The obtained
data were processed using the freeware Gwyddion and JPK Data Processing.

The surface morphology changes were examined by the SEM (ZEISS, Sigma Family, Jena, Germany).
Pure and modified Nylon 6 films were sputtered with platinum to from a 2-nm thin conductive layer,
and subsequently viewed as secondary electron images (1 kV).

X-ray photoelectron spectroscopic (XPS) measurements investigating C15 and N1 binding energies
(eV) before and after Nylon 6 modification were performed using a Thermo Scientific K-Alpha X-ray
Photoelectron Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) with monochromatic Al
Ko« radiation (h, = 1486.6 eV).

The Nicolet™ iS™10 FT-IR Spectrometer (Thermo Scientific™) was employed to investigate the
modified Nylon 6 samples compared to the pure ones.

2.2.5. Bacterial Adhesion Tests

To analyze the bacterial adhesion on the surface of each sample (Nylon 6, Nylon 6-NH and
Nylon 6-N-PEG), the below-mentioned protocol, with the necessary modifications described below,
was followed according to the reference [36]. All of the samples were incubated in the prepared
bacterial inoculums of Pseudomonas aeruginosa and Staphylococcus aureus separately.

Bacterial adhesion tests were performed using Gram positive Staphylococcus aureus-CCM 3953
and Gram-negative Pseudomonas aeruginosa-CCM 3955 (ALE-G18, CSN], collection of microorganisms,
Masaryk University, Brno, Czech Republic). The tested bacterial strains were firstly revived and leave
it to grow on the agar plates made of Soyabean Casein Digest Medium-HIMEDIA®REF for 48 h at
37 °C in the incubator. After this time, the bacterial inoculums were prepared in the following manner.

Both grown bacterial strains were firstly diluted in 20 mL of Luria-Bertani (LB) broth MILLER
and then were centrifuged for 3 min/5000 rpm to remove supernatant, further were washed with
PBS at pH 7.2 twice, and resuspended in a sterile physiological saline solution (0.15 M NaCl, pH 7.0,
20 mM NaHCOs3) with the aim to reach the initial optical cell density at 600 nm 0.15 + 0.08 for both
bacterial inoculums. Subsequently, each sample was immersed in the bacterial inoculum for 1 h at
37 °C. After this time, the samples were rinsed with distilled water three times, put on the slide glass,
and covered with a Live/Dead Backlight, 1 Kit 30x diluted solution containing 1.67 mM of SYTO9-A
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and 18.3 mM propidium iodide—B, molar ratio 1:1. Finally, the samples were kept in the dark for
15 min and further analyzed at 630 nm using 44 FITC (green) and 43 cy3 (red) filters.

Finally, the live (green) and dead (red) bacteria (S. aureus and P. aeruginosa), attached on the six
(in total) analyzed samples, were imaged using a fluorescent microscope (ZEISS Axio Imager 2).

2.2.6. Cytotoxicity Assessment

Cytotoxicity was assessed by direct contact cytotoxicity tests as well as cell adhesion and
proliferation analyses. Prior to the in vitro experiment, the samples (Nylon 6, Nylon 6-NH and Nylon
6-N-PEG) were sterilized by immersion in 70% ethanol for 30 min, followed by washing three times in
a PBS solution. Mouse 3T3-SA fibroblasts (passage 8) were used for the cytotoxicity assessment of
the films according to ISO 10993-5:2009 (Biological evaluation of medical devices—Part 5: Tests for
in vitro cytotoxicity).

For direct contact cytotoxicity analysis, the fibroblasts were seeded in 12 well plates in a
concentration of 5 X 10%/well. After reaching subconfluency (24 h), the tested samples measuring
approximately 5 X 5 mm were added into the wells (1 = 4 per each sample). After 24 h of incubation,
the cells were observed by optical microscopy and cell metabolic activity was determined by the
colorimetric MTT test. The cells in the complete media served as a NC: negative control (DMEM).
The complete medium with the addition of the cytotoxic agent Triton X-100 was used as a PC: positive
control (DMEM+Triton X-100). After 24 h of incubation, the cell metabolic activity was examined by
a metabolic MTT assay (n = 12 per each group). The measured absorbance of the negative control
(NC) was considered as 100% viability. Recalculated values of cell viability were plotted in the results
section, showing the cytotoxic effect of the samples. Direct contact cytotoxicity was determined by a
decrease in viability below 70% of the control cells (marked with a red line in the graph).

Next, cell adhesion and proliferation tests were conducted. Staining of the cells that adhered to
the tested films was used to visualize cell spreading and adhesion after seeding the cells on the top
of the samples. Sterile samples measuring approximately 2 X 2 cm were placed on the bottom of six
well plates and seeded with fibroblasts. After 1 and 7 days of incubation, the films with the adhered
cells were washed twice in PBS and fixed in 2.5% glutaraldehyde. Then, the cells were stained by
phalloidin-FITC, which binds to actin filaments in the cytoplasm, and DAPI that visualizes the cell
nuclei in blue. A fluorescence microscope was used to capture cell spreading (magnification 200x)
and to evaluate the cell morphology. Fluorescent imaging was carried out on a Zeiss Axio Imager
M2 microscope using an EC Plan-Neofluor 20x objective lens. The density of the adhered cells was
determined by counting the cell nuclei on the fluorescent images of each sample using Image]J software.

3. Results

3.1. Tethering of PEG to the Nylon 6-NH Surface by Conjugating DSC

It is well known that DSC is a homo-bifunctional NHS ester crosslinking reagent that is highly
reactive towards nucleophiles [26]. DSC can activate both hydroxyl (-OH) and amine (-NH; and >NH)
functional groups. DSC undergoes rapid hydrolysis in an aqueous solution and therefore anhydrous
organic solvents are required to carry out the treatments. Scheme 1 shows the three-step preparation
protocol. The first step indicates the reduction of the Nylon 6 surface functional groups, amides
(-CONH-), to secondary amines (-CH,;NH-) with the help of a borane-tetrahydrofuran (BH3-THF)
complex, producing the modified Nylon 6-NH surface. The next reaction shows the activation of
secondary amine groups (>NH) on the surface via DSC. The third step shows the immobilization of
PEG on the DSC activated Nylon 6-NH surface. The amine activated surface and the PEG tethered
final surface are referred to as Nylon 6-N-SC and Nylon 6-N-PEG, respectively.
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Scheme 1. Preparation of the PEG tethered Nylon 6-NH surface (Nylon 6-N-PEG) via DSC.

3.2. Characterization

3.2.1. WCA and FSE Analyses of Pure and Modified Nylon 6 Samples

Figure 1a,b shows the WCAs and FSE measurements on the pure and modified films, before
and after PEG immobilization. The initial surface contact angle (mean value) was 70.8° + 4.3°
whereas after reduction the surface contact angle increased to 81.2° + 3.1° (Figure 1a), making the
surface more hydrophobic than the pure one [34]. The DSC activated Nylon 6-N-PEG surface
(mean WCA—51.8° £ 2.9°) made the Nylon 6-NH films hydrophilic, as expected, by tethering PEG
chains [37]. The anti-fouling properties of PEG chains on the surface depend on their high chain
mobility, large exclusion volume, and steric hindrance effect of the highly hydrated layer. Therefore,
the WCA analysis exhibits the initial indication of the successful tethering of PEG chains to the Nylon
6 surface [34].

o
g
=3

Mean WCAs (%)
B
FSE (mJ/m?)

Nylon 6 Nylon 6-NH Nylon 6-N-PEG Nylon 6 Nylon 6-NH Nylon 6-N-PEG

Samples Samples

Figure 1. Mean WCA data (a) and FSE values (b), for pure and modified Nylon 6 films.

The FSE values decreased after Nylon 6 reduction to Nylon 6-NH and further increased after
tethering PEG to the Nylon 6-NH surface via DSC to form Nylon 6-N-PEG (Figure 1b). The FSE of
pure Nylon 6 was found to be 39.9 mJ/m?. The FSE was significantly enhanced from 33.3 mJ/m? to
52.4 mJ/m?, as the PEG immobilization transformed the Nylon 6-NH surface to a more hydrophilic one.
Wide scientific studies have reported that an FSE of between 23 and 30 m]/m? is related to the lowest
bacterial adhesion [38]. In our previous work, we exhibited the remarkable antibacterial property of
the Nylon 6-NH surface and the FSE may have been one of the significant factors [20].
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3.2.2. AFM Analyses

AFM was used to study surface topography alterations caused by the chemical treatments. Table 1
shows the surface roughness (Ra) values of two different analyzed areas, (1 x 1) um? and (10 x 10) pm?,
obtained for pure Nylon 6, modified Nylon 6-NH, and Nylon 6-N-PEG. The results indicated significant
changes after chemical modifications and immobilization of the PEG chains. The Ra value decreased
noticeably after Nylon 6 reduction from 35.7 nm to 7.5 nm in the case of the 10 x 10 um? examined
area. On the contrary, the Nylon 6-N-PEG film demonstrated a rougher surface (18.4 nm) than Nylon
6-NH for the same analyzed area. The change in Ra values implies the successful modification. The Ra
values were supported by AFM analyses (Figure 2) and SEM micrographs (Figure 3).

Table 1. Changes in the surface roughness (Ra) observed before and after immobilization of the Nylon

6 surface.

Surface Area

Samples
P (1 x 1) pm? (10 X 10) pm?
Nylon 6 53 +0.4nm 35.7 £ 4.6 nm
Nylon 6-NH 1.4+ 0.3 nm 75+ 0.2nm

Nylon 6-N-PEG 3.8 +0.2nm 184 + 1.1 nm

The AFM micrographs (3D) of pure and modified Nylon 6 samples are shown for a visual
understanding of the surface topography changes after various treatments (Figure 2a—c). The (10 x 10)
um? surface areas were investigated to compare the pure Nylon 6 with the modified Nylon 6-NH and
Nylon 6-N-PEG samples. Significant differences can be seen. Nylon 6 appears to have the roughest
surface (Figure 2a) while Nylon 6-NH shows the significant decrease of the Ra value compared to the
unmodified Nylon 6 (Figure 2b). Subsequently, in the case of the sample Nylon 6-N-PEG (Figure 2c),
a noticeable increase in the surface roughness occurs due to PEG immobilization.
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Figure 2. 3D (10 x 10) um? AFM images of Nylon 6 (a); Nylon 6-NH (b) and Nylon 6-N-PEG (c).
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3.2.3. SEM Analyses

The surface morphologies were also examined by SEM analyses. The SEM micrographs for the
Nylon 6 and chemically treated samples revealed that the surface of Nylon 6 was uneven compared
to Nylon 6-NH (Figure 3a,b). SEM analyses demonstrated the successful grafting, as the formed
layers could be clearly identified on the Nylon 6-N-PEG surface (Figure 3c,d). Nylon 6-N-PEG
showed densely grafted PEG chain layers on the surface by exhibiting the alteration in Nylon 6-N-PEG
surface morphology compared to Nylon 6-NH. The SEM images supported the AFM micrographs
discussed earlier.

1pum

Figure 3. SEM micrographs showing Nylon 6 (a); Nylon 6-NH (b); Nylon 6-N-PEG (c) with an inset
image of the PEG-modified surface in detail (d).

3.2.4. XPS Analyses

The XPS analyses of pure Nylon 6 and reduced Nylon 6 samples, marked as Nylon 6 and Nylon
6-NH, were explained in detail in our previously published article [34], which has been focused on an
effective reductive modification of the Nylon 6 surface. In the above-mentioned article, we published
the XPS Cy4 and Ny spectra comparing Nylon 6 surface before and after reduction. In this context, we
have decided to add C;5 XPS spectra comparing unmodified and modified Nylon 6 samples (Figure 4).

Yields of converted amine groups in % were calculated according to the reference [35] using
the following equation: yield (%) = [(AC=O); — (AC=0),, 1/(AC=O),y, where the area of the signal at a
given time (AC=0); was compared to the value for pure Nylon 6 (AC=0),0. Based on this relationship,
the yields of secondary amine groups formed after an overnight (18 h) reaction with BH3;-THF were
moved in the interval 62-65% in our experiments. On the contrary to our observation, Jia. X. et al. [35]
declare maximum yields of converted amine groups on the surface of Nylon 6/6 69% after 10 h of
the reduction.

The elemental composition of the three sample surfaces, investigated by XPS analyses, is given
in Table 2. The results showed that the oxygen (O) percentage decreased in the Nylon 6-NH sample
compared to pure Nylon 6 from 12.74% to 7.08%. On the contrary, the PEG chain tethering enhanced
the oxygen (O) percentage of Nylon 6-N-PEG notably from 7.08% to 14.59%. The significant increase
in the oxygen (O) percentage is a very strong indicator of successful PEG chain tethering to the DSC
activated PEG grafted surface. Comparative elemental composition (%) studies of oxygen (O) among
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the Nylon 6-NH and modified samples with other PEG derivatives exhibited similar results in our
previous work [20]. Furthermore, the immobilization was confirmed by FT-IR spectroscopy.

——— Nylon 6
5 -
1x10 —— Nylon 6-NH
—— Nylon 6-N-PEG
8x104
7]
2 6x10% -
c
3
[«]
(8]
4x104
2x10¢
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294 292 290 288 286 284 282 280
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Figure 4. The XPS Cy4 spectra of the unmodified and modified Nylon 6 samples.

Table 2. XPS data for the unmodified and modified Nylon 6 films.

Elemental Composition of Sample Surface (%)

Sample
C N (0]
Nylon 6 76.11 11.15 12.74
Nylon 6-NH 81.98 10.94 7.08
Nylon 6-N-PEG 74.88 10.53 14.59

3.2.5. FT-IR Analyses

Figure 5 compares the FT-IR spectra of pure Nylon 6 and the modified samples (Nylon 6-NH
and Nylon 6-N-PEG). The characteristic stretching vibrations are seen for amide I and amide II
groups (1660 cm~! and 1541 cm™). Further we can observe, the secondary amine groups (3290 cm™;
stretching vibration of -NH). These groups are visible for both samples before and after the tethering
of PEG to Nylon 6-NH. It is important to note that all of the above-mentioned stretching bands are
also seen in the case of the pure Nylon 6 samples [34]. For Nylon 6-NH, the band that appeared
at 2436-2200 cm™! corresponds to the imine groups introduced via chemical treatment (BH3-THF
reduction), indicating a step towards the conversion of amides to amines. The trace -NH™* salts forms
(their stretching and deformation vibrations) can also be identified in this interval.

The aliphatic groups coming from PEG chains can be observed at the following peaks; 1421 cm™!
(deformation vibration of -C—H bonds), 2860 cm™! (symmetric stretching vibration of -CH, groups)
and 2931 cm™! (asymmetric stretching vibration of -CH, groups). In the case of Nylon 6-N-PEG,
the characteristic stretching vibrations at 1084 em™! and 1117 em™! (-C-O-C- ether bond) may be
attributed to the PEG chains tethered by conjugation with DSC [29]. The additional peaks that appeared
at 1205 cm™! (stretching vibration of -C-O-) and 1737 cm™! (stretching vibration of -C=0) represent
the ester bond formation during conjugation of PEG with DSC and aliphatic ketones on the surface.

There can be find also stretching vibration of -C=0 ester bonds at 1757 cm~! and at 1800 cm™! [39].
These vibrations can be also found for bonds which are present close to the 4-5 cycle rings.
This observation may support the presence of DCS traces in the PEG-modified samples. In the
case of Nylon 6-N-PEG sample, the imine stretching band present in Nylon 6-NH (2420-2250 cm™!)
disappears completely, further confirming the successful immobilization of PEG.
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Figure 5. The FTIR spectra comparing pure and modified Nylon 6 samples.

3.3. Bacterial Adhesion

The bacterial attachment on the surfaces of the pure and modified Nylon 6 samples against
S. aureus and P. aeruginosa was assessed by fluorescence imaging (Figures 6 and 7). After 1 h incubation
of the Nylon 6, Nylon 6-NH, and Nylon 6-N-PEG samples in bacterial suspensions, the green and red
fluorescence in the images indicated the live and dead bacteria on the surfaces, respectively.

Figure 6. Fluorescence microscopy images of S. aureus on the surfaces of Nylon 6 (a); Nylon 6-NH (b)
and Nylon 6-N-PEG (c).

Figure 7. Fluorescence microscopy images of P. aeruginosa on the surfaces of Nylon 6 (a); Nylon 6-NH (b
and Nylon 6-N-PEG (c).

The pure sample (Nylon 6) and Nylon 6-NH exhibited more green fluorescence spots dispersed on
the surface, suggesting the presence of live S. aureus bacteria (Figure 6a,b). The images clearly indicate
that both samples did not allow significant attachment of S. aureus onto their surfaces. Moreover,
this result is in conformity with the previous literature [40,41]. At the same time, red fluorescence was
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almost absent on both samples, which indicates that both samples lack any antibacterial properties.
The PEG immobilized Nylon 6-N-PEG material exhibited antifouling properties due to the presence
of hydrophilic PEG chains on the surface (Figure 6¢). This phenomenon has been reported in
previously published studies, suggesting that S. aureus bacteria have a tendency to adhere less on
hydrophilic surfaces [4].

The adhesion of P. aeruginosa on the three tested sample surfaces provided very interesting results.
The Nylon 6 surface image exhibits intense green fluorescence spots (Figure 7a). This phenomenon
indicates the presence of viable P. aeruginosa bacterial predominance on the Nylon 6 surface and
confirms a massive adhesion of this bacterial strain. It is assumed that the surface adhesion property of
P. aeruginosa is different from S. aureus due to the hydrophobic cell walls around the P. aeruginosa [23].
The second sample (Nylon 6-NH) exhibited less green fluorescence along with a few red dots (Figure 7b)
compare to the first sample. The image analysis significantly confirms the decrease in the attachment
of viable P. aeruginosa bacterial cells to the surface of the reduced sample compares to the unmodified
sample [20]. The Nylon 6-N-PEG sample seems to have the best antifouling properties against
P. aeruginosa comparing to the previous two samples (Figure 7c). This sample shows a significant
reduction of the bacterial adhesion compared to the unmodified Nylon 6.

Green and weak red fluorescence observed on the surface of the PEG tethered sample
(Nylon 6-N-PEG) indicated both viable and dead P. aeruginosa bacterial cells, respectively. It is
well known that PEG polymer chains (often with a brush-like structure) increase mobility inhibit
protein adhesion and support antifouling effect, but there are many other factors that play an important
role in the bacterial adhesion inhibition [23]. In Figure 6c, a relatively large amount of viable bacterial
cells (green patch) present on the sample surface indicates that Nylon 6-N-PEG is not as effective for
bacterial inhibition against P. aeruginosa as it is against S. aureus (Figure 6c¢).

3.4. Cytotoxicity Assessment

3.4.1. Direct Contact Cytotoxicity

Direct contact with the samples was assessed by measurement of cell metabolic activity after
24 h of incubation. The films floated in the media with subtle contact with the bottom where the cells
were grown. Therefore, slightly limited metabolic activity in the wells containing the material was
observed due to mechanical damage during the removal of the films after 24 h of incubation. Therefore,
slightly limited metabolic activity does not indicate the cytotoxic effect of the material. Moreover,
assessment of cell appearance under an optical microscope did not indicate any cell damage. Figure 8
shows the results of the cell viability (%) tests for the pure and modified Nylon 6 samples compared
to the controls. The measured viability of the cells (%) in contact with the films reached 78-92%
of the metabolic activity of the cells cultured in the complete medium. The viability of fibroblasts
upon contact with Nylon 6 was 78.39%. In the case of Nylon 6-NH, the cell viability reached 79.65%.
Nylon 6-N-PEG appeared to have the maximum cell viability (91.78%) of all of the tested samples.
All of the measured values exceeded the 70% limit of cytotoxicity. Therefore, all of the samples may be
considered cytocompatible with 3T3 mouse fibroblasts upon direct contact.
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Figure 8. Metabolic activity of fibroblasts after 24 h of incubation in a complete medium (NC),
medium + Triton X-100 (PC), in a complete medium with the presence of the tested samples. The red
line refers to the cytotoxic level according to ISO 10993-5:2009.

3.4.2. Cell Adhesion and Proliferation

The cell proliferation on the pure and modified samples is clearly seen in Figure 9. Table 3 shows
the results of 3T3 mouse fibroblast cell counts on all of the three tested samples. The highest cell
adhesion rate was observed for the pure Nylon 6 material, after one day and seven days of culturing.
Nylon 6-NH also exhibited similar cell adhesion profiles (both for one day and seven days) as the pure
Nylon 6 sample, although the cell adhesion was slightly less than the pure sample. Nylon 6-N-PEG
adhered a lesser number of cells after one day of culturing, compared to the other two tested samples.
PEG polymer brushes have been shown to inhibit protein adsorption and as a result cell adhesion to
surfaces [42]. Interestingly, the cell count of the Nylon 6-N-PEG sample increased after seven days,
showing better proliferation compared to day 1 of culturing, but the cell morphology was affected.

Figure 9. Fluorescence microscopy images of samples Nylon 6 (a); Nylon 6-NH (b) and Nylon 6-N-PEG
(c), seeded with fibroblasts after 7 days of culturing.

Table 3. Results of cell count after 1 day and 7 days of culturing.

Cell Count (Number of Cells/cm?)

Sample 1 Day 7 Days
Mean SD Mean SD
Nylon 6 15,911 +3970 uncountable -
Nylon 6-NH 12,254 +2350 318,202 +40,285
Nylon 6-N-PEG 493 +110 61,912 +1405

Figure 9a—c shows the cell morphologies on Nylon 6, Nylon 6-NH and Nylon 6-N-PEG samples,
respectively, after one week of culturing. In the case of the pure Nylon 6 and reduced Nylon 6-NH
samples, cell monolayers were observed on the surfaces after 7 days. Pure Nylon 6 supported a
high cell adhesion and proliferation rate with normal cell morphology (Figure 9a). Nylon 6-NH also
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exhibited significant cell adhesion and proliferation on the surface, although a few cell nuclei were
bigger than normal cells. Overall, both of these tested samples exhibited acceptable cell adhesion rates
followed by high proliferation rates. The fibroblast cells had an unusual morphology in the case of
the PEG immobilized sample (Nylon 6-N-PEG), where the cells on the surface were rounded and
small (Figure 9¢). It is evident that the PEG allowed a limited number of cells to adhere with rounded
morphology. Therefore, it may be assumed that the PEG tethered sample was somewhat non-adherent
for the fibroblast cell line [3].

4. Conclusions

Our studies show the successful tethering of biocompatible PEG chains to a reduced Nylon 6 surface
using unique chemical treatments, based on the utilization N,N’-Disuccinimidyl carbonate. This opens
up the possibility to introduce antifouling coatings onto nylon as well as other polyamide materials,
especially those used for biomedical applications. As it is well known that the antifouling efficacy of
PEG is correlated to the chain length of the PEG polymer, the immobilization of longer PEG chains
using a conjugation technique may serve as a useful method. The two-step modification procedure
for PEG immobilization on Nylon 6 was confirmed by various spectroscopic and non-spectroscopic
techniques. Cytocompatible Nylon 6-N-PEG exhibited significant inhibition of bacterial adhesion
against S. aureus and P. aeruginosa. The disposable polyamide materials used in medicine are subject to
ever-increasing demand due to the current worldwide crisis. The present COVID-19 pandemic has
given us the opportunity and challenge to emphasize the importance of personal protection and the
use of effective materials that have a multifunctional protective potential.
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Abstract: Polyvinyl chloride (PVC) biofilm carrier is used as a carrier for bacterial adsorption in
wastewater treatment. The hydrophilicity and electrophilicity of its surface play an important role
in the adsorption of bacteria. The PVC biofilm carrier was prepared by extruder, and its surface
properties were investigated. In order to improve the hydrophilicity and electrophilic properties of the
PVC biofilm carrier, polyvinyl alcohol (PVA) and cationic polyacrylamide (cPAM) were incorporated
into polyvinyl chloride (PVC) by blending. Besides, the surface area of the PVC biofilm carrier was
increased by azodicarbonamide modified with 10% by weight of zinc oxide (mAC). The surface
contact angle of PVC applied by PVA and cPAM at 5 wt %, 15 wt % was 81.6°, which was 18.0%
lower than pure PVC. It shows the significant improvement of the hydrophilicity of PVC. The zeta
potential of pure PVC was —9.59 mV, while the modified PVC was 14.6 mV, which proves that the
surface charge of PVC changed from negative to positive. Positive charge is more conducive to the
adsorption of bacteria. It is obvious from the scanning electron microscope (SEM) images that holes
appeared on the surface of the PVC biofilm carrier after adding mAC, which indicates the increase of
PVC surface area.

Keywords: polyvinyl alcohol; cationic polyacrylamide; polyvinyl chloride; azodicarbonamide

1. Introduction

With the continuous development of industry and the continuous improvement of people’s
living standards, more and more garbage has been produced, which has led to an increase in sewage
discharge. The generation of various pollutants in the aquatic environment has become an issue of
increasing global concern in the past few decades [1]. Wastewater treatment plants are designed to
eliminate various chemical and microbial pollutants in wastewater [2]. Due to its low cost and high
treatment efficiency, biological wastewater treatment processes remain the most widely used method
for removing organic pollutants and nutrients [3-5]. Generally, biofilm-based wastewater treatment
systems have several advantages: for example, their high active biomass concentration, short hydraulic
residence time, low space requirements, and less sludge production. In particular, the microbial
communities in biofilms are diverse, which allow degrading a wide range of organic pollutants [6].
Meanwhile, the attachment and formation of biofilms largely depend on the surface properties of the
biofilm carrier, including the physical/chemical properties of the carrier surface, the charge properties
of the carrier surface, and the surface roughness of the carrier and so on [7-12]. In recent studies, the
hydrophilicity and electronegativity of the carrier surface play an important role in the formation and
treatment efficiency of biofilms [13-15]. Therefore, the selection of the required carrier is considered to
be the decisive factor affecting bacterial adhesion and biofilm formation [16,17].
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The interaction between bacteria and the surface of the carrier is mainly influenced by interface
interactions such as repulsive force/attraction and Van der Waals force [18]. It is widely believed
that the cell wall surface of bacteria contains functional groups such as -OH, -COOH, and -CHO.
Hydrogen bonds can be formed between the carrier surface and bacteria [18,19]. In earlier research,
it was found that the adhesion of bacteria to hydrophobic surfaces is significantly reduced [20,21].
In addition, the microbial surface is negatively charged as phosphoric acid and carboxylic acid groups
in the microbial cell membrane. Therefore, the electrophilic property of biofilm carriers has a great
effect on the adhesion of microorganisms and the formation of biofilms [22-24].

An ideal biofilm carrier should have the following characteristics: low cost, excellent mechanical
strength, low density, stability, large specific surface area, high bioaffinity, anti-biodegradability, and
anti-aging [25-27]. Polyvinyl chloride (PVC) owns most of the advantages described above. PVC is
an important thermoplastic that can be used in a wide range of applications such as pipes, profiles,
bars, films, insulation materials, etc. Moreover, PVC has excellent properties such as non-flammability,
corrosion resistance, insulation, and wear resistance. The most prominent advantage of PVC is its
low price, higher tensile strength, and larger bending strength [28]. However, the bioaffinity of PVC
is relatively low, and its hydrophilicity is relatively weak. At the same time, its surface is relatively
smooth, and its specific surface area is relatively small. Moreover, the surface of pure PVC is negatively
charged, which is the same as the surface of bacteria [6,29-31]. These disadvantages make it difficult
for bacteria and microorganisms to attach to PVC biofilm carriers.

In this study, in order to solve the above-mentioned shortcomings of PVC, such as weak
hydrophilicity, small surface area and negatively charged surface, a typical hydrophilic polymer
PVA was incorporated into the PVC to improve its hydrophilicity. In order to change the surface
chargeability of the PVC biofilm carrier, positively charged polymer cationic polyacrylamide (cPAM)
was incorporated into the PVC. At the same time, a compound blowing agent azodicarbonamide
(mAC) was added to increase the specific surface area and surface roughness of the PVC biofilm carrier.

2. Experimental

2.1. Materials

PVC (SG-5) was purchased from Yuyao Maiduo Plastic Chemical Co., Ltd. (Yuyao, China).
PVA and Stearic acid were purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd. (Shanghai,
China). cPAM was purchased from Zhengzhou Jintai Environmental Protection Technology Co.,
Ltd. (Zhengzhou, China). Azodicarbonamide was purchased from Shanghai Tengzhun Biological
Technology Co., Ltd. (Shanghai, China). Calcium zinc stabilizer was purchased from Guangdong
Winner New Material Technology Co., Ltd. (Foshan, China). Dioctyl terephthalate (DOTP) was
purchased from Jining Baichuan Chemical Co., Ltd. (Jining, China). Zinc oxide was purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Antioxidant 1010 was purchased from
Shanghai Xian Ding Biological Technology Co., Ltd. (Shanghai, China). The specific information of the
materials is shown in Table 1.

2.2. Preparation of PVC Biofilm Carrier

PVC resin (100 phr) was mixed with 0-10 wt % of PVA and 0-15 wt % of cPAM (the weight
ratios of PVC to PVA were 100/0, 100/5, 100/10 and the weight ratios of PVC to cPAM were 100/0,
100/3, 100/6, 100/9, 100/12, and 100/15) using calcium zinc stabilizer (8 phr) as a heat stabilizer, DOTP
(60 phr) as a plasticizer, and mAC (1 phr) as a chemical blowing agents. Then, stearic acid (0.4 phr)
and antioxidant 1010 (0.5 phr) were added, and the mixture was mixed thoroughly in a high-speed
mixer (SHR-10A, 750 r/min). After the mixture was well mixed and the DOTP was fully absorbed by
the mixture, the mixture appears loose. Then, the mixture is taken out and dried. Then, the mixture
was extruded and winded in a twin-screw extruder (18 °C, 15 r/min). As a control, PVC without fillers
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was prepared following the same procedure [28,32]. The preparation of PVC biofilm carrier and the
photo of sample are shown in Figures 1 and 2.

Table 1. The information of the materials. cPAM: cationic polyacrylamide, PVA: polyvinyl alcohol,

PVC: Polyvinyl chloride.

Material Sales/Manufacturer Material Properties
PVC (SG-5) Yuyao Ma‘dgg Pﬁi‘zhc Chemical g1 5761-2006 Injection Grade
PVA Shanghai Lingfeng Chemical AR, Average degree of
Reagent Co., Ltd. polymerization:1750 + 50
L Shanghai Lingfeng Chemical :
Stearic acid Reagent Co., Ltd. AR, MW:284.48
Zhengzhou Jintai Environmental . v
cPAM Protection Technology Co., Ltd. AR, MW:1.2 10
. . Shanghai Tengzhun Biological .
Azodicarbonamide Technology Co., Ltd. AR, MW:116.08
. . - Guangdong Winner New Material
Calcium zinc stabilizer Technology Co., Ltd. WWP-F02 A.R
Dioctyl terephthalate Jining Baichuan Chemical Co., Ltd. AR
Zinc oxide Sinopharm Chir?cllcal Reagent Co., AR, MW:81.39
L. Shanghai Xian Ding Biological )
Antioxidant 1010 Technology Co., Ltd. C.P, MW:1177.63
[ PVC resin ]7

Calcium zinc stabilizer

Stearic acid

Antioxidant 1010

S

PVA
cPAM

-

Premix . mAC
P tu
—>[ remixture J [ DOTP ]
Mix
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180°C twin-screw extruder
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.

Figure 1. Preparation of PVC biofilm carrier.

Figure 2. The photo of sample (a) sample particles, (b) sample.
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The formulation and abbreviation of the samples are listed in Table 2.

Table 2. The formulation and abbreviation of the samples.

Samples PVC/g PVA/g mAC/g cPAM/g
PVC 100 0 0 0
PVC/PVA-5 100 5 0 0
PVC/PVA-10 100 10 0 0
PVC/mAC-PVA 100 0 1 0
PVC/mAC-PVA-5 100 5 1 0
PVC/mAC-PVA-10 100 10 1 0
PVC/cPAM 100 5 1 0
PVC/cPAM-3 100 5 1 3
PVC/cPAM-6 100 5 1 6
PVC/cPAM-9 100 5 1 9
PVC/cPAM-12 100 5 1 12
PVC/cPAM-15 100 5 1 15

2.3. Surface Contact Angle

The surface contact angle of the resultant PVC biofilm carriers was measured by a Standard type
contact angle meter (JC2000D2, Shanghai Zhongchen Digital Technology Equipment Co., Ltd., Shanghai,
China). Distilled water was slowly dropped onto the surface of the specimens. Then, a photograph of
the water droplets and the surface of the specimen were taken by the contact angle meter. At least
five different locations were measured for each specimen. The conductivity of the used distilled water
was 0.056 uS/cm, and the resistivity of the used distilled water was 18.2 M(Q)-cm at 25 °C. The indoor
temperature is 25 + 0.5 °C, and the indoor humidity is 50% + 1% during the test.

2.4. Fourier Transform Infrared Spectra

Fourier transform infrared (FTIR) spectra were measured on a NICOLET 6700 spectrometer
(Thermo Scientific Co., Waltham, MA, USA) from 4000 to 400 cm™! to study the interaction between
PVA and PVC. The samples tested are in powder form, and potassium bromide pressed-disk technique
was used.

2.5. Zeta Potential

The zeta potential of the specimens was measured by a laser particle size analyzer (L5230,
Microtrac Inc., Clay, FL, USA). First, we dissolve the powder sample in distilled water and place it in
the sample cell for measurement. The conductivity of the used distilled water was 0.056 uS/cm and the
resistivity of the used distilled water was 18.2 M()-cm at 25 °C.

2.6. Field Emission Scanning Electron Microscope

The surface morphology of the specimens was observed by using an S-4800 field emission scanning
electron microscope (Hitachi, SEM, Tokyo, Japan). Prior to SEM observation, all specimens were coated
with a thin gold layer. The magnification power of SEM was 1.00k and 2.00k, and the voltage was 15.0 kv.

2.7. Mechanical Properties

The tensile properties were determined by using an MTSE44 universal testing machine (Jinan Yongce
Industrial Equipment Co., Ltd., Jinan, China) in accordance with ISO 527 respectively. At least five
independent measurements were conducted for each sample (75 mm x 4 mm X 2 mm for tensile test).
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3. Results and Discussion

For PVC biofilm carriers prepared by different formulations, their surface contact angle,
zeta potential, mechanical properties, and surface morphology were tested by using the
corresponding equipment.

3.1. Hydrophilicity of PVC Biofilm Carrier

The hydrophilicity of the PVC biofilm carrier plays an important role in the adsorption of bacteria.
Since the cell wall surface of bacteria contains functional groups such as -OH, -COOH, and -CHO,
it prefers to be adsorbed on the surface of strong hydrophilic carriers [18,19]. The surface contact
angle can be used intuitively to characterize the hydrophilicity of the carrier. In order to investigate
the modification effect of polyvinyl alcohol on polyvinyl chloride, the surface hydrophilic properties
of polyvinyl chloride were tested and characterized. The surface contact angle of unmodified PVC
and modified PVC were measured by a standard-type contact angle meter. Figures 3 and 4 are the
surface contact angle of the PVC biofilm carrier. It shows the change in the surface contact angle
of the specimens after the addition of PVA (PVC/PVA-5, PVC/PVA-10) and mAC (PVC/mAC-PVA,
PVC/mAC-PVA-5, PVC/mAC-PVA-10).

(@) (b) ()

Figure 3. Surface contact angle images of the PVC biofilm carrier: (a) PVC, (b) PVC/PVA-5,
(c) PVC/PVA-10, (d) PVC/mAC-PVA, (e) PVC/mAC-PVA-5, (f) PVC/mAC-PVA-10.

Compared with pure PVC, the contact angle of the PVC sample with 5 wt % of PVA has been
significantly reduced, from 99.5° to 84.2°, which is reduced by 15.4%. The significant reduction of
surface contact angle indicates that PVC was successfully modified by PVA. The specific reaction
mechanism is shown in Figure 5. PVA is an aqueous polymer whose segment is rich in hydroxyl groups.
When it is added to PVC, the hydroxyl groups on the segments partially interact with chlorine on the
PVC to form hydrogen bonds. This makes PVA well integrated on PVC. At the same time, the hydroxyl
group that exists on PVA alone improves the hydrophilicity of PVC. Hydroxyl is a hydrophilic group.
The improvement of the hydrophilicity of PVC is due to the independent hydroxyl group on PVA.
The more hydroxyl groups on the modified PVC, the better its hydrophilic property and the lower the
surface contact angle. When the amount of PVA was increased to 10 wt %, the surface contact angle of
the sample increased from 84.6° to 86.4°. This could be because the amount of PVA added is too large,
causing the hydroxyl group between PVA to act to generate hydrogen bonds, which in turn reduces
the binding of PVA to PVC and the number of PVA independent hydroxyl groups. Therefore, it is
more appropriate to control the amount of PVA added to 5 wt %.
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Figure 5. The reaction mechanism of PVC’s modification.

Bacteria and microorganisms used to treat sewage are generally hydrophilic [18,20,21].
The hydrophilicity of PVC biofilm carrier modified with PVA was effectively improved. Therefore,
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bacteria and microorganisms can be more effectively attached to the modified PVC biofilm carrier.
The increase in the amount of bacteria on the biofilm carrier can effectively improve the ability and
efficiency of sewage treatment.

At the same time, as shown in Figure 4, after the addition of mAC, the change trend of the contact
angle of the sample is consistent with the above description. This trend is expected. The role of the
mAC is to increase the surface area of the PVC biofilm carrier by foaming and has no effect on the
surface chemistry of the sample. Neither PVC nor PVA will react with mAC, so the chemical properties
of the modified PVC will not be affected. This result shows that there is no side effect when adding
PVA and mAC into PVC at the same time.

Figure 6and Figure 7 are the surface contact angle of the PVC biofilm carrier, which contains
different amounts of cPAM. It shows the change in the surface contact angle of the sample after adding
cPAM based on the addition of 5 wt % PVA and 1 wt % mAC. It can be seen that compared with
pure PVC, after the amount of cPAM added reaches 12 wt %, the contact angle of PVC is further
reduced to 80.8°. The data indicate that compared with the PVC biofilm carrier modified by PVA,
the hydrophilic property of the PVC biofilm carrier added with a certain amount of cPAM and PVA is
stronger. The reason for this phenomenon is that the amino group on the cPAM chain segment plays a
role in enhancing the hydrophilicity of the PVC biofilm carrier. The mechanism between cPAM and
PVC is similar to PVA and PVC. Although the polarity of the amino group is not as large as that of the
hydroxyl group, after the amount reaches a certain amount, the amino group can also play a role in
giving the PVC a certain hydrophilicity.

(a ' (b) '
(c) ' (d) '

(e) ' () ' (9 '

Figure 6. Surface contact angle images of the PVC modified by cPAM: (a) PVC, (b) PVC/cPAM,
(c) PVC/cPAM-3, (d) PVC/cPAM-6, (e) PVC/cPAM-9, (f) PVC/cPAM-12, and (g) PVC/cPAM-15.

3.2. FTIR Spectra and Energy Dispersive Spectrum (EDS)—The Change of Hydroxyl Groups

In the above part, the change of the surface contact angle of the carrier indicates that the
hydrophilicity of the carrier is enhanced after the addition of PVA. That is because the hydroxyl group
that exists on PVA alone improves the hydrophilicity of PVC. The specific reaction mechanism is
shown in Figure 5. In order to verify that the improvement of the hydrophilic property of the PVC
biofilm carrier is indeed due to the reaction between PVA and PVC, the changes in surface functional
groups and elements of the PVC before and after modification need to be tested and investigated.
The FTIR and EDS spectra of modified PVC and unmodified PVC were tested and characterized.
Figure 8 is the FTIR spectra of unmodified PVC (a) and PVC/PVA-5 (b). The purpose of testing the
infrared spectrum of PVC is to investigate whether PVA is effective in modifying PVC. As shown in
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Figure 8, the 2959 cm~! absorption peak of PVC and the 2958 cm~! absorption peak of PVC/PVA-5 are
the stretching vibrations of CH2. The 1462 cm™! absorption peak of PVC and the 1459 cm™! absorption
peak of PVC/PVA-5 are the bending vibration of CH,. Meanwhile, the absorption peaks of 1265 and
1272 cm~! are attributed to the wobbling vibration of the adjacent carbon atom of CH,, which is
connected to a chlorine atom. The 1724 cm~! absorption peak of PVC/PVA-5 is the absorption peak
of C=0 remaining in PVA. Besides, in Figure 8, the absorption peak around 3400 cm~! indicates the
association absorption peak of O-H [28,33]. Compared with unmodified PVC, the absorption peak of
O-H of PVC modified by PVA is obviously sharper and wider. It shows that a certain amount of O-H
appears in the surface of the modified PVC. This result proves that the reaction mechanism between
PVA and PVC that we mentioned earlier is reasonable and correct.
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Figure 8. Fourier transform infrared (FTIR) spectra of (a) PVC and (b) PVC/PVA-5.
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For further verification, EDS analysis was performed on the samples. The EDS results of PVC and

PVC/PVA-5 are summarized in Figure 9 and Table 3.
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Figure 9. EDS spectra of (a) PVC and (b) PVC/PVA-5.
Table 3. The EDS results of PVC and PVC/PVA-5.
S ) PVC PVC/PVA-5
ample
P Weight (wt %) Atom (at. %) Weight (wt %) Atom (at. %)
C 454 +2.4 674 +2.1 63.7 £ 4.2 76.6 £ 4.0
o 84+05 93+04 175+14 15.8 +1.2
Cl 46.2 + 0.6 23.3+0.5 18.8 £0.3 76 £0.2

It can be seen from Table 3 that the element content of the unmodified PVC is C (454 wt %),
O (8.4 wt %), and CI (46.2 wt %), while the element content of the PVC modified by PVA is C (63.7 wt %),
O (17.5 wt %), and CI (18.8 wt %). Compared with unmodified PVC, the content of oxygen and carbon
of the modified PVC increased significantly, while the content of chlorine decreased significantly.
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This indicates that PVC successfully interacts with PVA, resulting in an increase in the content of
oxygen and carbon element on the surface.

Moreover, in order to evaluate the miscibility of PVC and PVA in the present samples, the melting
characteristics of modified PVC and unmodified PVC were tested and characterized. Figure 10 is
the melting characteristics of unmodified PVC, PVA and PVC/PVA-5. It can be seen from Figure 10
that the melting points of unmodified PVC, PVA, and PVC/PVA-5 are 158.1, 192.7, and 170.6 °C. The
melting point of PVC/PVA-5 is between unmodified PVC and PVA. Moreover, it can be clearly seen
from the melting curve of PVC/PVA-5 in Figure 10 that only a relatively smooth melting peak appears
in PVC/PVA-5, and no other peaks appear. This shows that PVC and PVA are well miscible together,
and their miscibility is relatively good.
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Figure 10. The melting characteristics of PVC, PVA, and PVC/PVA-5.

From the melting characteristics of PVC, PVA, and PVC/PVA-5 in Figure 10, it can be analyzed
that the miscibility of PVC and PVA is relatively good. Combining the results of FTIR spectra and EDS
spectra, it can be determined that PVC is successfully modified by PVA. The hydrophilic property of
PVC is effectively enhanced.

3.3. Electrophilicity of PVC Biofilm Carrier

The microbial surface is negatively charged as phosphoric acid and carboxylic acid groups in the
microbial cell membrane. Therefore, the electrophilic property of biofilm carriers has a great effect on
the adhesion of microorganisms and the formation of biofilms [22-24]. In order to change the surface
chargeability of the PVC biofilm carrier from negative to positive, positively charged polymer cationic
polyacrylamide (cPAM) was incorporated into the PVC. The zeta potential can be used intuitively
to characterize the electrophilicity of the carrier. In order to investigate whether the surface charge
property of PVC have changed after the addition of cPAM, the charge properties of the surface of the
PVC biofilm carrier were tested and characterized. The zeta potential of modified PVC and unmodified
PVC were measured by a laser particle size analyzer.

Figure 11 is the zeta potential of the PVC biofilm carrier. It shows the change in zeta potential of
the sample after adding different amounts of cPAM (0, 3, 6,9, 12 and 15 wt %).
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Figure 11. Zeta potential of the PVC biofilm carrier.

It can be seen that as the amount of cPAM added increases, the zeta potential of the sample also
increases from —9.59 mV for pure PVC to 14.6 mV for 15 wt %. This shows that after the addition
of cPAM, the surface chargeability of PVC gradually changes from negative to positive, and as the
amount of cPAM increases, the zeta potential increases, indicating that the positive charge has also
become stronger and stronger. Figure 12 shows the electrostatic interactions between unmodified
PVC/modified PVC and bacteria. As shown in Figure 12, bacteria are generally negatively charged
in water, and unmodified PVC is also negatively charged. There is a repulsive effect between the
two, which is not conducive to the adhesion of bacteria. Meanwhile, the modified PVC has a positive
charge, which will attract the bacteria and facilitate the adsorption of bacteria. The increase in the
amount of bacteria on the biofilm carrier can effectively improve the ability and efficiency of sewage
treatment [15,30,34].

Negatively charged surface

Unmodified PVC carrier Bacterial cell wall

Repulsion

cPAM

Figure 12. Cont.
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Figure 12. The electrostatic interactions between unmodified PVC/modified PVC and bacteria.

3.4. Surface Morphology of PVC Biofilm Carrier

In order to investigate the surface change of PVC after the addition of the compound chemical
blowing agent mAC, the surface morphology of the PVC biofilm carrier before and after foaming was
observed by 5-4800 field emission scanning electron microscope. Figure 13 is the SEM images of the
surface morphology of pure PVC (Figure 13a), 1 wt % mAC (Figure 13b), 5 wt % PVA (Figure 13c),
and 1 wt % mAC with 5 wt % PVA (Figure 13d). The part circled by the red circle in Figure 13 is the
hole. In a field emission scanning electron microscope, the magnification power of SEM was 2.00 k.
Comparing Figure 13a,b, it can be seen that the surface of pure PVC is relatively smooth before the
addition of mAC. After the addition of mAC, the surface of the PVC sample clearly shows holes,
which indicates that mAC has successfully foamed. Thereby, the surface area of the sample was
increased. Although the distribution of pores is relatively irregular, it can be seen from the figure that
the size of the pores is more than the micron level. The general diameter of bacteria is about 1 um,
so these holes are completely satisfied for the adhesion and growth of bacteria on it. The principle of
mAC is that at the processing temperature of PVC, zinc oxide will activate azodicarbonamide and
reduce its decomposition temperature, so that its decomposition temperature is close to the processing
temperature. Therefore, mAC will decompose during the processing of PVC. Its decomposition
products are mainly harmless gases, such as nitrogen, which will escape and form pores on the surface
of the material [35]. Comparing Figure 13c,d, after adding 5 wt % PVA and 1 wt % mAC, the formation
of the pores on the surface of the sample is consistent with the one described above.

Figure 14 is the SEM surface morphology of the PVC biofilm carrier, which contains different
amounts of cPAM based on the addition of 5 wt % PVA and 1 wt % mAC. It shows the SEM surface
morphology of pure PVC (Figure 14a), 3 wt % cPAM (Figure 14b), 12 wt % cPAM (Figure 14c),
and 15 wt % cPAM (Figure 14d). The part circled by the red circle in Figure 14 is the hole. At the same
time, as shown in Figure 14, the individual holes in Figure 14a,c are enlarged, and the enlarged images
of the holes are indicated by arrows. The SEM magnification of the enlarged image of the hole is 10.0 k.
From these SEM images, we can find that the amount of cPAM added will not affect the foaming on
the basis of adding the blowing agent mAC. The blowing agent can still foam normally to form pores
on the surface of the sample, thereby increasing the surface area of the sample.
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Figure 13. SEM images of surface morphology of the PVC biofilm carrier: (a) PVC, (b) PVC/mAC-PVA,
(c) PVC/PVA-5, (d) PVC/mAC-PVA-5. The red circle is the hole.

20.0um

Figure 14. SEM images of surface morphology of the PVC biofilm carrier: (a) PVC/cPAM,
(b) PVC/cPAM-3, (c) PVC/cPAM-12, and (d) PVC/cPAM-15. The red circle is the hole.

3.5. Mechanical Properties

Figures 15 and 16 is the tensile strength of the PVC biofilm carrier. It shows the tensile properties
of each sample after adding PVA, mAC, and cPAM. It can be clearly seen from the figure that compared
with pure PVC, after adding PVA, mAC, and cPAM, the tensile properties of the sample did not change
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much, the highest was 5.6%, and the lowest was 4.2%. This is because the added substances did not
change the structure and segment of the PVC matrix. The main change was the surface properties of
PVC. The most important effect was the combination of hydrogen bonding with PVC, and no other
chemical reaction. The tensile properties of PVC are mainly imparted by its structure. Therefore, the
tensile properties of the samples do not change greatly on the basis that the main structure and the
segment of the PVC matrix are not greatly changed. This result illustrates that the amount of each filler
added is appropriate [36—40].
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Figure 15. Tensile strength of the PVC biofilm carrier.
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Figure 16. Tensile strength of the PVC modified by cPAM.
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4. Conclusions

In this study, PVA and cPAM were incorporated into the PVC matrix. At the same time, mAC was
also added. Then, the surface properties and zeta potential of the PVC biofilm carrier were investigated.
The results showed that the surface contact angle of the PVC biofilm carrier was significantly lower
than that of pure PVC after the addition of PVA and cPAM. This is the effect of the hydroxyl and amino
groups contained in PVA and cPAM. In addition, due to the addition of cPAM, the zeta potential of
the PVC biofilm carrier gradually increased. The surface chargeability of PVC gradually changes
from negative to positive. When 5 wt % PVA and 15 wt % cPAM were added, the surface contact
angle and zeta potential of PVC are 81.6° and 14.6 mV. In addition, the holes clearly appeared on the
surface of PVC after 1 wt % mAC was added. This result shows that the hydrophilicity, electrophilicity,
and specific surface area of the PVC biofilm carrier have been significantly improved. Therefore, it is
beneficial to the adsorption of bacteria and microorganisms.
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Abstract: The gloss transition defect of injection-molded surfaces should be mitigated because it
creates a poor impression of product quality. Conventional approaches for the suppression of the
gloss transition defect employ a trial-and-error approach and additional equipment. The causes of the
generation of a low-gloss polymer surface and the surface change during the molding process have not
been systematically analyzed. This article proposes the causes of the generation of a low-gloss polymer
surface and the occurrence of gloss transition according to the molding condition. The changes in the
polymer surface and gloss were analyzed using gloss and topography measurements. The shrinkage of
the polymer surface generates a rough topography and low glossiness. Replication to the smooth mold
surface compensates for the effect of surface shrinkage and increases the surface gloss. The surface
stiffness and melt pressure influence the degree of mold surface replication. The flow front speed
and mold temperature are the main factors influencing the surface gloss because they affect the
development rate of the melt pressure and the recovery rate of the surface stiffness. Therefore,
the mold design and process condition should be optimized to enhance the uniformity of the flow
front speed and mold temperature.

Keywords: gloss transition defect; surface defect; surface gloss; shrinkage; mold surface replication;
surface analysis; injection molding

1. Introduction

A gloss transition defect is a visually recognizable transition on the surfaces of injection-molded
products. The gloss transition defect is indicated by the gloss transition line between relatively low- and
high-gloss areas perpendicular to the flow direction, as shown in Figure 1. It creates a poor impression
of product quality. A low-gloss area in a high-gloss surface appears dusty and cloudy. A high-gloss
area on a low-gloss surface looks like the area is worn out. The defect is readily visible under bright
light conditions such as sunlight. Large exterior parts such as automobile trims are susceptible to
the gloss transition defect. Post-processes such as coating, painting, and vapor deposition could be
affected by a gloss transition defect due to the difference in surface characteristics. Therefore, the gloss
transition defect should be mitigated in the injection molding process.
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Figure 1. Example of the gloss defect on a high-gloss injection-molded surface.

Molding conditions enhancing the mold surface replication have been recommended to eliminate
surface defects and increase surface gloss. High mold temperature has been suggested as the
main parameter influencing the surface gloss because the formation of a frozen layer is affected by
the temperature condition [1-11]. High cavity or packing pressure [1,2,4,8,10,11] and injection
speed [1,2,10,11] increase the surface gloss but have a less significant effect compared to the
mold temperature [2,10]. Additionally, the melt temperature [2,4,6,8], screw rotation speed [6],
flow length [5,7], and melt viscosity [8] influence the surface gloss. The effect of these molding
parameters was analyzed for overall surface gloss and not the gloss transition on a single surface.

Several methodologies have been proposed to mitigate the gloss transition defect. For a hot runner
system applied to the molding of large-area products, a position-controlled valve pin was proposed to
reduce the drastic fluctuations of the molding condition [12,13]. Owing to the lack of optimization
methodologies for the position profile of valve pins, a trial-and-error approach needs to be applied.
A high mold temperature enhancing the surface gloss increases the cooling and cycle times. Thus,
rapid heat and cool molding (RHCM) and variothermal techniques have been suggested to avoid
the increase in cooling and cycle times [14-17]. A mold surface coating with an insulation film was
proposed to replicate the effect of the high mold temperature without the RHCM controller [18,19].

The surface defects mainly depend on the molding condition in the filling stage. Yoshii [20,21]
and Tredoux [22,23] proposed that wavelike flow marks are induced by the go-over phenomena
and nonuniform thermal contraction under a low injection speed in the filling stage. Yokoi [24] and
other researchers [25,26] proposed that the tiger stripes observed in the alternating gloss-dull stripes
are generated at high injection speeds, and they are attributed to the flow instability related to the
Weissenberg number in the filling stage. For the gloss transition defect generated in the middle
range of injection speeds, Isayev and Kim pointed out that stable surface gloss can be achieved by
constantly maintained melt flow [27]. Jeon et al. [28], Yuan et al. [12], and Bott [29] proposed that the
hesitation of the flow causes the gloss defect and referred to it as flow hesitation or the halo mark.
Suhartono et al. [13] showed that the stress distribution of the numerical simulation result near the hot
gates resembles the gloss transition and referred to it as a stress mark. Yuan et al. [30] observed that
the sudden fluctuation of the melt pressure causes the gloss transition defect, and referred to it as a
pressure transition mark. Prior studies on the gloss transition defect proposed that enhanced mold
surface replication increases the surface gloss. However, existing studies have not investigated the
generation of a low-gloss polymer surface in a highly polished mold, as shown in Figure 1, and the
influence of the filling condition on the surface gloss.

In this article, the causes of the gloss difference and the molding conditions for the mitigation
of the resultant gloss transition defect are proposed. The surface characteristics determining the
gloss difference are analyzed using surface topography and gloss measurements. The generation
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of a low-gloss polymer surface and the change in the polymer surface during the filling stage are
analyzed using a short-shot specimen. The effect of the main process parameters on the surface gloss is
investigated by analyzing the design of experiment (DOE) and the proposed causes. Consequently,
the molding conditions for mitigating the gloss transition defect are proposed.

2. Materials and Methods
2.1. Materials

2.1.1. Polymer Material

Poly (acrylonitrile-co-butadiene-co-styrene) (ABS) used herein is appropriate for the investigation
of the gloss transition defect because its injection-molded surface is particularly sensitive to surface
defects [1]. Furthermore, the black ABS HF380 (color code 9001) manufactured by LG Chem Ltd.
(Seoul, Korea) was selected to recognize the gloss difference easily. The ABS was dried at 80 °C for 4 h
to prevent bubble formation on the surface through the evaporation of moisture content.

2.1.2. Injection Molds

Two different injection molds were used in this study. The first mold (mold type A) was used for
ASTM specimens, as shown in Figure 2a. The gloss transition from the flow front in the filling stage
appears along the long flow length of the short-shot specimen. A cavity with a long flow length was
selected in the mold for the investigation of the polymer surface in the filling stage. The dimensions
of the cavity were 12.7 mm X 127 mm X 3.2 mm. The dimensions of the gate were 6.3 mm X 3.2 mm.
The air vent with the same width of the cavity was located at the end of the filling position. The other
cavities in the mold were blocked at the runner branches. The areal root-mean-square (RMS) roughness
of the mirror-polished mold surface was under 5 nm, and it was measured using the GPI XP/D
interferometer of Zygo Corporation (Middlefield, CT, USA).

(a) (b) (c)

Figure 2. Injection molds: (a) mold type A, (b) fixed plate of the mold type B, and (c) moving plate of
mold type B

The second mold (mold type B) was used for the ISO D2 specimen, as shown in Figure 2b,c. It was
selected for the analysis of the effect of the molding condition on the surface gloss. The dimensions
of the cavity were 60 mm x 60 mm X 2 mm. It had a fan gate for obtaining a uniform flow pattern,
as shown in Figure 2c. The dimensions of the gate were 60 mm X 1.5 mm. The surface of the fixed
mold was mirror-polished, as shown in Figure 2b. At the surface of the fixed mold, the cavity pressure
was measured using the Type 6190CA pressure sensor and the Type 5018 charge amplifier of Kistler
AG (Winterthur, Switzerland).
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2.2. Experiment Conditions

2.2.1. Surface Changes in the Filling Stage

The change in the polymer surface in the filling stage needs to be investigated with respect to the
gloss transition defect because a new polymer surface is generated, and it contacts the mold surface
in the filling stage. The short-shot specimen represents the generation and change in the polymer
surface during the filling stage. The high-speed electric injection-molding machine LGE150IIIDHS of
LS Mtron Ltd. (Anyang, Korea) with a clamping force of 150 tons and the mold type A were used
to mold the short-shot specimen. The flow front speed varies in the range of 10-100 mm/s for large
area injection-molded parts such as TV back covers [31] and automotive bumpers. To investigate the
change of the polymer surface in a wide range of filling conditions, the range of flow front speeds was
set as 10-1000 mm/s. The jetting and burn marks were not generated in all experimental conditions
because the mold type A had a large-area gate with the same thickness to the cavity and a wide air
vent. The packing stage was not employed. Twenty cycles of the stabilization process were conducted
before acquiring the specimen. The molding conditions are presented in Table 1.

Table 1. Injection-molding conditions for the short-shot specimen.

Process Parameter Values
Coolant temperature (°C) 35
Barrel temperature (°C) 210
Flow front speed, FFS (mm/s) 17.8,31.6, 56.2, 100, 178, 316, 562, 1000

2.2.2. Influence of Process Parameters on Surface Gloss

Three process parameters were selected based on the factors expected to influence the surface gloss.
The flow front speed in the filling stage is expected to be the main factor influencing the gloss transition
defect. The packing pressure in the packing stage is predicted to enhance the surface gloss because it
pressurizes the polymer surface to the mold surface. The mold temperature directly determined by the
coolant temperature suppresses the gloss transition defect. The values of the coolant temperature were
selected in the range of molding conditions recommended by the material manufacturer. The values of
the flow front speed reflect the range of flow front speed for conventional injection molding conditions
of large-area parts [31]. The minimum value of the packing pressure maintained the maximum cavity
pressure at the end of filling, and the maximum value of the packing pressure doubled the cavity
pressure, as shown in Figure 3. Selected process parameters and levels are listed in Table 2. The DOE
was a full factorial design. The data analysis software Minitab 16.2 analyzed the effect of the process
parameters on the surface gloss. The electric injection-molding machine Allrounder 470 A 1000-400 of
Arburg GmbH (Lossburg, Germany) with a clamping force of 100 tons and the mold type B were used.
The barrel temperature was set to 215 °C. Twenty cycles of the stabilization process were conducted
before each DOE condition. The cavity pressure measurement showed that the packing time of 5 s was
longer than the gate solidification time.

Table 2. Process parameters for the design of experiment (DOE).

Process Parameter Levels Values
Flow front speed, FFS (mm/s) 5 25, 50, 100, 250, 375
Packing pressure (bar) 3 400, 500, 600
Coolant temperature (°C) 3 40, 55,70
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Figure 3. Cavity pressure under different packing pressure conditions.

2.3. Measurement and Analysis

2.3.1. Surface Gloss

The standard glossmeter GL0020 DuoGloss of TQC Sheen B.V. (Capelle aan den IJssel, Netherlands)
was used to measure the surface gloss of the injection-molded surfaces. The geometry of the glossmeter
complied with the standard test methods for surface gloss [32-34]. The surface gloss was quantified
by the specular gloss value in gloss units (GU). The resolution of the glossmeter was 0.1 GU within
the range of 0-100 GU. A measurement geometry of 20° was selected owing to the high glossiness of
the specimen surface. The sizes of the measuring spot and detector aperture were 5 mm X 5 mm and
1.8° x 3.6°, respectively. A measuring pad with a black matt fabric material (0.0 GU for 20° geometry,
0.2 GU for 60° geometry) was used to eliminate the influence of surrounding light. The glossmeter was
calibrated using the standard specimen included in the glossmeter set before the measurement of each
specimen. For each specimen, a flat surface without a sink mark influencing the gloss measurement
was measured.

2.3.2. Gloss Distribution

The intensity profile analysis (IPA) developed by the Polymer Competence Center Leoben (PCCL)
was employed to measure the gloss distribution on the short-shot specimen [35,36]. The measurement
of the gloss distribution using the standard glossmeter requires repetitive measurements at different
surface positions due to the small measuring area. The IPA based on the evaluation of the modulation
transfer function can measure the gloss distribution close to human vision using a single measurement
with high precision [35,36]. According to the visual test method of gloss difference [37], the contrast
of the reflected image reveals the quality of the surface reflection and gloss. Figure 4a shows the
measurement setup. The measurement was conducted in a dark room to prevent the influence
of external lights. The line chart was illuminated by the diffused light source on the rear side.
The high-contrast image of the line chart was projected onto the specimen surface and reference mirror.
The reflected images on the specimen and mirror were both captured using the digital single-lens
reflex camera EOS 700D with the EF-S 18-55 mm lens of Canon Inc. (Tokyo, Japan).The aperture was
closed to F/9 to ensure a deep focal depth. The reflected image of the reference mirror was employed
to focus on the line chart and normalize the intensity of the captured image. The positional contrast
was derived from the intensity profile, as shown in Figure 4b.
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Figure 4. Gloss distribution measurement using the IPA technique [35,36]: (a) measurement setup and
(b) intensity profile and contrast distribution.

2.3.3. Surface Topography

The interferometer DCMS of Leica Microsystems GmbH (Wetzlar, Germany) was used to measure
the surface characteristics of the high-gloss polymer surface. Interferometry is a suitable measurement
technique for a high-gloss polymer surface because it does not damage the low-hardness polymer
surface, and has sufficient resolution (0.1-1 nm) for the analysis of the glossy surface, which has a lower
roughness than the wavelength of visible light (380-740 nm) [38]. The surface was evaluated using
a Mirau 50x lens in the phase-shifting interferometry mode with a green light source. The vertical
resolution was 0.1 nm, and the lateral resolution was approximately 0.3 pm. The measured area was
351 um X 261 um.

The topography parameters, RMS roughness (S;), and lateral correlation length (L;) were
determined by the height-height correlation function (HHCE, C;) of the measured surface, as shown in
Figure 5. HHCF is defined as follows [39]:

Cz(As) = [(z(x + As) — z(x))°] 1)

where z is the surface height, x is the lateral position, and As represents the spatial wavelength.
The square bracket represents the average value of the term in the bracket for all lateral positions.
The RMS roughness and lateral correlation length indicate the characteristic scales of the amplitude
and wavelength of the surface fluctuation, respectively. The measured topography was analyzed using
the open-source software for scanning probe microscopy, Gwyddion 2.52 [40].
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Figure 5. Determination of the root-mean-square (RMS) roughness (S;) and lateral correlation length
(L¢) using the height-height correlation function (HHCF).
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3. Results and Discussion

3.1. Gloss Difference Induced by Surface Topography

The surface gloss and topography parameters show a similar tendency to the flow front speed.
Figure 6a,b shows the measured surface gloss and the topography parameters of the specimen
molded at various flow-front speeds, respectively. The surface gloss increased as the flow front
speed increased. The RMS roughness and lateral correlation length decreased as the flow front
speed increased. The surface gloss and topography parameters converged at a high flow-front speed.
This similar trend for different molding conditions indicates a strong correlation between the surface
topography and gloss.
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Figure 6. Surface measurement result: (a) surface gloss and (b) topography parameters.

The theory of light-scattering phenomena can explain the relationship between surface topography
and gloss. This is because the gloss depends on the degree of the reflected light concentration at the
specular angle. As shown in Figure 7, the relatively low-gloss surface molded by a low flow-front
speed shows a rough topography. This rough surface scatters the reflected light over a broad angular
range. The rough surface induces diffused reflection and appears less glossy. The surface gloss can be
modeled by the Kirchhoff theory of light scattering according to the surface roughness [41]. According
to the modified Kirchhoff theory suggested by Alexander-Katz and Barrera [42], the surface gloss can
be modeled as a function of the RMS roughness and lateral correlation length.

Figure 8 shows a comparison of the measured and predicted surface gloss. The surface gloss
was predicted using the Kirchhoff theory, measured topography parameters, the characteristics of the
glossmeter [34], and the refractive index (1.515) of the ABS material [43]. The predicted surface gloss
is consistent with the measured gloss. This indicates that the difference in the surface topography
results in a gloss difference. The difference in surface gloss can represent the influence of the molding
condition on the surface topography.
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(a) FFS 31.6 mm/s (b) FFS 100 mm/s
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Figure 7. Surface topography molded by various flow-front speeds (FFS); (a) 31.6 mm/s, (b) 100 mm/s,
(c) 316 mm/s, and (d) 1000 mm/s.
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Figure 8. Comparison of the measured and predicted surface gloss.

As shown in Figure 6b, the surface roughness determining the gloss difference is in a higher range
(>20 nm) than that of the mold surface (<5 nm) and varies with the molding condition. The larger
roughness of the polymer surface than that of the mold surface results from surface shrinkage.
The decrease in the surface roughness is related to the effect of the molding conditions on the mold
surface replication, as Oliveira et al. proposed [8]. The generation of a rough polymer surface and the
mold surface replication occur in the filling stage.

3.2. Surface Changes in the Filling Stage

The gloss distribution of the short-shot specimen was analyzed to investigate the change in the
polymer surface during the molding process. Figure 9 shows the distributions of the surface gloss on
the short-shot specimen along the distance from the flow front. The contrast in Figure 9 indicates the
surface gloss. As the distance from the flow front increased, the surface gloss increased. In particular,
the gloss increased rapidly at a distance less than 20 mm, and gradually at a distance greater than
20 mm. A higher flow-front speed resulted in a more rapid increase in the surface gloss near the flow
front. A similar distribution was observed in all the specimens molded in a wide range of flow front
speeds. The distribution of the surface gloss could be explained by two factors: the generation of the
rough surface due to surface shrinkage and the mold surface replication due to the melt pressure.
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Figure 9. Contrast distribution of the short-shot specimen.

3.3. Rough Surface Generation

The rough polymer surface was generated after contact with the mold surface. During the filling
stage, the fountain flow at the flow front generated a new polymer surface and transported the polymer
surface to the mold surface, as shown in Figure 10. Then, the polymer surface touched the mold surface.
The polymer surface was smooth owing to the elongational stress at the flow front. After contacting
the mold surface, the polymer surface cooled down and shrunk.
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Figure 10. Fountain flow and melt pressure development at the flow front.

The shrinkage crumples the polymer surface, resulting in a rough surface. Inhomogeneous
shrinkage due to subsurface morphology affects the surface topography [44]. ABS contains butadiene
rubber particles in the poly(styrene-co-acrylonitrile) (SAN) matrix. The size of the rubber particles
ranges from 0.5 to 5 um [45,46]. The rubber particles make the subsurface morphology complex and
induce rough topography. Rosato reported a similar generation of rough surfaces due to the two
phases in ABS [2]. Therefore, surface shrinkage generates rough and low-gloss polymer surfaces in
highly polished injection molds.

The generation of a rough surface by the surface shrinkage is maximized near the flow front of
the short-shot specimen because the surface is not sufficiently pressurized by the melt pressure. If the
filling stops before the cavity is fully filled, the generation of a new surface at the flow front stops.
The polymer surface near the flow front freely shrinks because the distance near the flow front is too
short to develop the melt pressure. Therefore, the surface at the flow front shows a rough topography.
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Figure 11 shows the rough surface at the flow front. The surface gloss near the flow front is at a
minimum owing to the maximized surface shrinkage, as shown in Figure 9.

ABS HF380, Flow front surface

Figure 11. Rough surface at the flow front.

3.4. Mold Surface Replication

In Figure 9, the increasing gloss along the distance shows the effect of the melt pressure development
on the surface topography. As the distance from the flow front increased, the melt pressure developed,
as shown in Figure 10, and pushed the polymer surface to the smooth mold surface. The polymer
surface contacting the mold surface shrunk simultaneously. A sufficient melt pressure enhanced
the replication of the polymer surface to the smooth mold surface, and the surface shrinkage was
compensated. The generation of a rough surface was due to surface shrinkage and mold surface
replication due to the melt pressure occurring simultaneously. As the distance from the flow front
increased, the generation of the rough surface was suppressed to a greater extent by a higher melt
pressure. The surface gloss increased along the distance, as shown in Figure 9.

The rapid increase in the surface gloss near the flow front in Figure 9 was related to the stiffness
recovery time of the polymer surface. The temperature of the polymer surface decreased from the melt
temperature to the contact temperature immediately after contacting the mold surface. According to
the heat conduction model between the melt and the mold suggested by Yoshii et al. [20], and Carslaw
and Jaeger [47], the contact temperature was close to the mold temperature because the mold steel had
a much higher thermal diffusivity than the polymer material. The subsurface temperature in the melt
was higher than the contact temperature. As the contact time increased, the subsurface temperature
converged to the contact temperature. Surface cooling recovered the surface stiffness. The recovery of
the surface stiffness proceeded as the thickness of the frozen layer increased, as shown in Figure 10.
The surface stiffness resisted the mold surface replication and the compensation of the shrinkage by the
melt pressure. Until the surface stiffness recovered sufficiently to resist the melt pressure, the amount
of mold surface replication increased rapidly. The surface gloss increased rapidly near the flow front,
where the polymer surface was soft owing to the short cooling time.

The level of the surface gloss was determined in the region near the flow front. During the filling
stage, the surface stiffness was recovered sufficiently far from the flow front. The melt pressure could
not enhance the mold surface replication as much as near the flow front. The increasing rate of surface
gloss reduced far from the flow front, as shown in Figure 9. This indicates that the difference in the
surface gloss was determined near the flow front, and the filling stage dominantly affected the gloss
transition defect. The effect of the molding conditions, including the filling condition, on the surface
gloss was investigated via DOE analysis.

3.5. Influence of Molding Conditions on Surface Gloss

Figure 12 shows the surface gloss of the specimens molded under various injection-molding
conditions. The correlation between the molding conditions and the surface gloss was analyzed using
DOE. Figure 13 shows the factorial plots representing the effect of the molding conditions on the
surface gloss. Table 3 shows the analysis of variance (ANOVA) result. Coolant temperature and flow
front speed were considered significant factors influencing specular gloss because p-values of these
factors were under 0.05. Packing pressure was not a significant factor.
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Figure 13. Effect of the molding conditions on the surface gloss.

Table 3. Analysis of variance (ANOVA) for specular gloss.

Design Parameters Degree of Freedom Sum of Squares Mean Square  F-Ratio p-Value
Coolant temperature 2 3552.56 1776.28 45.77 0.000
Flow front speed 4 2007.25 501.81 12.93 0.000
Packing pressure 3 204.81 68.27 1.76 0.167
Error 50 1940.26 38.81
Total 59 7704.89

3.5.1. Effect of Mold Temperature

The effect of the coolant temperature (T,;) on the surface gloss represents the influence of the mold
temperature because the coolant temperature dominantly determines the mold temperature. The mold
temperature had the greatest influence on the surface gloss, as shown in Figure 13. An increase
in the mold temperature enhanced the overall surface gloss. This result agrees with the previous
research [1-11]. At a high mold temperature (T, of 70 °C), the surface shows the highest surface
gloss value in Figure 12. The high mold temperature decreased the cooling rate of the polymer surface
so that the temperature of the polymer surface was higher than that at a low mold temperature.
The recovery rate of the surface stiffness and shrinking rate decreased. This indicates that the melt
pressure pressurized the softer polymer surface over a longer time. The generation of the rough
surface due to the shrinkage was suppressed, and the mold surface replication was enhanced at a high

mold temperature.
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An imbalance in the mold surface temperature can induce the gloss transition defect even if
the mold surface was highly polished. Owing to the high thermal conductivity of the mold steel,
the temperature did not change significantly over the mold surface in a single cycle. In the case of a
mold with a poor thermal design, such as nonoptimized cooling channels with a high distance from
each other and the cavity wall, the heat from the melt can be accumulated locally and the temperature
deviation can be approximately 10 °C [48]. For example, the corner in the cavity is easily far from
cooling channels and susceptible gloss defects [49]. It is desirable to maintain a uniform mold surface
temperature to suppress the gloss transition defect. Optimization of the conventional cooling channel
or conformal cooling channel is recommended in the mold design step.

The fluctuation of the surface gloss can be suppressed at high mold temperatures, as shown in
Figure 12. The glass transition temperature of the ABS was 99 °C. As the mold temperature approaches
the glass transition temperature of the polymer material, the recovery of the surface stiffness is
considerably suppressed, and the polymer surface can replicate sufficiently to the mold surface even at
a slow development of melt pressure. A high mold temperature is recommended when it is difficult to
adjust the other molding conditions or to revise the mold design.

3.5.2. Effect of the Flow Front Speed

The flow front speed in the filling stage is a significant parameter on the surface gloss as much as
the mold temperature. The mold temperature has the largest influence on the surface gloss as Figure 13
and as reported by prior research [1-11]. In comparison with the mold temperature inducing a gradual
increase of the surface gloss, the flow front speed increased rapidly the surface gloss below 100 mm/s
of the flow front speeds, as shown in Figure 13.

The flow front speed influenced the increasing rate of the melt pressure. The distance from the
flow front and the flow front speed increased the melt pressure development at a specific location
on the mold surface [50]. As the flow front speed increased, a higher melt pressure pressurized the
soft polymer surface until the surface stiffness recovered sufficiently. The flow front speed mainly
influenced the surface near the flow front during the filling stage, as shown in Figure 8.

The increment in the surface gloss due to the flow front speed converged at a high flow-front
speed. For example, the surface gloss sharply increased at the coolant temperature of 40 °C and flow
front speeds less than 100 mm/s, as shown in Figure 12. However, the surface gloss converged to
approximately 90 GU at flow front speeds greater than 100 mmy/s. This is due to the difference in
the rates of surface cooling and pressure development. If the flow front speed is sufficiently high,
the development of the melt pressure is faster than the recovery of the surface stiffness. A sufficiently
high melt pressure maximizes the mold surface replication of the polymer surface. The fluctuation of
the surface gloss due to the flow front speed stabilizes at high flow-front speeds. This indicates that
the gloss transition defect can be suppressed by a high flow-front speed.

The fluctuation of the flow front speed can induce the gloss transition defect. The flow front
speed may fluctuate in the filling stage and induce the gloss transition defect, as shown in Figure 14.
The flow front speed increased to 250 mm/s at the middle of the surface and induced the strong gloss
transition defect, as shown in Figure 14a. The fluctuation of the flow front speed in a high flow-front
speed range decreased the degree of the gloss transition defect. The flow front speed was changed
from 100 to 250 mm/s at the middle of the specimen in Figure 14c and made barely visible the gloss
transition. This result represents that the gloss transition defect can be suppressed in a high flow-front
speed range even if the flow front speed fluctuates in the filling stage.

The flow pattern according to the cavity geometry affects the distribution of the flow front
speed. For example, the flow front speed gradually decreased in a radial flow pattern. In addition,
the operation of the injection-molding machine and hot runner system influenced the fluctuation of
the flow front speed. For example, the sequential operation of the valve gate in the hot runner system
caused significant fluctuations in the flow front speed near the valve gate owing to the sudden release
of a high pressure and melt compression in the manifold. Therefore, the mold design and the process
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parameters related to the flow front speed should be optimized to minimize the fluctuation of the flow
front speed.

(a) Flow front speed: 25 — 250 mm/s, (b) Flow front speed: 50 — 250 mm/s, (c) Flow front speed: 100 — 250 mm/s,
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Figure 14. Effect of the flow front speed fluctuation on the gloss transition defect; (a) flow front
speed fluctuation 25-250 mmy/s, (b) flow front speed fluctuation 50-250 mmy/s, and (c) flow front speed
fluctuation 100-250 mm/s.

3.5.3. Effect of Packing Pressure

The packing pressure increased the surface gloss, as shown in Figure 12. The pressure that pushed
the polymer surface to the mold surface enhanced the surface gloss. In the filling stage, the melt
pressure pressurized the polymer surface. After the filling stage, the packing pressure additionally
pressurized the polymer surface. The influence of the packing pressure on the surface gloss was not as
high as that of the flow front speed and mold temperature, as shown in Figure 13 and this result is in
agreement with the report proposed by Posciotti et al. [11]. The packing pressure could not eliminate
the gloss transition defect already generated in the filling stage, as shown in Figure 15. This is because
the packing pressure was applied to the already stiffened polymer surface. The surface stiffness was
already recovered when the packing stage started. The effect of the packing pressure was similar to the
slow increase of the surface gloss due to the melt pressure far from the flow front, as shown in Figure 9.
This result indicates that the packing pressure cannot eliminate the gloss difference already created in

the filling stage.

(a) Flow front speed: 25 — 250 mm/s, (b) Flow front speed: 25 — 250 mm/s,
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Figure 15. Effect of the packing pressure on the gloss transition defect caused by the flow fluctuation
25-250 mm/s; (a) without packing pressure, and (b) with 500 bar of packing pressure.

201



Polymers 2020, 12, 2100

4. Conclusions

In this study, the causes of the gloss transition defect were investigated via surface topography
and gloss measurements. The generation of a low-gloss surface and the change in the surface during
the molding process were analyzed to determine the causes of the gloss transition defect. The effects of
the molding conditions on the surface gloss were described. Consequently, the molding conditions
suppressing the gloss transition defect were proposed.

A low-gloss polymer surface can be molded even if the mold surface is highly polished. This is
due to the generation of a rough polymer surface due to surface shrinkage. For polymer materials
with complex morphologies such as ABS containing rubber particles, inhomogeneous shrinkage due
to the complex morphology made the polymer surface rough. The rough surface induced diffused
reflection, resulting in low glossiness. The mold surface replication compensated for the effect of the
surface shrinkage and increased the surface gloss. The melt pressure and surface stiffness influenced
the degree of mold surface replication. The melt pressure pushing the polymer surface to the mold
surface enhanced the replication and generated high surface gloss. The surface stiffness resisted the
melt pressure and mold surface replication. Therefore, the surface shrinkage and the difference in the
mold surface replication caused the gloss transition defect.

The filling condition mainly determines the surface gloss. The mold temperature and flow front
speed were the parameters having the greatest influence on the surface gloss. The mold temperature
influenced the recovery rate of the surface stiffness. At a high mold temperature, the polymer surface
was soft for a longer time. The softer polymer surface could better replicate the mold surface. The flow
front speed affected the development rate of the melt pressure, pushing the polymer surface to the
mold surface. At a high flow front speed, rapidly increasing melt pressure pressurized the polymer
surface and replicated the mold surface better. Therefore, the fluctuation of the flow front speed and
the nonuniformity of the mold temperature in the filling stage generated the gloss transition defect.

The nonuniformity of the mold temperature and the fluctuation of the flow front speed should
be minimized in the filling stage to suppress the gloss transition defect. The thermal design of the
mold, such as the cooling channels, should be optimized to minimize the temperature deviation of the
mold surface. It is desirable to optimize the operation of the injection unit of the molding machine and
sequential valve gates to reduce the fluctuation of the flow front speed.
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Abstract: Polymer materials can be functionalized with different surface treatments. By applying
nanoparticles in coating, excellent antimicrobial properties are achieved. In addition, antimicrobial
properties are enhanced by hydrophobic surface modification. Therefore, the goal of this work
was to modify the process parameters to achieve excellent hydrophobicity of polymer surfaces.
For this purpose, a Design of Experiment (DoE) statistical methodology was used to model and
optimize the process through six processing parameters. In order to obtain the optimum and to
study the interaction between parameters, response surface methodology coupled with a center
composite design was applied. The ANNOVA test was significant for all variables. The results
of the influence of process parameters showed that, by increasing the pressure, concentration of
hydrophobic compounds and dye concentration, water vapor permeability was enhanced, while by
decreasing weight, its efficiency was enhanced. Moreover, the increase in the temperature enhanced
water vapor permeability but decreased the resistance to water wetting. An optimal process with
ecologically favorable 6C fluorocarbon (68.802 g/L) surpassed all preliminary test results for 21.15%.
The optimal process contained the following parameters: 154.3 °C, 1.05 bar, 56.07 g/L dye, 220 g/m2
fabric. Therefore, it is shown that DoE is an excellent tool for optimization of the parameters used in
polymer surface functionalization.

Keywords: polymer surface modification; hydrophobic properties; optimization; mathematical
modeling; hydrophobicity

1. Introduction

Hydrophobic finishing of textile materials is one of the most important processes in the textile
industry. Excellent finished compounds repel water, oil and dry dirt which is extremely important in
clothing, sports, military, medical and technical textiles [1]. Polymer materials can be functionalized
to become active against resistant microorganisms with different surface treatments. For example,
by applying nanoparticles inside the surface coating, excellent antimicrobial properties are achieved.
In addition, antimicrobial properties are enhanced by further surface modification that enables excellent
hydrophobic properties.

Historical usage of water repellant materials covers a broad area of wax and resin compounds
that can be easily washed out [2]. Today perfluoroalkyl compounds (PFAS’s) are widely used in almost
all staining repellant finishes since those are the only chemicals capable of simultaneously repelling
water, oil, dirt and all other staining compounds [3]. In addition, by enhancing the repellant properties,
other fabric properties show much better performances, including increased resistance to acids, bases
and other chemicals, more rapid drying, and better durable press properties [4].

Fluorocarbons are synthetically produced organic chemicals in which all hydrogen atoms are
replaced by fluorine containing a perfluoroalkyl residue (Figure 1) [1]. Those chemicals exhibit
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a significant reduction in surface tension (due to their incompatibility with water and oil), and
outstanding stability (both chemical and thermal) [3].
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Figure 1. Perfluorooctane alcohol: F3C-CF,-CF,-CF,-CF,-CF,-CF,-CF,-CF,-CH,-CH,-OH [3].

The mechanism of repellency includes reducing the free energy at the material surface [5].
Therefore, if the adhesive forces between material and drops of liquid on the material are greater
than the internal cohesive interactions within the liquid, the drops will spread. In contrast, in cases
when adhesive interactions between the material and the liquid are smaller than the internal cohesive
interactions within the liquid, the liquid drops will not spread [6].

There are many parameters which influence the surface tension and thereby repellency, and
one of them is the length of the chain [3]. The literature data show that the critical surface tension
decreases rapidly as the chain length increases from one to eight, and after that decreases [7]. However,
fluorocarbons with 8 C atoms (“C8”) have a negative impact on the environment and human health so,
from September 2020, the Croatian industry will replace all ecological non favorable substances with
Cé fluorocarbons which are allowed by strict regulations. This puts extra requirements on industrial
managers and process engineers that need to meet demands of rigorous ecological standards, as well
as customer requirements for super hydrophobic garments.

Different treatments are developed using cost effective nanotechnology-based repellents, but
new formulae need improvement since current products have a negative impact on comfort in hot
and humid environments [8]. Therefore, in order to enhance the repellency and other protective
properties of garments, many efforts are being conducted in different processing areas: fabric
weave technology [9], coating technology, surface nanocomposite modifications with resins and
nanoparticles [10] and double-sided knitting consisting of two different kinds of fibers [11]. Moreover,
achieving waterproof breathable fabrics [12], super-hydrophobic and multi-responsive fabric composite
with excellent electro-photo-thermal effects [13] with applications not only to textiles but also
in composite insulators [14] and producing intelligent electronic clothing systems [15], is under
investigation. Recent developments also cover the area of medical materials with antibacterial
capacity [16,17], as well as methods for the incorporation of membranes, coatings, fabrics, lining
material and other vital parameters for designing breathable garments [18].

Many parameters influence the wear comfort of materials i.e., porosity and strength of the
micro-porous layer on textile material, such as: crystallinity, temperature and rate of stretching,
pressure, temperature and duration of the heat treatment, the choice of reagents and others [1]. In order
to find optimal conditions for the multi-parameter process, Design of Experiment (DoE) statistical
methodology is often used [19-23]. For example, Moussa et al. used a factorial experimental design
for optimization of the waterproof breathable property of samples [11] and optimized vital parameters.
Coronado et al. used the mixture design of experiments to assess the environmental impact of
clay-based structural ceramics containing hazardous metals As, Ba, Cd, Cr, Cu, Mo, Ni, Pb, and Zn [19],
and Waha et al. optimized the process of biodegradation by the Taguchi design of experiment [20].

Long chain fluoro-chemicals with at least eight perfluorinated carbon atoms are synthetic
compounds that have been used since the 1940s in a wide variety of consumer and industrial products
such are firefighting foams, surfaces, and food contact paper. Due to their widespread usage, today they
can be detected in the environment, as well as in humans. Unfortunately, recent evidence shows that
continued exposure to above specific levels of certain long chain fluorochemicals may lead to adverse
health effects [24]. Recent investigations have proved that PFAS’s are associated with reproductive
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toxicity, reduced growth metrics in newborns and elevated cholesterol levels in humans. Moreover,
PFAS are highly persistent and resistant to degradation and are therefore a serious global concern.

According to some predictions, by 2050, more people could die from the infections caused by
antibiotic-resistant bacteria than from cancer. Only in Europe 25,000 deaths per year and costs over
EUR 1.5 billion are associated with resistant microorganisms. Especially dangerous infections are
bacteria such as Staphylococcus aureus, Methicillin-resistant Staphylococcus aureus (MRSA), known as
“super-bacteria” or “golden staphylococci”, which is increasingly difficult to cope with due to its’
resistance to a wide range of antibiotic-based penicillin drugs (3-lactam antibiotics such as methicillin,
dicloxacillin, nafcylin and oxacillin). Staphylococcus aureus is a member of the Staphylococcaceae family
of gram-positive bacteria of spherical forms and is one of the most significant pathogens in the world.
It is an infection with a frequency ranging from 20 to 50 cases per 100,000 inhabitants per year, with
10% to 30% of infections ending with a deadly outcome. This number is greater than the sum of the
deaths caused by AIDS, tuberculosis and viral hepatitis combined.

Therefore, the aim of this research was to develop a hydrophobic polymer surface that can
be further used as potential antimicrobial material. The idea was to achieve excellent results of
hydrophobic properties through the optimization of textile functionalization process parameters.
Optimization was performed through six process parameters using Design of Experiment. The goal
of optimization was to find optimal conditions of the water vapor permeability and the resistance
to water wetting. The analysis of water vapor permeability is related to the level of comfort at low
physical activity but does not give the information about condensation on a textile surface.

2. Materials and Methods

2.1. Samples

In this research three different samples of textile material intended to be used as military garments
were investigated. Samples were made of cotton and polyamide yarns with weights of 190 g/m?,
220 g/m? and 240 g/m?2. The mechanical properties of samples are presented in Table 1.

Table 1. Mechanical properties of investigated samples.

Weight, Fabric Density, Thread per 1 cm Yarn Count, Tex * Construction of
2 s .
g/m Composition Warp Weft Warp Weft Fabric
190 50% cordura (PA 35.8 19.5 14 % 2 tex 14 x 2 tex Ripstop (square 7 +
220 6.6. Type 420 HT 35.8 205 14x2tex 384 x1tex pstop {sq N

240 dull)/50% cotton 35.8 205 15x2tex 50 % 1tex Tmm X7 1 mm)

* Tex is a direct measure of linear density and represents grams per kilometre of the yarn.

2.2. Reagents and Chemicals

The hydrophobic compounds tested were a fluorocarbon agent based on C8 fluorochemicals,
Sevophob HFK-F, (fluorocarbon resin which is used for permanent water, oil and dirt-repellent finishing,
producer: Textil Color, Sevelen, Switzerland), and a fluorocarbon agent based on C6 fluorochemicals,
Tubiguard SCS-F, (low viscous liquid dispersion, producer: CHT) in concentrations from 35 to 70 g/L.
The dye used during the textile finishing treatment was Bezathren Navy Blue GN vat dye (producer:
CHT, Montlingen, Switzerland) since it offers an outstanding light, wet and chlorine fastness level like
no other dye class on cellulose fibers. It was applied in the form of a micro-disperse powder which is
easily dispersed and used in textile modification.

2.3. Textile Finishing Treatment

The textile finishing treatment used for the modification of the material into a hydrophobic textile
was pad impregnation of the dyeing of fabric and for the application of finishing chemicals. It had
several steps: (1) pre-treatment for removal of waste, oil, dry matter and other impurities; (2) dyeing;
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and (3) finishing with two different types of fluorocarbon agents to achieve water and oil repellency.
The second and the third steps (dyeing and finishing experiments) were performed on a laboratory
scale using laboratory machinery for padding in which the fabric passes into a solution of dye and
chemicals under a submerged roller, and then it goes out of the bath is squeezed to remove excess
solution by pressure occurring between two cylinders. The objective of this process is to mechanically
impregnate the fabric with the solution or dispersion of chemicals.

2.4. Determination of Water Vapor Permeability

Moisture transport through textiles is the factor which influences thermological and physiological
comfort of the material. The moisture is transferred through a material in the form of vapors or liquids.

Water vapor permeability, (WVP) is expressed as the time rate of water vapor transmission through
a unit area induced by unit vapor pressure difference between two specific surfaces, under specified
temperature and humidity conditions [25]. It is calculated as:

WVP = %xAxAp 1)

where Ap, (Pa) is the difference of partial pressure between two sides of material, G, (g)—weight change,
t, (h)—time during which G occurred, and A, (m?)—test area.

In the ASTM E96 standard procedure the test cup is filled with the distilled water and the
circular sample is tightly covered onto the cup. The cup prepared for testing is placed in a controlled
environment at an ambient temperature of 23.0 °C, with a relative humidity of 100% inside the cup
and 50% outside the cup. Due to the forces of the differences in concentration and pressure, vapor
diffusion occurs through a textile from the cup in this environment [25].

After this treatment, the resistance of the hydrophobic modification was tested in a 5-cycle process
washing according to the norm EN ISO 6330:2012 Textiles—Domestic washing and drying procedures
for textile testing, testing procedures at 60 °C. In this work, the WVP was tested according to the ASTM
E96 standard procedure in which the vapor passes from inside of the cup to the outside of the cup
(Figure 2).

DOE OPTIMIZATION
e WATER

VAPOUR

SAMPLE

Optimalconditions = ?

. 1’ DISTILLED WATER

TEXTILE=?,
‘ /4
HC6?

p=?T=?  / HC8?
%/ HYDROPHOBIC TEXTILE

Figure 2. Schematic overview of process for optimizing the highest water vapor permeability by the
ASTM E96 method.
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The drawback of this methodology is the fact that the permeability that is measured by this
method depends not only on properties of a material, but also on the thickness of the air layer near the
surface of the textile material. Therefore, the resistance to surface wetting was measured in another set
of experiments (Section 2.5).

2.5. Resistance to Surface Wetting

A resistance to surface wetting test was performed according to the ISO 4920:2012 standard
procedure [26]. This method specifies spray test conditions for determining the resistance of fabric to
surface wetting by water in the following manner: a specified volume of distilled water is sprayed
onto a test specimen that has been mounted on a ring and placed at an angle of 45°. It is placed in a
way that the centre of the specimen is at a specified distance below the spray nozzle. The spray rating
is determined by comparing the appearance of the specimen with descriptive standards.

2.6. Mathematical and Statistical Procedures

Sections 2.1-2.5. were statistically analyzed using Design Expert Stat Ease software 9.1
(Minneapolis, MN, USA). A central composite design was chosen for the modeling of six process
parameters with replicates, so the total number of experiments was 42. The optimal conditions for six
independent variables, i.e., fabric weight, dye concentration, concentration of hydrophobic compounds
Sevophob HFK-F and Tubiquard SCS-F, temperature, pressure and the type of the hydrophobic
compound, were obtained using algorithms with the Design Expert State Ease version 9.1 software
(Minneapolis, MN, USA). The critical surface tension of hydrophobic compounds decreases rapidly as
the chain length increases from 1 to 8, and after that decreases [7]. In majority of industrial processes
fluorocarbons with 8 C atoms were frequently used due to their extraordinary hydrophobic properties.
However, due to their extremely negative impact on the environment and human health, their usage is
prohibited so the industry needs to find a suitable replacement. Therefore, in this work the efficiency
of different treatments using C 6 and C 8 fluorocarbons was investigated and optimized through six
different industrial process parameters.

This statistical program DoE searches for an optimal combination of factor levels that
simultaneously satisfies the requirements placed on each of the responses and factors.

3. Results

This section is be divided by subheadings. It should provide a concise and precise description of
the experimental results, their interpretation as well as the experimental conclusions that can be drawn.
Sevophob HFK-F and Tubiquard SCS-F are fluoro-based finishing compounds that were investigated
in this research as efficient hydrophobic reagents that enable durable and high-performing finishing of
military garments. Sevophob HFK-F is much a more efficient reagent, but contains eight C atoms in its
structure, while Tubiquard SCS-F has only six C atoms.

In order to achieve equally satisfying results with an ecologically acceptable reagent,
multi-parameter optimization using Design of Experiment was performed. Therefore, in this work six
process parameters were investigated, namely: the weight of the military fabric (ranging from 190
to 240 g/m?), concentration of the dye (10 to 60 g/L), concentration of hydrophobic compounds (35
to 70 g/L), type of hydrophobic compounds (ranging from six to eight carbon atoms), temperature
(from 150 to 170 °C) and pressure (from 1.0 to 2.0 bar). In total, six input process variables were varied
for optimization purposes in 42 preliminary experiments, with the goal to optimize the hydrophobic
properties of the garments, while preserving the wear comfort of the materials.

3.1. Optimization by Design of Experiments

A traditional optimization protocol monitoring one parameter at the time cannot provide
information on interactions between the process parameters and their outcome for the industrial
process. Design of experiment (DoE) statistical methodology offers the answer to this problem and the
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possibility to study the effects of process variables and their responses within the minimal number of
preliminary experiments [27].

Using DoE based on the response surface methodology (RSM) within the State Ease software,
the aggregate mix proportions were derived, and the total number of experiments was drastically
reduced. In order to examine whether there is a relationship between the selected parameters and the
response variables investigated, the collected data needed to be analyzed in a statistical manner using
regression according to Equation (2):

Xp = (Xi_ Xf)/AXi 2)

where x; is the coded value of the independent variable i, X; the natural value of the variable i, X;* the
natural value of the variable i in the central point and AX; is the value of the step change.

The response y (estimation of the coefficients of a quadratic model) is represented by Equation (4),
within the central composite design:

k k
Y=o+ ), Bixi + ) Bt + ) Bixixi e ©
i=1 i=1

i<j

where, y is the measured response, i is the intercept term, f;, f;; and f;; are the measures of the effects
of variables x;, x;x; and xl?, respectively. The central composite design was selected since this is one
of the most efficient and popular classes of second order designs recommended in the literature [19].
A very important optimization step is the selection of parameters and their ranges to be studied, which
was done based on previous analysis. The factors were studied in several levels, from low to high, as is
presented in Table 2.

As can be seen from the Table 2, three experiments (runs 3 and 39, 4 and 28, 11 and 12) were
repeated to check the reproducibility and to estimate an experimental error. All three responses
gave a reproducible result where the deviation of each run was found within an experimental error
(i.e., £0.075% for water vapor permeability, and +0.053 for resistance to water wetting). The worst
result in the preliminary tests was recorded in the eighth experiment (with 1196 g/m? for water vapor
permeability), for the hydrophobic compound with six C atoms.

The center composite design matrix of 42 experiments covering full design of three level factors
was used to build a quadratic model of the experimental data of the observed responses. Standard
error of design is shown in Figure 3. It reports the standard error of the predicted mean in a way in
which larger standard error means less reliable the estimates.
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Table 2. Experimental planning in Design of Experiment, central composite design, six parameters, 42 preliminary experiments, six input parameters and two
output responses.

PARAMETERS RESPONSES
Fabric Weight Dye Concentration = Concentration of Hydrophobic o Type of Hydrophobic WVP, g/m?, Resistance to
Random Run g/m? & Y g/L Compound Fé, g/]lj Temperature °C Pressure Bar P Comgounl:i 24%1/ Water Wetting
1 240 60 70 170 1.66 Tubiquard SCS-F 1658 70
2 190 60 70 150 1 Tubiquard SCS-F 2090 80
3 220 40 35 161 1.85 Sevophob HFK-F 1646 90
4 190 59.2 47.6 159.8 1.39 Sevophob HFK-F 1824 90
5 240 10 62.1 166.5 143 Tubiquard SCS-F 1738 100
6 220 60 70 164 1.3 Sevophob HFK-F 1517 90
7 220 29 70 153 1.77 Tubiquard SCS-F 1963 60
8 220 40 41.8 160.7 1.2 Tubiquard SCS-F 1196 70
9 240 16.5 38.2 170 1.38 Tubiquard SCS-F 1617 80
10 190 22.8 35 150 2 Sevophob HFK-F 2000 95
11 190 13.8 60.2 157.4 1.66 Tubiquard SCS-F 1466 80
12 190 13.8 60.2 157.4 1.66 Tubiquard SCS-F 1390 80
13 220 52.5 35 170 1 Sevophob HFK-F 1765 95
14 240 35 50.9 159.9 2 Tubiquard SCS-F 1463 70
15 240 30.0 67.9 170 2 Tubiquard SCS-F 1522 80
16 240 10 70 164.6 2 Sevophob HFK-F 1696 100
17 220 49.8 61.3 150.3 1.05 Sevophob HFK-F 1926 100
18 190 12.8 70 150 1 Sevophob HFK-F 1770 95
19 190 135 70 170 1 Tubiquard SCS-F 1825 80
20 220 60 51.7 150 2 Tubiquard SCS-F 2007 80
21 220 10 545 158 1.25 Sevophob HFK-F 1247 100
22 240 35 68.0 166.0 1 Sevophob HFK-F 1720 100
23 240 60 35 150 1.59 Tubiquard SCS-F 1560 70
24 220 10 35 150 2 Tubiquard SCS-F 1296 60
25 240 60 42.7 170 2 Sevophob HFK-F 1362 90
26 240 60 70 150.5 2 Sevophob HFK-F 1558 90
27 240 269 54.3 150 1.52 Sevophob HFK-F 1653 90
28 190 59.2 47.6 159.8 1.39 Sevophob HFK-F 1647 95
29 240 10 70 150 1 Tubiquard SCS-F 1585 50
30 240 56.3 61.1 155.9 1.45 Tubiquard SCS-F 1796 85
31 240 27.0 543 150 1.52 Sevophob HFK-F 1995 95
32 240 10 35 157.5 1 Sevophob HFK-F 1834 100
33 220 60 35 150 1 Sevophob HFK-F 1720 95
34 190 60 35 169.5 2 Tubiquard SCS-F 1973 90
35 190 10 35 170 1.6 Sevophob HFK-F 1892 100
36 240 60 47.3 166 1 Tubiquard SCS-F 1560 90
37 220 10 53.7 170 2 Tubiquard SCS-F 1457 80
38 220 31.8 70 159 1.01 Tubiquard SCS-F 1783 80
39 220 40 35 161 1.85 Sevophob HFK-F 1521 95
40 190 29.5 40.3 150 1 Tubiquard SCS-F 1596 70
41 220 40 418 160.7 1.2 Tubiquard SCS-F 1723 70

42 190 37.5 63.7 170 1.95 Sevophob HFK-F 1711 95
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Figure 3. Standard error of design.
3.2. ANNOVA Report

The analysis of variance (ANOVA) was carried out to establish the significance of different
parameters for the quadratic model. The quadratic model for the water vapor permeability in terms of
coded factors is presented in Equation (4) as:

Water Repellency = 8741 — 119 x A + 012 x B + 049 x C 4+ 402 x D
-020 x E-987 x F + 015 x AB + 0.33 x AC + 3.81
xAD — 396 x AE — 2.23 x AF — 1.64 x BC — 6.21 x BD )
—0.012 x BE + 356 x BF — 0.34 x CD - 1.21 x CE
+0.048 x CF — 091 x DE + 2.89 x DF + 0.49 x EF
+3.07 x B — 485 x C? — 1.14 x D* + 0.64 x E?

where coded parameters are: A Fabric weight, B Dye concentration, C Hydrofobe concentration. D
Temperature and E the Pressure. The significance of parameters is confirmed if their p-values are below
value of 0.05 (which is the significance limit).

In this model, all parameters were significant having p values of 0.0020, 0.0109, 0.0005, 0.0220, 0.0010
and 0.0001 for fabric weight, dye concentration, hydrophobic compound concentration, temperature,
and pressure, respectively. The model F-value of 4.22 implies that the model is significant according to
a 95% level of confidence.

Values of “p > F” less than 0.0500 indicate that the model terms are significant and in this work
the p-value was 0.0022. The lack of fit was calculated from the experimental error (pure error) and
residuals. The lack of fit is the ratio between the residuals and pure error. “Lack of fit F-value” of 10.13
with its p-value of 0.0096 implies the lack of fit was significant. Therefore, the suggested model for
water vapor permeability presented in Equation (4) is valid for the present study.

3.3. Significant Graphics

Figure 4 compares experimental values with the predicted model value obtained from Equation (4).
The value of the correlation coefficient, R? was found to be high (i.e., close to unity) which confirms the
accuracy of the model [20,21].
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Figure 4. Plot of actual value and the value predicted from the Equation (4).
The Durbin—-Watson statistic presented in the Figure 5 shows that no correlation can be observed

between the experimental and calculated values so there is no evidence of correlation in the residuals’
series, and therefore there is no accumulation of experimental error [19].
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Figure 5. Residual correlation: q(experimental)—-q(calculated).
3.4. Selectivity

The model from Equation (4) is presented graphically in Figure 6, and the study of the effects of
process variables on the response water vapor permeability is presented in Figure 7.

Water permeability (gm2/Pah)

Figure 6. Graphical presentation of the model equation, effect of fabric weight and the dye concentration
on the response parameter water vapor permeability.
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Figure 7. Effects of industrial process parameters on response water vapor permeability:

(A—fabric weight, B—dye concentration, C—hydrophobic concentration, D—temperature,
E—pressure and F—the type of the hydrophobic compound). Interactions shown are:
(AB,AC,AD,AE,BC,BD,BF,CD,CE,CF,DE,DF).

As canbe seen in Figure 7, six parameters mutually influence the response water vapor permeability,
but also show interactions and synergistic effects on the output variable.

3.5. Optimization Using Response Surface Methodology

Resistance to water wetting occurred both when using Sevophob HFK-F and Tubiquard SCS-F
through lowering the surface energy of the fabric, so that water did not wet out the garment. Although
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similar finishes could be achieved with some other types of finishers (such are waxes, oils and silicones),
those other reagents are not repellent to oil, sand or lotion compounds.

For this reason, the fluorocarbons such are Sevophob HFK-F and Tubiquard SCS-F, were used as
the most effective compounds for repelling both oil and water, which is a very important parameter in
finishing military garments. However, Sevophob HFK-F contains eight C atoms so the optimal process
in which Turbiquard can be used, but with equal efficiency needed to be developed.

Zahid et al. reported that among materials with extra developed hydrophobic properties, textile
materials are come in contact with the human skin most frequently. Therefore, the authors have
emphasized that textile treatments for water or oil repellency should be non-toxic, biocompatible, and
comply with stringent health standards [28]. Moreover, due to the large quantities of water, chemicals
and reagents used worldwide in the textile industry, treatments should be scalable, sustainable, and
eco-friendly. Due to this awareness, new eco-friendly processes are being developed and adopted.

Moreover, the review article of Zahid et al. reported that although fluorinated polymers with C8
chemistry are the best performing materials to render textiles water or oil repellent, they pose substantial
health and environmental problems and are being banned. Therefore C8-free vehicles for non-wettable
treatment formulations are probably the only ones that can offer important commercialization prospects.
In addition, their review article indicated promising future strategies and new materials that can
transform the process for non-wettable textiles into an all-sustainable technology [28].

In this work, the model Equation (4) was used to find the manner in which the parameters need
to be varied in order to achieve the optimal solution for obtaining hydrophobic properties with less
harmful reagents that contain six C atoms. The corresponding optimized surface response of the
quadratic model is shown in Figure 8.

The surface contour plots of parameter interactions between industrial process variables are
elliptical, and the central point is the point in which the slope of the contour in all directions is equal to
zero. The minimal predicted response yield is indicated by the surface confined in the smallest curve of
the contour diagram, so the optimal maximized solutions are outside this area, as is shown in Figure 8.

The analysis of the results presented in Figure 8 shows the significant influence of the process
parameters on the results. As can be seen from this Figure, by increasing the concentration of
hydrophobic compounds, concentration of the dye and pressure, leads to the enhancement of water
vapor permeability. In contrast, by decreasing the garment weight, its efficiency was enhanced.
Moreover, the increase in temperature enhanced water vapor permeability but decreased the resistance
to water wetting. Those results can be explained by the fact that, at high concentration of reagents and
rigorous process variables, optimal coating finishing will occur.

Statistical analysis of this model results in the optimal solution for maximized water vapor
permeability. Therefore, the additional experiments were carried out at optimized conditions and
the results of the responses predicted by DoE were compared to experimental results as is shown in
Table 3. Table 3 presents verification experiments of the model at three optimal solutions for three
different kinds of textile fabric (weights 190, 220 and 240 g/m?, respectively).

Table 3. Verification experiments at optimum conditions of process parameters (A—fabric weight,
B—dye concentration, C—hydrophobic concentration, D—temperature, E—pressure and F—the type of
the hydrophobic compound) obtained by Design of Experiment for maximized water vapor permeability
and maximized resistance to water wetting.

Resistance to Resistance to Water Vapor Water Vapor
Water Wetting, Water Wetting, Permeability Permeability
Nr A B ¢ D E F % % PREDICTED EXPERIMENT
PREDICTED  EXPERIMENT g/m? g/m?
1. 190 16931  41.066 168903 1.046  Sevophob 102 100 2670 2609
2. 220 56.067  68.802 154.276  1.048  Tubiquard 100 100 2176 2620
3. 240 11.106 ~ 38.815 152460 1.908  Sevophob 88 100 2355 2530
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Figure 8. (A-D): Surface contour plots for desirability, water vapor permeability, and resistance
to water wetting at optimal values of initial fabric weight (g/m?) and dye concentration (g/L) for
different values of other parameters: (A) C = 51.386, D = 159.109, E = 1.504, F = Sevophob HFK-F;
(B) C =61.437, D = 156.768, E = 1.228, F = Tubiquard SCS-F; (C) C = 51.756, D = 150.309, E = 1.995,
F = Sevophob HFK—F; (D) C = 38.136, D = 159.208, E = 1.852, F = Sevophob HFK—TF, where the other
parameters are C—hydrophobic concentration, D—temperature, E—pressure and F—the type of the
hydrophobic compound.

As can be seen from this table, two optimal solutions were obtained with eight C atoms, but
another two were obtained with six C atoms, and this result surpassed all preliminary tests for both six
C atoms and eight C atoms by 21.15%. However, when this optimal result of 2620 g/m? is compared
with the statistical mean value obtained only for six C atoms (1726.86 g/m?), the global optimum was
51.72% better. This means that the industrial process can be performed under the presented variable
parameters achieving satisfying results for both ecologically and economically.

Excellent resistance to water wetting remained even after five washing cycles, which is an excellent
result. Without optimization, the resistance to water wetting effects would drop to 50-70%, and our
optimized process resulted with a modification that preserved resistance to water wetting (at 90-100%).

Figure 9 shows the desirability for each factor and all responses individually for the selected
optimal solution. As can be seen from the Table 3, for the optimal result, there was an error of +1.96%
for resistance to water wetting and error of +2.28% for water vapor permeability with a 95% confidence
level (i.e., 94 + 0.52%).
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Figure 9. Desirability for each factor and each response individually for the optimal solution.

The verified optimized solution of the model responses of water vapor permeability and resistance
to water wetting are shown in Figure 10.

Water vapor permeability (g/m?Pah)
Resistance to water wetting (%)

Figure 10. Response surface of the Central composite design, optimized response variables for: water
vapor permeability and resistance to water wetting.

Based on the optimization model shown in Figure 10, the optimum of responses (water vapor
permeability and resistance to water wetting) could be predicted and verified by comparing the
predicted result with the new experimental output.

An optimal process with an ecologically favorable fluorocarbon with six C atoms (68.802 g/L,
Tubiquard) surpassed all test results by 21.15%. It was found at 154.3 °C, 1.05 bar, 56.07 g/L dye,
220 g/m2 fabric, which surpassed the results of statistical mean for six C atoms by 51.72%. Moreover,
the best solution obtained with hydrophobic compound of eight C atoms was 2609 g/m?. It was found
at 152.5 °C, 1.9 bar, 38.815 g/L of Sevophob HFK-F, 11.1 g/L. dye on 240 g/m? fabric, and surpassed
the statistical mean of all test results with eight C atoms (1619.2 g/m?) by 61.12%. From this it can be
concluded that Design of Experiment is an excellent tool for optimization of multi-parameter complex
systems because with high numbers of factors only a fraction of the experiments need to be completed
to efficiently estimate the main effects and parameter interactions [27].

4. Conclusions

The presented work shows that Design of Experiment is a convivial tool for optimization
of modification of the surface since the influence of the various process parameters can be easily
investigated. In this work, fabric weight, dye concentration, hydrophobic reagent concentration,
temperature, pressure, and the type of the hydrophobic compound, have been investigated to determine
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the optimal conditions. Validity of the regression equation has been controlled by a statistical approach,
and the results have revealed following conclusions:

- Sevophob HFK-F and Tubiquard SCS-F are efficient hydrophobic reagents, with Sevophob HFK-F
being much more efficient but ecologically unacceptable.

- Central composite design of experiments was used based on 42 preliminary experiments in order
to investigate six process parameters within laboratory scale optimization, to find an alternative
solution using Tubiquard SCS-F with six C atoms.

- An Ecologically favorable optimum using a fluorocarbon with six C atoms (68.802 g/L, Tubiquard)
surpassed all the test results by 21.15%. It was found at 154.3 °C, 1.05 bar, 56.07 g/L dye,
220 g/m? fabric.

From this it can be concluded that efficient water repellency can be achieved using six C
fluorocarbons while ecologically harmful and forbidden hydrophobic compounds with eight C atoms
can be successfully replaced by reagents acceptable for the industry purposes.
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Abstract: Oil-impregnated cellulose insulation polymer (oil-paper/pressboard insulation) has been
widely used in power transformers. Establishing effective ways of improving the physical and
chemical properties of the cellulose insulation polymer is currently a popular research topic. In order to
improve the charge injection inhibition and hydrophobic properties of the cellulose insulation polymer
used in power transformers, nano-structure zinc oxide (ZnO) and polytetrafluoroethylene (PTFE)
films were fabricated on a cellulose insulation pressboard surface via reactive radio frequency (RF)
magnetron sputtering. Before the fabrication of their composite film, Accelrys Materials Studio (MS)
software was applied to simulate the interaction between the nanoparticles and cellulose molecules
to determine the depositing sequence. Simulation results show that the ZnO nanoparticle has a
better adhesion strength with cellulose molecules than the PTFE nanoparticle, so ZnO film should be
sputtered at first to fabricate the ZnO/PTFE composite film for better film quality. The sputtered, thin
films were characterized by X-ray photoelectron spectroscopy (XPS), scanning electron microscopy
(SEM), and X-ray diffraction (XRD). The space charge injection behavior and the hydrophobicity
performance of the untreated pressboard; and the cellulose insulation pressboard with sputtered
nano-structure ZnO, PTFE, and the ZnO/PTFE functional films were compared with each other. X-ray
photoelectron spectroscopy results showed that ZnO, PTFE, and ZnO/PTFE functional films were all
successfully fabricated on the cellulose insulation pressboard surface. Scanning electron microscopy
and XRD results present the nano-structure of the sputtered ZnO, PTFE, and ZnO/PTFE functional
films and their amorphous states, respectively. The ZnO/PTFE composite functional film shows an
apparent space charge suppression effect and hydrophobicity. The amount of the accumulated space
charge in the pressboard sputtered ZnO/PTFE composite functional film decreased by about 40%
compared with that in untreated cellulose insulation pressboard, and the water contact angle (WCA)
increased from 0° to 116°.

Keywords: nano-structure functional film; magnetron sputtering; cellulose insulation polymer; space
charge; hydrophobicity; zinc oxide; polytetrafluoroethylene

1. Introduction

High voltage direct current (HVDC) power systems have been utilized in long-distance power
energy transmission. The most important apparatus in HVDC systems is the HVDC converter
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transformer. The converter transformer mainly consists of a steel core, and winding and insulating
materials. The insulation materials are mainly the combination of oil and cellulose insulation polymers
(cellulose insulation paper/pressboard). The oil-paper/pressboard insulation in the valve winding and
outlet bushing of the HVDC converter transformer, simultaneously experience AC, DC, and transient
impulse voltages under operation [1]. Under the voltage of DC component, space charge accumulation
within the solid insulation material has been regarded as a major issue affecting the safe and reliable
operation of the converter transformer [1]. The formation of space charge results in a distortion of the
electric field distribution and may lead to local electric field enhancement, thus further inducing aging,
partial discharge, and even breakdown, which could ultimately bring about insulation failure [2—4].
Therefore, effective methods to suppress space charge accumulation in the oil-paper insulation have
always been the focus of research in recent years.

Moreover, moisture is regarded as “the first enemy” after temperature [5,6], which can reduce the
thermal life and electrical breakdown strength of the oil-paper insulation. Water is produced during
the decomposition of the cellulose. The water produced undergoes a migration from cellulose to
oil and vice versa. The hygroscopicity of the cellulose and the water solubility in oil determines the
equilibrium of water migration. Water can accelerate the decomposition of the cellulose, which means
the more water content in the insulation paper, the faster the thermal aging process. Water content in
oil can also dramtically lower the dielectric strength of oil when exceeding the saturation limit. In
addition, the appearance of water at the interface of cellulose and oil may lead to partial discharges on
the surface [7]. Field experience shows that the moisture content of the oil-impregnated insulation
paper in a transformer is usually below 0.5% in the initial stage of operation; however, it may
increase to 2%—4% at the terminal stage of its lifetime [6]. Therefore, improving the hydrophobicity of
insulating paper is conducive to a partial suppression effect on water migration, thus ensuring reliable
insulation performance.

As mentioned above, research on finding effective ways to improve the space charge accumulation
phenomenon and hydrophobicity of the pressboard is of great significance. The introduction of
nanomaterials is considered to be a popular way of modifying materials. The nanocomposite was
first reported by Lewis in 1994 [8], and since then, nano-modification has become a popular way to
improve the performance of insulating materials especially polymers. It was demonstrated by some
researches that the bulk doping of different nano-particles could improve some properties of dielectric
materials. For the cellulose insulation paper, the electrical properties of nano-Al,O3 and nano-5SiO;
doped paper are better than those of conventional paper. In addition, there is less space charge
accumulation in the bulk of the modified paper [9,10]. Researches on nano-doping in other insulating
materials, such as low-density polyethylene (LDPE) and epoxy resin, also showed a dramatic effect
of doping nanoparticles on the suppression in space charge accumulation [11-14]. Nevertheless, the
positive effect of nano-doping on the materials is limited by the aggregation of nanoparticles, due
to their high surface energy. Besides bulk doping, another way to utilize the nano-effect is surface
treatment. The surface modification of materials has gained enormous importance due to the ability
to controllably change physical and chemical properties of solid surfaces without affecting the bulk
properties [15]. Milliere et al. managed to mitigate the charge injection from an electrode into LDPE
by magnetron sputtering a polymer composite layer containing silver nanoparticles [16]. However,
rarely does research go into achieving the space charge suppression of the insulation pressboard by
surface treatment. From the above, it is worth investigating the fabrication of a special functional
nano-structure film on the surface of the cellulose pressboard, which could inhibit space charge
accumulation and simultaneously make the cellulose polymers hydrophobic.

Zinc oxide is a wide band gap (3.4 eV) transparent oxide semiconductor material, with the
advantages of high electron mobility and visible light transparency [17]. In recent years, ZnO has been
attracting more and more attention. Nano-ZnO is believed to be beneficial to charge transport [18].
Moreover, fluorocarbon polymer-like films have been utilized in low friction coatings, excellent
dielectric films, and optical coatings [19,20]. Polytetrafluoroethylene also has excellent insulation and
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hydrophobicity performance [19,20]. It can be imagined that if the coated functional film can have
both the advantages of ZnO and PTFE somehow, it will play a role in improving the performance of
the cellulose insulation pressboard.

In this paper, first, the ZnO, PTFE, and ZnO/PTFE functional films were each deposited on the
surface of the cellulose insulation pressboard by radio frequency (RF) magnetron sputtering. Then,
the physical and chemical characteristics of the as-prepared functional films were analyzed. Finally,
we investigated the influence of the deposited functional films on the space charge behavior and the
hydrophobicity of the cellulose insulation pressboard.

2. Experiments

2.1. Material Studio Simulation

The optimal depositing sequence should be determined before the fabrication of the composite film
on the insulation pressboard surface. We believe that a better film adherence contributes to better film
quality. From this perspective, we decided to calculate the interactions bewteen different nanoparticles
and cellulose molecules with the help of Accelrys Materials Studio (MS) software (BIOVIA, San Diego,
CA, USA). All simulations were carried out in the Forcite and Amorphous Cell modules included in
the MS software. The amorphous region of the insulation pressboard was built following a method
proposed by Theodorou et al [21]. Previous simulation results show that the length of cellulose chains
has little influence on the molecular conformation and physico-chemical properties [22]. Therefore,
in this simulation, the cellulose chains with 3, 4 and 5 degrees of polymerization (DP) were used to
establish amorphous region models of the pressboard—each being comprised of two cellulose chains,
which thereby took the interactions between cellulose chains into consideration. In addition, the radius
of the ZnO and PTFE nanoparticle was set at 5 A according to reference [23]. To make the built model
reasonable, geometry and energy optimization was required [24]. The treatment process contained
structural refinement, volume relaxation, and annealing. In the structural refinement and volume
relaxation process, the default Smart algorithm was applied, which meant a rough optimization by
the ‘Steepest descent’ method followed by a further optimization in conjugate gradient method with
10,000 steps. Then, in the annealing treatment, the temperature started from 300 to 650 K and then
dropped in the increment of 43.75 K until the initial state 300 K was reached under a canonical ensemble
(i.e., NVT ensemble, in which the values of particle number N, volume P, and Temperature T are fixed).
The annealing time was set at 100 ps and energy minization was carried out for every annealing step.
After the above treatment, the optimized models used for the next simulation in molecular dynamics
were built. Figures 1 and 2 show the initial and optimized models in a and b, respectively.

(b)

Figure 1. The initial models of (a) a ZnO nanoparticle and cellulose, and (b) a PTFE nanoparticle

and cellulose.
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(b)

Figure 2. The optimized models of (a) a ZnO nanoparticle and cellulose, and (b) a PTFE nanoparticle
and cellulose.

In the next stage, a molecular dynamics (MD) simulation was performed in the NVT ensemble.
The nose temperature control method was used and the pressure was set to standard atmospheric
pressure by using the Berendsen control method [25]. The force field adopted was a COMPASS 1I force
field, which was a high-quality molecular force field that integrated organic and inorganic molecule
parameters into the same force field. The time of MD simulation process was set at 500 ps, and the
dynamics information of each atom in the system was collected once every 1000 fs.

2.2. Sample Preparation

The cellulose insulation pressboard (thickness 0.5 mm) was provided by the NARI Borui
transformer factory, Chongqing, China. The insulation pressboard was cut into the size of 15 cm X 10 cm
and then used in the RF magnetron sputtering experiment. The JPGF-480 RF magnetron sputtering
device (Beijing Instrument Factory, Beijing, China) at 13.56 mHZ was used in this experiment.
The cellulose insulation pressboard surface was initially deposited by RF magnetron sputtering of
Zn target and PTFE target separately. The Zn and PTFE targets were provided by Zhongnuo XinCai
Company, Beijing, China. The diameter was 61.5 mm, the thickness was 6 mm, and the purity was
99.999% for both targets. For the Zn target, sputtering was conducted in argon (Chongqing Hong Hao
Gas Co., Ltd., Chongqing, China) plasma under a working pressure of 1.5 Pa and a constant sputtering
power at 100 W with a fixed target-substrate distance of 10 cm. Oxygen (Chongqing Hong Hao Gas
Co., Ltd., Chongging, China) was used as the reactive gas at a flow of 20 sccm. The deposition time was
10 min for a better film performance according to multiple trials and to reference [26]. For the PTFE
target, the cellulose insulation pressboard surface was sputtered for 20 min (1.5 Pa, 100 W), without
reactive gas. To deposit the composited functional film, the cellulose pressboard surface was sputtered
by Zn target for 10 min, and then sputtered by PTFE target for 20 min. The deposition parameter was
the same as above. Figure 3 is the schematic diagram for the sample sputtering, and abbreviations for
each sample are listed in Table 1.

Table 1. Sample composition.

Sample Abbreviation
Untreated pressboard upP
Pressboard sputtered Zn for 10 min (reactive O5) Z10
Pressboard sputtered PTFE for 20 min P20
Pressboard sputtered Zn for 10 min (reactive O,) and
PTEE for 20 min 210+P20
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(c) sputtering using Zn and PTFE target

Figure 3. Radio frequency (RF) magnetron sputtering functional film on the surface of
cellulose pressboard.

2.3. Characterization Method

Characterization of chemical composition was performed by XPS (Thermo Escalab 250 Xi, Waltham,
MA, USA) with Al K« X-rays source. The surface topographies and morphologies of cellulose polymer
and sputtered films were analyzed through field emission scanning electron microscope (FE-SEM;
JEOL JSM-7800F, Tokyo, Japan). In addition, XRD (PANalytical Empyrea, Almelo, the Netherlands)
was performed to analyze the crystalline structure of the deposited film.

Besides the characterization on the structural property, the space charge suppression effect and
the contact angle with water were also studied. Researchers have used the pulsed electro-acoustic
(PEA) method to measure the space charge in solid dielectrics. The principle of the PEA method can be
seen in many studies [4,27]. In brief, it consists of detecting the acoustic waves generated by internal
charges under the Coulomb force of a pulsed electric field. The waves are detected by an external
piezoelectric transducer, which converts the acoustic signal into an electrical signal. Then, the internal
charge density is deduced by signal processing and mathematic treatment. The PEA principle is
schematically represented in Figure 4 [27], where (t) is the electric charge distributed in the sample,
P(t) is the acoustic pressure wave as a function of time, the shape of P(t) is the same as the pulse
electric field, and Vs(t) is the transducer output as a voltage signal. The PEA system (Shanghai Jiaotong
University, Shanghai, China) has a pulse voltage of 600 V and a width of 5 ns. The bottom electrode is
made of a 10 mm thick aluminium plate, and the top electrode is the semiconducting polymer film.

Before the space charge measurement, the sputtered pressboard was cut to 30 mm x 30 mm and
dried in the vacuum chamber under 50 Pa/90 °C for 24 h. The moisture content of the samples was less
than 1%, and technical function of the samples fulfilled the standard IEC 60641-3-1:2008. Meanwhile,
new transformer mineral oil was treated by oil filter to remove gas, moisture, and impurities, and also
dried under 50 Pa/105 °C for 24h. Moisture content of the oil was less than 10 ppm and the electrical
property of the oil fulfilled the standard IEC 60296-2012. The insulation pressboard samples and
oil were sealed into bottles and set under 50 Pa/40 for 48 hours to make the insulation pressboard
immersed sufficiently. In this test, the applied direct current (DC) electric field was 15kV/mm, and the
voltage-on time was 30 min.

Finally, the static water contact angle (WCA) was measured with a Kyowa contact angle meter
(Kyowa Electronic Instruments Co., Ltd., Tokyo, Japan) by dispensing 8 uL distilled deionized water
droplets. Three different spots for one sample were measured each time, and the average value was
regarded as the contact angle and used for subsequent analysis.
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Figure 4. Schematic principle PEA method [27]: (a) experiment setup; (b) pulsed electro-acoustic
(PEA) principle.

3. Results and Discussion

3.1. Molecular Dynamics Simulation Results

Figure 5 demonstrates some of the molecular dynamics simulation results by giving the detail of
cell volume in ZnO-cellulose and PTFE-cellulose system. The grey part shows the occupied volume and
the blue one stands for free volume. The occupied volumes for the ZnO-cellulose and PTFE-cellulose
systems were 8409.06 A3 and 8421.44 A3, while the free volumes were 1620.01 A% and 2440.65 A3
respectively. The introduction of fractional free volume (FFV) is to measure the void between the
molecules inside the material which gives the molecular chains spaces to move. We can calculate the
FFV based on the Equation (2) when the temperature is below glass transition temperature. The FFV
was 16.15% for ZnO-cellulose system and 22.5% for PTFE-cellulose system, which means there are
more free spaces for the motion of molecules in PTFE-cellulose system. This could be attributed to the
ZnO nanoparticle’s stronger adherence with cellulose molecules than the PTFE nanoparticle.

Volume
FFV — free

Volume free + Volume,ecypied M)
The interaction between nanoparticles and cellulose molecules could be quantified by the energy
calculated during the molecular dynamics simulation. In the ZnO-cellulose model, we calculated the
total energy of the system, which was —20854.7 kcal/mol. Then, the energies of ZnO and cellulose were
calculated respectively, by getting rid of the other molecules. The total energy of cellulose molecules was
calculated to be 1995.8 kcal/mol, and the figure for ZnO nanoparticle was —22506.4 kcal/mol. The energy
value does not have a practical meaning because the standard zero value was set randomly during
the simulation. However, the difference between the sum of energy of these two materials and the
total energy of the system does mean a lot. Based on the Equation (2), we can calculate the interaction
energy of ZnO nanoparticle and cellulose molecules. The result turns out to be 344.1 kcal/mol. For
another PTFE-cellulose model, the same calculation method was applied and the interaction energy
between PTFE nanoparticle and cellulose molecules is 77.6 kcal/mol. We can see that the interaction
energy of ZnO and cellulose is higher than PTFE and cellulose. As a result, the sputtered ZnO film will
have a better adhesion strength than PTFE film. This indicates that sputtering ZnO film first is the
optimal choice. Moreover, the physici-chemical properties of PTFE are so stable as to enjure the acid,
alkali, and some other extreme environments. In other words, PTFE film may act as a protective layer
on the surface. The sputtering sequence is also reasonable in this form.
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Figure 5. RF magnetron sputtering functional film on the surface of the cellulose pressboard.

3.2. Chemical Composition Analysis

Figure 6 presents a comparison of the XPS survey spectra of the untreated pressboard (UP) and
the sputtered pressboard. Cellulose insulation pressboard consists of linear, polymeric chains of cyclic,
f-d-glucopyranose units, which are composed of C, H, and O elements [28]. There was only the Cy
peak, the O3 peak, and the auger peak of C and O in UP, as labeled in Figure 6. After sputtering,
new peaks of Zn atoms and F atoms appeared for sample Z10 and sample P20, respectively. As for
sample Z10+P20, only peaks of F atoms were observed in the survey XPS spectra. The peak height of
F1s was 40,123, whereas that of Zn;,, was 2053. The reason is that the film containing zinc oxide is that
is was beneath the fluorocarbon film. Therefore, the peaks of Zn}, atoms are so weak as to be invisible
in Figure 6. The above results indicate that the zinc oxide and fluorocarbon film has been fabricated on
the pressboard surface.

The existence of chemical bonds sputtered on the cellulose polymer surface is determined
by high-resolution XPS spectra. Figure 7a,b show the narrow scan spectra results of UP and
Z10+P20, respectively. In Figure 7a, the peak at 284.6 eV corresponds to carbon-carbon (C-C)
bond or carbon-hydrogen (C-H) bond; the peak at 286.4 eV is due to bonding of carbon to a single
non-carbonyl oxygen (C-O); and the peak at 287.9 eV represents bonding of one carbonyl oxygen to
a carbon atom (C=0). These three peaks are consistent with the results for cellulose [28]. After the
functional film deposition, high-resolution scans revealed C;4 spectra containing peaks at 289.08 eV,
291.28 eV, and 293.68 eV, corresponding to C-F, C-F;, and C-F; bonds, respectively. The Oy peak in
Figure 7c confirms the C-O bond at 533.08 eV on the surface of UP. After sputtering, the Oy peak
position shifted to lower binding energy at 531.58 eV. The binding energy of ZnO in O;g spectra
stands at 531.1 eV. This results of peak shifting are consistent with oxygen binding mainly to zinc.
In addition, the O14’s peak height decreased sharply after sputtering due to the formation of film on
the cellulose surface; thus, little information from cellulose was detected, and the zinc content was
not very abundant because of the short sputtering time (10 min). In Figure 7d, two peaks appear at
1021.8 eV for Zngp3/, and 1044.8 eV for Znypy 2, confirming the formation of Zn-O bond. In addition,
there is no peak located at around 88 eV corresponding to a Zn—-Zn bond. The results demonstrate
that the zinc was completely oxidized during the reactive RF magnetic sputtering treatment using O5.
Figure 7e shows the Fj4 spectral result. There is also a new peak located at 688.88 eV corresponding
to a C—F bond after sputtering. From the above, it could be concluded that the ZnO/PTFE film was
successfully fabricated on the cellulose insulation pressboard surface.
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Figure 7. XPS resolution spectra of (a) Cy5 for UP, (b) Cy5 for Z10+P20, (c) Oy4 for UP and Z10+P20, (d)
Zny, for Z10+P20, and (e) Fy¢ for Z10+P20.
3.3. Surface Morphology

Scanning electron microscopy images of the untreated pressboard and the sputtered pressboard
surface are illustrated in Figure 8. It can be observed that the fibers of UP (Figure 8a) intersecting
each other and the surface were relatively rough. There were some cracks where the fibers intersect.
The characteristic structure of the untreated pressboard was highly porous and laminar. The surface of
sputtered pressboard (Z10+P20) was smoother and denser, as shown in Figure 8b. To better illustrate
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the surface morphology of sample Z10+P20, it was necessary to study the morphology of samples
710 and P20. As presented in Figure 8c,d, the film was comprised of nano-particles with dozens of
nanometers in diameter. To be specific, ZnO nanoparticles were small and well isolated from each other.
In addition, the distribution of ZnO nano-particles was more uniform and denser than that of PTFE.
For P20, the average size of PTFE nano-particles was larger than ZnO nano-particles, and the PTFE
nano-particles tended to be in alignment. Scanning electron microscopy images for Z10+P20 at 10,000x
magnification (Figure 8e) indicat that an obvious change occurs on the surface. The porosity decreases
and individual fibers become harder to identify. With even higher magnification, at 60,000, there is
a dense and uniform distribution of tightly arranged particles deposited on the surface (Figure 8f).
It can be seen that the sputtered film is comprised of nano-particles ranging from 40 to 70 nm in
diameter. Some nano-particles are clearly seen, whereas some nano-particles are agglomerated. It
could be inferred that the newly sputtered particles continually attach and aggregat to the previously
deposited particles. The introduction of the nano-particles growing on the fibers could affect the
material properties.

I 500nm
(c) 210 at 20000x magnification

o N« A
(e) Z10+P20 at 10000x magnification (f) Z10+P20 at 60000x magnification

Figure 8. SEM images of (a) UP, (b) Z10+P20, (c) Z10, (d) Z10+P20, (e) Z10+P20, and (f) Z10+P20.
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3.4. Crystalline Structure

X-ray diffraction analysis is very helpful for investigating the crystal structure of the material.
Considering that the film sputtered on the surface, the small-angle X-ray diffraction (SAXD) method
was used for precise characterization. The gracing angle was set at 1.5°, and the scanning step was
0.02°. Results for the samples—UP, Zn10, P20, and Zn10+P20—are given in Figure 9. The obvious
diffraction peaks at 20 = 14.93°, 20 = 22.60° and 20 = 34.85° are the characteristic phase (101), (002),
and (040) diffraction peaks of cellulose I, respectively [29]. There are sharp peaks and some dispersive
diffraction peaks, which means that the cellulose had a mixed structure of a crystallized and amorphous
phase. However, there was no obvious difference between the untreated pressboard and the sputtered
pressboard in this experiment. It could be inferred that the film is still on the growth stage when the
sputtering time is short, thus ZnO did not show any specific crystal structure. Furthermore, the PTFE
film also existed in an amorphous form on the surface of insulation pressboard.

—UP
002 —2Z10

——P20
101 ———Z10+P20

040

Intensity (a.u.)

26 (%)
Figure 9. The results of small-angle X-ray diffraction.

3.5. Space Charge Suppression Effect

The threshold electric field for space charge in oil-impregnated insulation paper is usually about
10-12 kV/mm [30]. When the applied electric field is higher than 10-12 kV/mm, charge injection from
the metal electrode to the pressboard through the contact is inevitable due to the Schottky injection
mechanism and the tunneling effect [2]. Injected charges undergo several processes, such as migration,
trapping, detrapping, and neutralization. Charges will keep migrating until these four processes
reach an equilibrium. Charge accumulation occurs when the injection process prevails over the charge
migrating process due to the high electric field. As mentioned in the introduction, nano-ZnO is believed
to speed up the charge migration rate, which could reduce the space charge accumulation. Therefore,
in this paper, ZnO nanoparticles are mainly used for the inhibition of space charge accumulation.
To confirm the restraining function of the sputtered ZnO film on charge accumulation, the space charge
distribution of the untreated and sputtered pressboard under DC electric field 15 kV/mm for 30 min
was measured.

In Figure 10a, the anode charge density peak decreases from 11.6 C/m? at 5 s to 8.3 C/mS at 1800
s, whereas the cathode charge density peak decreases from —4.7 C/m? at 5 s to -3.8 C/m? at 1800 s.
The charge density on the electrode decreases with the voltage applied time, indicating that space
charge moves away from the electrodes into the inner part of the sample. It can be seen in Figure 10b
that the anode charge density peak decreases from 12.6 C/m3 at 5 s to 9.2 C/m? at 1800 s. It is clear
that the space charge accumulated within sample Z10 bulk is obviously less than that in UP. Around
the middle position within the sample bulk, the space charge density is around zero value. That is to
say, no obvious charge accumulates here. The sample P20 was also tested. As shown in Figure 10c,
a similar situation of charge injection occurs, and the charge injection from both anode and cathode
takes place, though the trapped charge amount is less compared with UP (Figure 10a). This means the
nano-structure PTFE film also seems to have a positive impact on charge accumulation suppression,
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albeit to a smaller degree. Figure 10d shows the result of sample Z10+P20. It can be seen from the
charge distribution that the inhibition effect of space charge is almost the same as the result shown in
Figure 10b for Z10. From the comparison we can see that the PTFE film does not weaken the effect of
ZnO nano-particles on inhibiting the space charge injection.
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Figure 10. The space charge behavior of (a) UP, (b) Z10, (c) P20, and (d) SP under DC 15kV/mm.

The total absolute amount of space charge during the voltage-on period can be calculated using
Equation (3), where L is the thickness of the sample, p(x, t) is the charge density at position x, t is the
DC voltage applied time, and S is the area of the electrode.

L
Q) = fo oI, HiSdx 3)

The number of charges trapped in the bulk of sample UP, Zn10, P20, and Zn10+P20, during the
DC electric field 15 kV/mm applied for 0-30 min are shown in Figure 11. The charge amount rises
as the voltage-on time increases. It can be clearly seen that the increasing rate of charge amount and
the final charge amount of the untreated pressboard are higher than other sputtered pressboards.
Specifically, PTFE film made no difference in the initial stage of charge injection, but the charge amount
at quasi-equilibrium state is lower than the UP. As for ZnO film, the lower increasing rate of charge
amount confirmed that it clearly plays a significant role in charge injection inhibition. Moreover,
the composited functional film sample ZnO/PTFE has the best result among all the samples, with both
the lowest increasing rate of charge amount and the lowest total charge amount at equilibrium.
Compared with untreated cellulose insulation pressboard, the amount of the trapped charges in
the pressboard sputtered ZnO/PTFE composited functional film decreases by about 40%. From this
perspective, the pressboard sputtered composited functional film ZnO/PTFE presents considerable
performance for the space charge inhibition.
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Figure 11. Absolute charge amount in the treated and untreated pressboard.
To study the impact of space charge accumulation on the electric field distortion, the electric field

strength was calculated by Equation (4), where p(x) is the charge density, ¢ is the vacuum permittivity,
gr is the relative permittivity of the sample, and L is the thickness of the sample.

E(x)zfoxp(x)dxosst 4)
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The calculated electric field distribution within each sample is shown in Figure 12. For UP,
the injected homo-charge reduces the electric field in the region between electrodes and sample.
However, with the charges moving deeper into the bulk, the electric field gradually increases along the
abscissa axis and peaks in the middle region of the bulk. Although the applied electric field is 15 kV/mm,
the actual maximum electric field reaches 20 kV/mm, which means that the field enhancement, due to
the presence of space charge, is around 33%. As for the Z10 sample (Figure 12b), the result shows that
there is no obvious electric field distortion due to little space charge accumulation in the bulk, with the
highest electric field strength standing at roughly 16 kV/mm. For P20, a weak mitigation effect results
in the same obvious electric field distortion as in UP, but the peak value is lower than that in UP. For
Z10+P20, the space charge suppression effect is better than Z10, since the actual electric field in the
bulk is even lower than the applied electric stress.

3.6. Hydrophobicity Analysis

The insulation paper is developed from natural fiber. The structural characteristics of the fiber
determine that it absorbs water easily. However, the hygroscopicity of the insulation paper is a
very bad feature when used for insulation in a transformer. The moisture content would lead to
the decomposition of cellulose and partial discharge. Therefore, if the insulation paper has better
hydrophobicity, the negative effect of moisture could be suppressed. Figure 13 shows the contact angle
results of water droplets dripping on the surface of untreated and sputtered pressboard.

For UP, the water contact angle was about 0°, indicating that water droplets were absorbed
immediately by the pressboard due to the existence of hydroxyl groups in cellulose. For Z10, the water
contact angle was high at first but decreased dramatically in few minutes. The surface of the pressboard
was coated and the cellulose molecule was surrounded by ZnO nanoparticles, so the hydrophilic effect
of the hydroxyl group was weakened. However, as it could be seen in Figure 8b, there were also
some defects and cracks in the sputtered pressboard, though less than for UP. Therefore, the water
would penetrate and then be absorbed by the cellulose molecules in few minutes. As reported in
reference [31], PTFE film has many C-F groups, which show dramatic hydrophobicity. When the
pressboard ws sputtered by the PTFE target, the newly formed C-F groups on the surface made the
pressboard hydrophobic to some extent, so we can see the contact angle of P20 is 116.6° at the initial
stage, as shown in Figure 13. Nevertheless, it could be seen that the contact angle decreased gradually
with time, which meant the hydrophobicity of the PTFE film above the cellulose substrate could not
endure a quite long time. This phenomenon also resulted from the property of the cellulose substrate,
where the effect of hydroxyl group could just be weakened but not eliminated. Thus, the water droplets
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were absorbed into the substrate eventually. Figure 13 also showed the comparative results of sample
Z10+P20 and the P20 sample. The starting value of sample Z10+P20 was almost the same as sample
P20. In the beginning, the contact angle of Z10+P20 decreased faster than P20, but it was reversed in
the later stage. Overall, the hydrophobicity of P20 and Z10+P20 were almost the same. It could be
inferred that the deposited Z10+P20 composited functional film has a lower moisture absorption rate
according to reference [32], which is good for insulation pressboard used in power transformers.
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Figure 12. Electric field distribution for different samples: (a) UP, (b) Z10, (c) P20, and (d) Z10+P20.
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Figure 13. The contact angle of the untreated and sputtered pressboard.

3.7. Tensile Strength and Electric Breakdown Values

Tensile strength and electric breakdown values are two basic and critical parameters for the
insulation pressboard, so we compared these two parameters of the untreated and treated pressboard,
and the results were shown in Table 2. The tensile strength of the composite pressboard was directly
tested after sputtering according to ISO 1924-2:2008. The samples used for DC and AC breakdown test
were prepared the same way as the samples for PEA test, and the test was conducted by plate-plate
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electrodes according to IEC 60243-1:2013 standard. Every test was performed eight times and the mean
value was calculated for Table 2. It is shown that there was no big difference between the untreated
and sputtered composite pressboard. The sputtered pressboard also accompolished the standard IEC
60641-3-1:2008.

Table 2. Tensile strength and electric breakdown test results.

Tensile Standard AC DC Standard
Sample Strength Value Breakdown Breakdown Value
(Mpa) (Mpa) (kV/mm) (kV/mm) (kV/mm)
upP 49.91 >40 55.28 136.37 >40
Z10+P20 50.48 >40 56.26 144.27 >40

4. Conclusions

The nano-structures ZnO, PTFE, and their composite films are designed to improve the insulation
performance of the cellulose pressboard. Results from Materials Studio show that the ZnO nanoparticle
has a better adhesion strength with cellulose molecules than the PTFE nanoparticle. Hence, ZnO film
should be sputtered first to fabricate the ZnO/PTFE composite film.

Materials Studio simulation results show that ZnO nanoparticle has a better adhesion strength
with cellulose molecules than PTFE nanoparticle. The ZnO film should be sputtered at first to fabricate
the ZnO/PTFE composite film for better film quality.

X-ray photoelectron spectroscopy analysis shows that the ZnO/PTFE composited functional film
was successfully fabricated on the cellulose insulation polymer surface by reactive RF magnetron
sputtering. The SEM results show that there were dense and uniform nano-particles ranging from 40 to
70 nm in diameter deposited on the surface of cellulose. The XRD results show that the nano-structure
of ZnO and PTFE was of an amorphous form.

The sputtered nano-structure ZnO film on the cellulose polymer surface has an obvious space
charge suppression effect, and the sputtered nano-structure PTFE film could turn the cellulose surface
from hydrophilicity into hydrophobicity. The nano-structure ZnO/PTFE composited functional film
could integrate the advantages of nano-structure ZnO and PTFE film at the same time. The amount
of the accumulated space charge in the pressboard sputtered ZnO/PTFE composite functional film
decreases by about 40% compared with that in untreated cellulose insulation pressboard, and the water
contact angle increases from 0° to 116°.

The tensile strength and electrical breakdown test results showed that the basic properties of the
sputtered composite pressboard were not weakened, and achieved the standard ISO 5269-2:2004.

It is concluded that ratio frequency magnetron sputtering is an effective way to enhance the
performance of the insulation pressboard in some aspects, without weakening the basic properties.
This work provides a method for the development of high-performance cellulose insulation polymer
used in HVDC equipment.
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Abstract: With the development of fine surgery and desire for low-injury methods, the frictional
properties of surgical sutures are one of the crucial factors that can cause damage to tissue, especially
for some fragile and sensitive human tissues such as the eyeball. In this study, dopamine hydrochloride
and graphene oxide were used as external application agents to prepare a biological coating for the
surface of multifilament surgical sutures. The effects of this biocoating on the surface morphology,
chemical properties, mechanical properties, and tribological properties of surgical sutures were
studied. The friction force and the coefficient of friction of surgical sutures penetrating through a
skin substitute were evaluated using a penetration friction apparatus and a linear elastic model.
The tribological mechanism of the coating on the multifilament surgical sutures was investigated
according to the results of the tribological test. The results showed that there were uniform dopamine
and graphene oxide films on the surface of the surgical sutures, and that the fracture strength and
yield stress of the coated sutures both increased. The surface wettability of the surgical sutures
was improved after the coating treatment. The friction force and the coefficient of friction of the
multifilament surgical sutures with the dopamine hydrochloride and graphene oxide coating changed
little compared to those of the untreated multifilament surgical sutures.

Keywords: surface coating; dopamine hydrochloride; graphene oxide; surgical suture; friction

1. Introduction

Surgical sutures are a fundamental material in surgical operation, which directly affect the
results of suturing [1]. With the development of delicate surgery and desire for low-injury methods,
the frictional properties of surgical sutures are one of the crucial factors that can cause damage to
tissue. Multifilament surgical sutures with excellent mechanical properties and significant flexibility
and pliability are crucial for suturing [2,3]. The twisted structure and the surface roughness of surgical
multifilament sutures increase penetration and frictional resistance [4]. Generally, the high frictional
behavior of surgical sutures is related to tissue inflammation and increases the recovery time of scars,
which results in a second trauma for patients [5].

Coating is a rough surface treatment method for multifilament surgical sutures that fills the
interstices between the twisted fibers and reduces the frictional resistance [6]. Various coating materials
have been used to improve the frictional properties of surgical sutures; for instance, antibiotic ointment
has been used to coat prophylactic surgical sutures, which decreased the coefficient of friction of
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the sutures when passed through tissue [6]. Antibacterial materials have been shown to reduce the
maximum friction force of braided silk interacting with a skin substitute. Dopamine hydrochloride and
cardiomyopathy chitosan coatings have been used to treat multifilament surgical sutures, which barely
changed the coefficient of friction of the surgical sutures when sliding through a skin substitute [7].

Surgical sutures are a kind of implant material. The coating materials for sutures should be
biocompatible and should barely react with tissue. Graphene oxide (GO) is widely used in the
biomaterial coating field due to its superior biocompatibility and mechanical strength [8]. GO coatings
have been applied to implant materials to increase their frictional performance, such as magnesium and
titanium alloys [9,10]. The application of a GO coating on fibers and fabrics has also been investigated.
Cai et al. [11] applied a GO coating to cotton fabric by thermal reduction under the protection of
nitrogen. Chen et al. [12] grafted a GO coating onto poly(p-phenylene benzobisoxazole) (PBO) fiber by
a silane coupling agent, which improved the surface roughness and wettability of the grafted fiber.
Hu et al. [13] used GO, chitosan, and polyvinyl alcohol as the functional finishing agents to carry out
hydrogen bond layer-by-layer self-assembly to modify the surface of cotton fabric, and the results
showed that this process can form a film on the fabric’s surface. Dopamine hydrochloride (DA) is a
biomaterial [14], and researchers have found that DA can be deposited onto the surfaces of various
materials in a buffer solution to form a versatile platform for secondary reactions, which improves the
cohesiveness and functionalization of a material [15-17].

The objective of this research was to prepare a DA and GO composite coating for the surface
of multifilament surgical sutures and to investigate the influence of said coating on the frictional
properties of the surgical sutures when penetrated through a skin substitute. The coating was
characterized by mass change, a static contact angle, tensile strength, bending yield strength, and surface
morphology. The impact of the coating treatment on the frictional properties of surgical sutures was
investigated. The friction force of the surgical sutures was tested by using a penetration friction
apparatus (PFA) [18,19], and the coefficient of friction was calculated by the elastic model and finite
element simulation [20].

2. Materials and Methods

2.1. Materials

Polyglycolic acid (PGA) multifilament surgical sutures and straight stainless-steel tapered needles
were purchased from Weigao Medical Instruments Co. Ltd. Sil8800 (Red, 80IRHD) artificial skin from
Superior Seals has a similar toughness and constitutive function to human skin [21-23]. The chemical
agents were of analytical grade and obtained from Aladdin Chemistry (Shanghai, China), including
dopamine hydrochloride (DA), tetrahydrofuran (THF), potassium permanganate (KMnOy), sulfuric
acid (H,SOy), sodium hydroxide (NaOH), peroxide (H,O,), phosphoric acid (H3POy), chlorhydric
acid (HCI), and absolute ethanol.

2.2. Synthesis and Characterization of Graphene Oxide

According to the improved Hummers method [24], GO was prepared with flake graphite as
raw material, concentrated sulfuric acid as an expanding agent, and potassium permanganate as an
oxidant. The preparation process was as follows: HySO4/H3PO4 was mixed in a flask at the ratio of 9:1
(180:20 mL), graphite powder (1.5 g) was added into the continuously stirred mixture, and KMnOy
(9.0 g) was then slowly added. The whole mixing process was carried out in an ice bath under
continuous stirring. Then, the flask was put into an oil bath and the temperature was slowly raised to
50 °C, which was then maintained for 12 h with magnetic stirring. After the reaction, the temperature of
the mixture was reduced to room temperature, and 500 mL of ice was slowly added. Then, 30% HyO,
(3 mL) and 37% HCI (200 mL) were added to the lower slurry mixture, respectively. The mixture was
repeatedly stirred and washed with deionized water until the pH value of the upper clear liquid was
constant at 7. The microstructure, morphology, and chemical compositions were characterized by an
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SEM-450 (FEI Company, Hillsborough, OR, USA), AFM (Bruker, Germany), and FI-IR (Perkin Elmer,
Waltham, MA, USA), respectively.

2.3. Coating of the Multifilament Surgical Sutures

2.3.1. The Coating Treatment

Four steps were followed to treat the surgical sutures with the coating, namely, pre-treatment
(boiling), etching, DA coating, and GO coating, as shown in Figure 1. First, the sutures’ surface
coating was removed by boiling the THF solution. Second, the clear surface was etched by NaOH.
Third, the etched surgical suture samples were immersed in DA Tris buffer and continuously stirred
for 12 h at room temperature. Finally, the surgical sutures were coated with the GO slurry by the
dip-coating method.

DA&GO coating

DA coating
(3) (4)

Figure 1. Schematic illustration of the coating process of polyglycolic acid (PGA) multifilament surgical
suture. (1) Pre-treatment (boiling), (2) NaOH etching, (3) dopamine hydrochloride (DA) coating, (4) DA
and graphene oxide (GO) coating.

2.3.2. Surface Analysis

A laser scanning microscope (VK 9700, KEYENCE, Osaka, Japan) was used to evaluate the
topography and three-dimensional (3D) profiles of the sutures. FI-IR (Perkin Elmer, USA) was used to
characterize the chemical composite of the surface of the surgical sutures.

2.3.3. Mechanical Properties
Weight Change
The weight change (w) of the treated surgical sutures was calculated by Equation (1):

w=22"% 100 % )
w1

where w, is the weight of the untreated sutures and wj is the weight of the treated sutures.
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Contact Angle

Water contact angle measurements (Data Physics OCA20, Germany) were used to characterize
the hydrophilicity of the surface of the sutures by the sessile drop method at room temperature [25].
A camera recorded images of 3 pL of water dropped onto tight sutures. The contact angle was measured
by the OCA20 software. The five measurements were repeated.

Tensile Strength Test

A tensile tester (Zwick/Roell 500N, Germany) was used to measure the strength of the sutures.
The samples were cut into lengths of 25 cm with a moving velocity of 10 mm/min until the sutures broke.
The tensile strength and the elongation at the break of the sutures were recorded by a computer [26].

Bending Stiffness

Bending stiffness is an important parameter that influences the friction properties of surgical
sutures [27]. In this study, the cantilever method was used to estimate the bending stiffness of the
surgical sutures. The load was applied to 1 cm parts of the sutures, with a total length of 5 cm.
Then, 15 s later, the distance at which the end of the surgical sutures falls under the load and is placed
on the horizontal plane was measured [28]. Next, 1 cm-long sutures were suspended in the air, and the
bending stiffness was computed according to Equation (2).

3
B:Fl
3f

where B is the bending stiffness, [ is 1 cm in this study, f is the deflection of the sutures’ loading end,
and F is the dead load.

(2)

2.4. Tribological Measurement

The friction and wear properties of the surgical sutures using artificial skin were tested by a
PFA [20], as shown in Figure 2. The specific operation was as follows: The sample fixture was
assembled on a Zwick/Roell tensile strength tester (500 N, Germany). When the surgical sutures
penetrated through the friction tester, the friction force of the surgical sutures passing through the
tissues or organs was evaluated. In the friction measurement, the artificial skin was fixed in the gripper.
Then, one end of a surgical suture was left free, and the other penetrated the skin using the surgical
suture needle and was fixed onto the force measuring sensor. The experiment was repeated three times
for each experimental parameter, and the average value of the experimental results was taken. Table 1
shows the experimental parameter conditions.

Table 1. Experimental parameters.

Test-Related Factors Instructions

Equipment Penetration friction apparatus
The diameter of the space of gripper 25+ 0.5 mm

Puncture angle 90°

Puncture velocity of the needle 60 mm/min

Puncture distance of the needle 10 mm

Penetration velocity of the suture 100 mm/min

Penetration distance of the suture 100 mm
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Surgical suture

Fixer
Sample top holder - -

Skin substitute

Sample bottom holder

a skin substitute gripper

b. penetration friction apparatus

Figure 2. Penetration friction apparatus (PFA): (a) Skin substitute gripper; (b) penetration
friction apparatus.

3. Results and Discussion

3.1. Characterization of Graphene Oxide

The chemical components of GO were evaluated by FT-IR. From Figure 3a, in the spectrum,
the O-H groups of GO at 3419 cm™! can be observed. The stretching vibrations of the C=0 and C=C of
GO were 1734 and 1627 cm™!, respectively. The C-O vibrations in C~-OH and the C-O-C vibrations in
epoxy were observed at 1384 and 1051 cm™!, respectively. The interlayer spacing of graphite and GO
was assessed by XRD according to Bragg’s law, as shown in Equation (3).

nA =2dsin6 3)

From Figure 3b, it can be seen that the reflection of GO is a single peak at 20 = 10.3°, illustrating
that the layer spacing is larger. Due to the oxide groups in GO, the water molecules were trapped
between the graphene oxide sheets [29,30]. No obvious peak was found in the profile of GO, indicating
that the graphite was successfully oxidized to GO. From Figure 3c, it can be seen that the thickness of
the GO sheet was 0.93 nm and that the stacking of the GO sheet was 2.1 nm, which is in accordance
with the values for the single-layer GO sheet [31].
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Figure 3. Characterization of GO: (a) FI-IR, (b) XRD, and (c) AFM tapping mode image and
height profile.

3.2. Surface Chemical Composite and Morphology

The surface chemical composites of the PGA surgical sutures with different treatments were
confirmed by FI-IR. From Figure 4, the stretching vibration of -OH with a carboxyl group (-C=0-OH)
can be found in the FT-IR spectrum at 3515 cm™!. The bending vibration peaks of C=0 in carboxyl
(-C=0-OH) were at 1080 and 1414 cm™, and the stretching vibration peaks of C=0 in carboxyl
(-C=0-OH) was observed at 1739 cm~!. The characteristic absorption peak on the surface of the surgical
sutures etched by NaOH was stronger. Therefore, it can be concluded that more carboxyl groups
were produced after NaOH treatment. It can also be seen from the figure that the stretching vibration
absorption peak of -NH/-OH appeared between 3600 and 3100 cm ™! for the PGA multifilament surgical
sutures after the DA and GO coating treatment. The bending characteristic absorption peak of -NH was
1578 cm™~!, and the stretching characteristic absorption peaks of C-O were 1151 and 1080 cm™! [32-34].
This confirms that the DA and GO coating adhered to the surface of the surgical sutures.

Figure 5 shows the surface morphology of the surgical sutures with and without a coating
treatment. After the THF treatment, the coating material was removed from the surface of the
commercialized surgical sutures. After NaOH etching, the small cracks and dents on the surface of the
surgical sutures and fibers became thinner. The defects and specific surface area of the surface of the
fiber became larger, providing more adhesion points for the subsequent coating.

After the DA coating, more DA coating particles accumulated on the surface of the sutures.
The small DA particles in the buffer solution deposited onto the surface of the fiber to form a uniform
film [14], so the adhesion to the surface of the sutures was enhanced. The DA coating provided good
reaction conditions for the subsequent coating treatment as a secondary reaction platform [15-17].
After the GO coating, a uniform GO film formed on the surface of the suture, which became smoother,
and the gap between the fibers was filled.
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Figure 4. FT-IR of the polyglycolic acid (PGA) multifilament surgical sutures with and without different
treatments (i.e., NaOH treatment and DA/GO coatings). The plot inside is a magnification of the

infrared spectrum.
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Figure 5. Morphology of the surface of the surgical sutures with different treatments. (a) Untreated
suture; (b) THF treatment; (c) NaOH-etched suture; (d) DA coating; (e) DA and GO coating.
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3.3. Mechanical Properties

Tensile fracture strength is an important parameter of surgical sutures. If the tensile breaking
strength is too low, the sutures are easily pulled and slipped when they pass through tissues, leading
to knots. Too low a tensile fracture strength shortens the absorption time of sutures after an operation,
resulting in unsatisfactory suturing and increasing the risk of operation failure. Figure 6a shows the
tensile strength and elongation at break of the sutures left untreated and those with NaOH etching
and a DA and GO coating. The error bars in the graphs indicate the standard deviation of each
measurement. It can be seen that when the sutures were treated with NaOH, the tensile strength of the
PGA multifilament surgical sutures decreased from 58.9 to 50.0 N and the elongation at break from
30.4% to 24.2%. This may be because the loss of surgical sutures with the NaOH etching destroyed
the structure of the fiber and created defects. It can also be seen from the figure that the increasing
range of the tensile strength and elongation at break of the surgical sutures after the DA and GO
coating treatment is limited. This is because the adsorption of the coating on the surgical suture is
limited, and the adsorption capacity of the coating material cannot continue to increase during the
coating treatment.
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Figure 6. Tensile force, tensile elongation, and bending stiffness of the PGA multifilament surgical
sutures. (a) Tensile force and elongation; (b) bending stiffness.

The bending yield property of surgical sutures is an important parameter that affects the friction
between surgical sutures and tissues. From Figure 6a, it can be seen that the bending yield strength
of the commercial surgical sutures without any treatment was 0.026 cN-cm?, which reduced to
0.016 cN-cm? after removing the protective layer by THF treatment, and 0.007 cN-cm? after NaOH
treatment. After the DA coating, the suture bending yield strength increased from 0.007 to 0.008 cN-cm?.
Then, with GO coating treatment, the bending yield strength of the suture increased to 0.015 cN-cm?.
These results are similar to previous research results [7,28].

The surfaces of the surgical sutures currently on the market are covered by a coating. If the coating
is removed, the fibers of multifilament surgical sutures with a multifilament braided structure have no
adhesion for the coating, the cohesion between the fibers is reduced, and the bending yield strength is
reduced more. NaOH treatment further reduced the strength and diameter of the fibers, and, at the
same time, the cohesion between the fibers was further decreased and the surgical sutures were able to
bend more easily. However, after the DA coating treatment, the bond strength of the fiber was weak,
and so an increase in the bending yield strength was not obvious. For the surgical sutures treated with
GO, because GO can form a film on the surface of surgical sutures with DA particles, it filled the gaps
between the fibers of the surgical sutures, which improved the cohesion between the fibers, increased
the overall hardness of the surgical sutures, and improved the bending yield strength.
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Mass change rate is an important parameter to evaluate the effects of treatment on surgical sutures.
Figure 7a shows the mass change rate of the surgical sutures with and without a coating treatment.
It can be seen that after NaOH etching, the mass loss rate of the PGA multifilament surgical sutures was
16.5%. When the surgical sutures were coated with DA, the mass increase rate was 3.92%. After three
GO coating treatments, the mass increase rate of the PGA multifilament sutures was 0.75%.
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Figure 7. Weight change of the surgical sutures. (a) Weight change of the multifilament surgical
sutures treated with different treatments; (b) weight change of the multifilament surgical sutures with a
GO coating.

Figure 7b shows the effect of the GO coating treatment on the mass change rate of the surgical
sutures with and without a coating. It can be seen that with the increase in the number of coating
treatments, the weight of the PGA multifilament surgical suture increases. After three coating
treatments, the increase in the mass change rate of the PGA multifilament sutures tended to stabilize.
In this experiment, the PGA sutures were treated with three GO coatings.

3.4. Wettability Properties

NaOH etching and coating of multifilament surgical sutures influence the wettability properties
of the surface. Figure 8 shows the static water contact angle of the surgical sutures with and without a
coating treatment. After NaOH etching, the static contact angle of the surface of the sutures decreased
to 58°. This is due to the fact that the hydrolysis reaction on the surface of the sutures increased the
number of -OH and -COOH groups, which improved their wettability. After the DA and GO coating
treatments, the static water contact angle of the surgical sutures increased to 91°and 72°, respectively.
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Figure 8. Water contact angle of the multifilament surgical sutures with different treatments.
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3.5. Tribological Properties

3.5.1. Frictional Properties

Figure 9a shows the impact of the coating treatment on the friction force of the multifilament
surgical sutures. The friction force of the sutures with THF, DA, and GO coating treatments was 0.72,
0.75, and 0.779, respectively. The friction force differed little between those sutures that did or did not
receive a coating treatment.

a. 107 b.

0.779 1.8+
0.75 0.72 e

A 1.64 2
L 1.38 1.37 A2
1.4 141

——

e
o
1

°
-
COF
o
o

Friction force (N)

S
o

0.0 r

V\,c,“ca\mc“‘ o coating ,\&C‘O coating 0.0+

e
A sut 2 aure aure
el 4 sV SO
unt D Untredt® ‘,‘e.\tca\“\““ D

a “ca\m“’;;\ &GO \\'ca\mcn
Figure 9. Friction properties of the PGA multifilament surgical sutures with DA and GO coatings.
(a) The friction force; (b) the coefficient of friction.

The coefficient of friction (COF) is a curricular impact factor that assesses tribological properties,
which are defined as the friction force and the normal force. The friction force was tested by PFA,
while the normal force of the surgical sutures penetrating through the artificial skin was predicted by a
simplified linear elastic model, which is based on the Hertz contact model [18,35].

Vsuture a? — x?
Fn = 2EhL—— —d 4
. . f: s dx @

According to the classical frictional equation (Equation (5)):
p="Fg/FN (5)

The thickness of the etching and coating was much less than the diameter of the surgical sutures
in this contact condition. From Figure 9b, it can be seen that the COF of the surgical sutures without
treatment, with DA, and with GO was 1.38, 1.37, and 1.42, respectively.

3.5.2. Wear Properties

The wear morphologies of the surgical sutures and skin substitutes are shown in Figure 10.
It can be seen that there is little wear debris present on the commercialized and coated surface of the
sutures, as shown in Figure 10a,b. There is little difference between the coated surgical sutures and the
commercialized surgical sutures. In order to further study the wear performance of the surgical sutures
with the DA and GO coating, we observed the three-dimensional wear morphology of the surface of
the artificial skin. The wear crack in the skin substitute was similar to that of the commercialized and
coated sutures, as shown in Figure 10c,d.
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a. Untreated PGA surgical suture b. Coated PGA surgical suture

Figure 10. Wear morphology of the surgical sutures and the skin substitute. (a) Untreated surgical
suture; (b) coated surgical suture; (c) wear scar with untreated surgical sutures; (d) wear scar in skin
substitute with coated surgical sutures.

3.5.3. Mechanism

In this study, the surgical sutures with different treatments—including commercial suture and
sutures with either a DA coating or a DA and GO coating—presented similar friction and wear
properties. This may be explained by the fact that there was little change in the high stiffness and
roughness of sutures after the coating treatment. Moreover, the experimental condition in this paper
was dry friction.

In the contact model, the friction force was composited with adhesion and the deformation
component [36].

F¢=Ffaan + Ffer (6)

The adhesion component was the main component of the friction force due to the surgical sutures
and the skin substitute being viscoelastic materials. The adhesion component was determined by the
product of the shear strength 7 and the real contact area A, between them [37]:

Fpan = TAr 7)

The shear strength of the surgical sutures and the skin substitute was identified. The contact
area was the most effective factor in the frictional properties of the surgical sutures. To better reveal
the influence of the GO coating on the tribological mechanism of the skin substitute, the artificial
skin was penetrated with a surgical suture, as shown in Figure 11a,b. It can be seen that when the
surgical suture was inserted into the planar crack in the skin substitute, the surgical suture deformed
under the pressure. Furthermore, the cohesion force of the twisted fibers was low. The resilience force
of the skin substitute acted symmetrically on the two surfaces of the surgical suture, as shown in
Figure 11c,d. Hence, the contact area was similar between surgical sutures with and without a coating,
which presented similar frictional properties.
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Surgical suture |

Figure 11. (a) Image of a surgical suture penetrating the skin substitute; (b) three-dimensional (3D)
image of the surgical suture inserted into the skin substitute; (c) sketch of the surgical suture penetrating
through the skin substitute; (d) force analysis of the surgical suture.

4. Conclusions

In this study, a DA and GO coating was applied to the surface of multifilament sutures to form a
uniform film. The COF of the PGA multifilament sutures with and without a DA and GO coating was
1.37 and 1.42, respectively, which were in the same range. According to the contact mode and the way
in which the surgical sutures are inserted, the contact surface was the main factor affecting the friction
properties of the surgical sutures penetrating through the skin substitute. Due to the twist structure of
surgical sutures, the contact area was similar when the surgical sutures were inserted into the skin
substitute; hence, the coating barely affected the frictional properties of the surgical sutures.

Author Contributions: All authors listed have made a substantial, direct and intellectual contribution to the work,
and approved it for publication. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Misra, S.; Ramesh, K.; Okamura, A. Modeling of tool-tissue interactions for computer-based surgical
simulation: A literature review. Presence 2008, 17, 463-491. [CrossRef] [PubMed]

2. Gilbert, J.L. Wound closure biomaterials and devices. Shock 1999, 11, 226. [CrossRef]

3. Moy, R.L,; Waldman, B.; Hein, D.W. A review of sutures and suturing techniques. J. Dermatol. Surg. Oncol.
1992, 18, 785-795. [CrossRef] [PubMed]

4. Rao, Y;; Farris, RJ. A modeling and experimental study of the influence of twist on the mechanical properties
of high-performance fiber yarns. J. Appl. Polym. Sci. 2000, 77, 1938-1949. [CrossRef]

5. Apt, L.,; Henrick, A. “Tissue-drag” with polyglycolic acid (dexon) and polyglactin 910 (vicryl) sutures in
strabismus surgery. J. Pediatr. Ophthalmol. 1976, 13, 360-364. [CrossRef]

6.  Ajmeri, J.R.; Ajmeri, C.J. Surgical sutures: The largest textile implant material. In Medical Textiles and
Biomaterials for Healthcare; Woodhead Publishing: Gujarat, India, 2006; pp. 432-440.

248



Polymers 2020, 12, 1630

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Zhang, G.; Zheng, G.; Ren, T.; Zeng, X.; Der Heide, E.V. Dopamine hydrochloride and carboxymethyl
chitosan coatings for multifilament surgical suture and their influence on friction during sliding contact with
skin substitute. Friction 2020, 8, 58-69. [CrossRef]

Li, M,; Liu, Q.; Jia, Z.; Xu, X.; Cheng, Y.; Zheng, Y.; Xi, T.; Wei, S. Graphene oxide/hydroxyapatite composite
coatings fabricated by electrophoretic nanotechnology for biological applications. Carbon 2014, 67, 185-197.
[CrossRef]

Tong, L.; Zhang, J.; Xu, C.; Wang, X,; Song, S.; Jiang, Z.H.; Kamado, S.; Cheng, L.; Zhang, H. Enhanced
corrosion and wear resistances by graphene oxide coating on the surface of mg-zn-ca alloy. Carbon 2016, 109,
340-351. [CrossRef]

Li, P; Zhou, H.; Cheng, X. Nano/micro tribological behaviors of a self-assembled graphene oxide nanolayer
on ti/titanium alloy substrates. Appl. Surf. Sci. 2013, 285, 937-944. [CrossRef]

Cai, G.; Xu, Z,; Yang, M.; Tang, B.; Wang, X. Functionalization of cotton fabrics through thermal reduction of
graphene oxide. Appl. Surf. Sci. 2017, 393, 441-448. [CrossRef]

Chen, L.; Wei, E; Liu, L.; Cheng, W.; Hu, Z.; Wu, G.; Du, Y.; Zhang, C.; Huang, Y. Grafting of silane and
graphene oxide onto pbo fibers: Multifunctional interphase for fiber/polymer matrix composites with
simultaneously improved interfacial and atomic oxygen resistant properties. Compos. Sci. Technol. 2015, 106,
32-38. [CrossRef]

Hu, X,; Tian, M.; Qu, L.; Zhu, S.; Han, G. Multifunctional cotton fabrics with graphene/polyurethane coatings
with far-infrared emission, electrical conductivity, and ultraviolet-blocking properties. Carbon 2015, 95,
625-633. [CrossRef]

Yan, J.; Yang, L.; Lin, M.F.; Ma, J.; Lu, X; Lee, P.S. Polydopamine spheres as active templates for convenient
synthesis of various nanostructures. Small 2013, 9, 596-603. [CrossRef] [PubMed]

Ku, SH.; Ryu, J.; Hong, SK.; Lee, H.; Park, C.B. General functionalization route for cell adhesion on
non-wetting surfaces. Biomaterials 2010, 31, 2535-2541. [CrossRef]

Barras, A.; Lyskawa, J.; Szunerits, S.; Woisel, P.; Boukherroub, R. Direct functionalization of nanodiamond
particles using dopamine derivatives. Langmuir 2011, 27, 12451-12457. [CrossRef]

Lee, H.; Dellatore, 5S.M.; Miller, W.M.; Messersmith, P.B. Mussel-inspired surface chemistry for multifunctional
coatings. Science 2007, 318, 426—430. [CrossRef]

Zhang, G.; Ren, T.; Zhang, S.; Zeng, X.; van der Heide, E. Study on the tribological behavior of surgical suture
interacting with a skin substitute by using a penetration friction apparatus. Colloids Surf. B Biointerfaces 2018,
162,228-235. [CrossRef]

Zhang, G.; Zeng, X.; Su, Y.; Borras, EX.; de Rooij, M.B.; Ren, T.; van der Heide, E. Influence of suture size on
the frictional performance of surgical suture evaluated by a penetration friction measurement approach.
J. Mech. Behav. Biomed. Mater. 2018, 80, 171-179. [CrossRef]

Zhang, G.; Ren, T.; Lette, W.; Zeng, X.; van der Heide, E. Development of a penetration friction apparatus
(pfa) to measure the frictional performance of surgical suture. J. Mech. Behav. Biomed. Mater. 2017, 74,
392-399. [CrossRef]

Shergold, O.A.; Fleck, N.A. Experimental investigation into the deep penetration of soft solids by sharp and
blunt punches, with application to the piercing of skin. J. Biomech. Eng. 2005, 127, 838-848. [CrossRef]
Azar, T.; Hayward, V. Estimation of the Fracture Toughness of Soft Tissue from Needle Insertion.
In International Symposium on Biomedical Simulation; Springer: Berlin/Heidelberg, Germany, 2008; pp. 166-175.
Shergold, O.A.; Fleck, N.A.; Radford, D. The uniaxial stress versus strain response of pig skin and silicone
rubber at low and high strain rates. Int. |. Impact Eng. 2006, 32, 1384-1402. [CrossRef]

Marcano, D.C.; Kosynkin, D.V.; Berlin, ].M.; Sinitskii, A.; Sun, Z.; Slesarev, A.; Alemany, L.B.; Lu, W.; Tour, ]. M.
Improved synthesis of graphene oxide. ACS Nano 2010, 4, 4806—4814. [CrossRef] [PubMed]

Peng, E; Olson, J.R.; Shaw, M.T.; Wei, M. Influence of pretreatment on the surface characteristics of plla fibers
and subsequent hydroxyapatite coating. J. Biomed. Mater. Res. B Appl. Biomater. 2009, 88, 220-229. [CrossRef]
De Simone, S.; Gallo, A.; Paladini, F.; Sannino, A.; Pollini, M. Development of silver nano-coatings on silk
sutures as a novel approach against surgical infections. |. Mater. Sci. Mater. Med. 2014, 25, 2205-2214.
[CrossRef] [PubMed]

Chen, X,; Hou, D.; Tang, X.; Wang, L. Quantitative physical and handling characteristics of novel antibacterial
braided silk suture materials. J. Mech. Behav. Biomed. Mater. 2015, 50, 160-170. [CrossRef]

249



Polymers 2020, 12, 1630

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

Rodeheaver, G.T. Knotting and handling characteristics of coated synthetic absorbable sutures. J. Surg. Res.
1983, 35, 525-530. [CrossRef]

Singh, VK.; Elomaa, O.; Johansson, L.-S.; Hannula, S.-P.; Koskinen, J. Lubricating properties of silica/graphene
oxide composite powders. Carbon 2014, 79, 227-235. [CrossRef]

Some, S.; Kim, Y.; Yoon, Y.; Yoo, H.; Lee, S.; Park, Y.; Lee, H. High-quality reduced graphene oxide by a
dual-function chemical reduction and healing process. Sci. Rep. 2013, 3, 1929. [CrossRef] [PubMed]
Stankovich, S.; Dikin, D.A.; Dommett, G.H.; Kohlhaas, K.M.; Zimney, E.J.; Stach, E.A.; Piner, R.D.; Nguyen, S.T.;
Ruoff, R.S. Graphene-based composite materials. Nature 2006, 442, 282-286. [CrossRef]

Brugnerotto, J.; Lizardi, J.; Goycoolea, EM.; Argiielles-Monal, W.; Desbriéres, J.; Rinaudo, M. An infrared
investigation in relation with chitin and chitosan characterization. Polymer 2001, 42, 3569-3580. [CrossRef]
Chen, X.-G.; Park, H.-J. Chemical characteristics of o-carboxymethyl chitosans related to the preparation
conditions. Carbohydr. Polym. 2003, 53, 355-359. [CrossRef]

Zheng, M.; Han, B.; Yang, Y.; Liu, W. Synthesis, characterization and biological safety of o-carboxymethyl
chitosan used to treat sarcoma 180 tumor. Carbohydr. Polym. 2011, 86, 231-238. [CrossRef]

Zhang, G.; Ren, T.; Zeng, X.; Van Der Heide, E. Influence of surgical suture properties on the tribological
interactions with artificial skin by a capstan experiment approach. Friction 2017, 5, 87-98. [CrossRef]
Roselman, I.; Tabor, D. The friction of carbon fibres. J. Phys. D Appl. Phys. 1976, 9, 2517. [CrossRef]
Roselman, I1.C.; Tabor, D. The friction and wear of individual carbon fibres. J. Phys. D Appl. Phys. 1977,
10, 1181. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

250



ﬁ polymers m\py

Article

Protection of Poly(Vinyl Chloride) Films against
Photodegradation Using Various Valsartan

Tin Complexes

Alaa Mohammed !, Gamal A. El-Hiti 2*, Emad Yousif 1*{’, Ahmed A. Ahmed 3,
Dina S. Ahmed % and Mohammad Hayal Alotaibi >*

1 Department of Chemistry, College of Science, Al-Nahrain University, Baghdad 64021, Iraq;

alaaalqaycy7@gmail.com

Cornea Research Chair, Department of Optometry, College of Applied Medical Sciences,

King Saud University, P.O. Box 10219, Riyadh 11433, Saudi Arabia

Polymer Research Unit, College of Science, Al-Mustansiriyah University, Baghdad 10052, Iraq;

drahmed625@gmail.com

Department of Medical Instrumentation Engineering, Al-Mansour University College, Baghdad 64021, Iraq;

dinasaadi86@gmail.com

National Center for Petrochemicals Technology, King Abdulaziz City for Science and Technology,

P.O. Box 6086, Riyadh 11442, Saudi Arabia

*  Correspondence: gelhiti@ksu.edu.sa (G.A.E.-H.); emad_yousif@hotmail.com (E.Y.);
mhhalotaibi@kacst.edu.sa (M.H.A.); Tel.: +966-11469-3778 (G.A.E.-H.); Fax: +966-11469-3536 (G.A.E.-H.)

Received: 7 April 2020; Accepted: 20 April 2020; Published: 21 April 2020

Abstract: Poly(vinyl chloride) is a common plastic that is widely used in many industrial applications.
Poly(vinyl chloride) is mixed with additives to improve its mechanical and physical properties and
to enable its use in harsh environments. Herein, to protect poly(vinyl chloride) films against
photoirradiation with ultraviolet light, a number of tin complexes containing valsartan were
synthesized and their chemical structures were established. Fourier-transform infrared spectroscopy,
weight loss, and molecular weight determination showed that the non-desirable changes were lower
in the films containing the tin complexes than for the blank polymeric films. Analysis of the surface
morphology of the irradiated polymeric materials showed that the films containing additives were
less rough than the irradiated blank film. The tin complexes protected the poly(vinyl chloride)
films against irradiation, where the complexes with high aromaticity were particularly effective.
The additives act as primary and secondary stabilizers that absorb the incident radiation and slowly
remit it to the polymeric chain as heat energy over time at a harmless level.

Keywords: tin compounds; valsartan; poly(vinyl chloride); additives; average molecular weight;
weight loss; functional group index

1. Introduction

Plastics are extensively used as replacements for metals, glass, and wood in many modern
applications [1]. Plastics have unique performance and superior properties compared with other
materials [2]. The properties of plastic such as the toughness, rigidity, density, color, and transparency
can be controlled during the manufacture process. Moreover, plastics can be cheaply produced and last
for along time. The most common plastics are polyethylene, polyethylene terephthalate, polypropylene,
polystyrene, and poly(vinyl chloride) (PVC) [3]. PVC has a high chlorine content (ca. 57% by weight)
and is thus non-combustible [1]. Therefore, PVC can be used in furniture; construction; and many
construction applications such as upholstery, pipes, windows shutters, roofing foils, flooring, and fire
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retardants [4]. In addition, PVC has good mechanical and chemical properties, is easy to produce in
large quantitates, and resists ecological strain cracking [5].

The performance of PVC can be enhanced by incorporating additives to enable its use in outdoor
applications. PVC can be mixed with plasticisers to enable the production of flexible polymeric
materials for certain applications [4,5]. PVC undergoes gradual degradation in harsh environments,
such as under exposure to heat and direct ultraviolet (UV) light for a long period [6]. The degradation
of PVC leads to a reduction in its mechanical integrity, change in color, and formation of micro-cracks
within the surface. Therefore, PVC cannot be used on its own and must be combined with stabilizers
to enhance its photostability [7]. The additives should be easy and cheap to produce and well
incorporated within the PVC polymeric chains. Further, the additives should not alter the color of
PVC and should be non-volatile, chemically stable, non-toxic, and should not pollute the surrounding
environment. The most common PVC industrial additives act as smoke suppressors, flame retardants,
thermal and impact modifiers, heat stabilizers, UV stabilizers, screeners, absorbers, and free radical
scavengers [8-10]. PVC stabilizers are classified into various types [8], that is, primary stabilizers
that deactivate the allylic chlorides that are generated in the photodegradation of the polymeric
chains and secondary additives that act as scavengers of chloride radicals and hydrogen chloride [11].
Many non-toxic organic materials have been used as PVC additives [12].

bis(2-Ethylhexyl)phthalate (Figure 1) can be obtained from phthalic acid and has been used as
a PVC plasticizer in the past. It is non-volatile, oily, has a low production cost, and is compatible
with PVC [8]. However, the safety and health hazards associated with phthalates hinder their use in
medicinal products (e.g., blood bags). Tetrachlorobiphenyl (Figure 1) has been used in the past as a
PVC flame retardant and stabilizer [13]. However, chlorinated aromatics were banned owing to their
carcinogenic and environmentally hazardous nature [13]. Stabilizers containing metals are common.
For example, stabilizers containing a mixture of barium and zinc are considered non-hazardous
under normal use. However, a co-stabilizer is required along with the barium and zinc mixture,
for example [14-16]. Alternative stabilizers have been used to replace those that pose a risk to the
environment and humans. For example, tris(di-tert-butylphenyl)phosphite (Figure 1) has been used as
a PVC additive and antioxidant on the commercial scale [17].
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Figure 1. Some common poly(vinyl chloride) (PVC) additives.

Recently, various additives (Figure 1), including polyphosphates [18-20], Schiff bases [21-25],
aromatic compounds [26,27], and organic-metal complexes [28-31], were investigated for use as PVC
stabilizers. Some success has been achieved; however, research into the design of new and efficient PVC
stabilizers for use on the commercial scale is ongoing. In the current work, we report the synthesis of a
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number of new tin complexes containing valsartan. The substituents on the synthesized tin complexes
are varied to include aliphatic (butyl groups) or aromatic substituents (phenyl groups).

Valsartan is commercially available, non-toxic, highly aromatic, and contains a high level of
oxygen and nitrogen (heteroatoms). Therefore, it was expected that the synthesized tin complexes,
and in particular those with a high degree of aromaticity, would act as efficient PVC stabilizers.

2. Materials and Methods

2.1. General

Chemicals, reagents, and solvents were obtained from Merck (Gillingham, UK). PVC My =
ca. 171,000) was supplied by Petkim Petrokimya (Istanbul, Turkey). An AA-6880 Shimadzu atomic
absorption flame spectrophotometer (Shimadzu, Tokyo, Japan) was used to measure the tin content
of the complexes. The FTIR spectra were recorded on an FTIR 8300 Shimadzu spectrophotometer
(Shimadzu, Tokyo, Japan). 'H NMR (500 MHz) spectra were recorded on a Varian INOVA spectrometer
(Palo Alto, CA, USA). 119Sn NMR (107 MHz) spectra were recorded on a Bruker DRX spectrophotometer
(Bruker, Ziirich, Switzerland). An accelerated weather-meter QUV tester obtained from Q-Panel
Company (Homestead, FL, USA) was used to irradiate the PVC samples with UV light (Amax = 365 nm)
at 25 °C. An Ostwald U-Tube Viscometer was used to measure the viscosity of PVC. The surface
morphology of the PVC films was inspected using a Veeco system (Plainview, NY, USA) and a TESCAN
MIRA3 LMU instrument (Kohoutovice, Czech Republic) at an accelerating voltage of 10 kV.

2.2. Synthesis of Tin Complexes 1 and 2

A mixture of valsartan (0.87 g; 2.0 mmol) and triphenyltin or tributyltin chloride (2.0 mmol) in
boiling methanol (MeOH; 30 mL) was stirred for 6 h. The solid obtained after cooling the mixture to
25 °C was filtered, washed with MeOH, and dried to give 1 or 2 (Figure 2).

HN-N N HN-N N
= / NS /
R3SnCl, MeOH
reflux, 6 h
N Sn R
O /\ O /_\
1, R=Ph
2, R=Bu

Figure 2. Synthesis of tin complexes 1 and 2.

2.3. Synthesis of Tin Complexes 3 and 4

A mixture of valsartan (0.87 g; 2.0 mmol) and diphenyltin or dibutyltin chloride (1.0 mmol) in
boiling MeOH (30 mL) was stirred for 8 h. The solid obtained was filtered, washed with MeOH,
and dried to give 3 or 4 (Figure 3).

2.4. Preparation of PVC Films

A mixture of PVC (5.0 g) and the tin complex (25 mg) in tetrahydrofuran (THF; 100 mL) was
stirred at 25 °C for 2 h. The mixture was transferred onto glass plates with a thickness of 40 pm.
The films produced were left to dry under vacuum for 18 h.
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Figure 3. Synthesis of tin complexes 3 and 4.
2.5. Assessment of PVC Photodegradation Using FTIR Spectrophotometry

Photodegradation of the PVC films was investigated using FTIR spectrophotometry. The changes
in the intensities of the absorption peak of the carbonyl (C=0; 1722 cm™!) and polyene (C=C; 1602 cm™h)
groups were monitored. These peaks arise owing to the formation of small fragments containing
C=0 and C=C groups generated during PVC photooxidation. The change in the intensity of these
peaks was monitored relative to the intensity of a standard peak (the C-H bond of the CH; groups;
1328 cm™1). Equation (1) was used to calculate the functional group (C=0 or C=C) index (I;) from the
absorbance of the functional group (As) and that for the standard peak (A;) [32].

Is = As/ Ay 1)

2.6. Assessment of PV C Photodegradation Using Weight Loss

The weight loss of the PVC films due to photodegradation was calculated from the weight of PVC
before (W) and after irradiation (W;) using Equation (2) [30].

Weight loss (%) = [(Wo — Wi)/Wo] x 100 ()

2.7. Assessment of PVC Photodegradation Using Average Molecular Weight (My)

The My of PVC after irradiation was calculated from the intrinsic viscosity [1] of the solution of
the polymeric materials using Equation (3), known as the Mark-Houwink equation [33].

(] = 1.63 x 1072 M9766 3)
3. Results and Discussion

3.1. Synthesis of Tin Complexes 1-4

The reaction of valsartan and the appropriate tributyltin or triphenyltin chloride (in a 1:1 ratio) in
boiling MeOH for 6 h gave 1 or 2 (Figure 2) in 82% and 79% yield, respectively (Table 1). Similarly,
reaction of excess valsartan (two mole equivalents) and the appropriate dibutyltin or diphenyltin
chloride for 8 h in refluxing MeOH gave 3 and 4 (Figure 3) in 75% and 88% yield, respectively
(Table 1). The purity and elemental composition of the synthesized tin complexes 1-4 were confirmed
by elemental analysis. The color, melting point, yield, and elemental analysis data for the tin complexes
1-4 are summarized in Table 1.
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Table 1. Color, melting point, yield, and elemental analysis of 1-4.

. Found (Calculated) (%)
Melting .
C 1 %
omplex Color Point °©) Yield (%) C H N on
1 white 257-259 82 64.29 (64.30)  5.50 (5.52) 8.92 (8.93) 15.10 (15.13)
2 white 112-114 79 59.65 (59.68)  7.62(7.65)  9.64(9.67)  16.34(16.38)
3 off- white 103-105 75 63.07 (63.11)  5.79(5.83)  12.23(12.27)  10.37 (10.40)
4 off- white 76-78 88 61.01 (61.04) 6.74(6.77) 12.68(12.71) 10.73 (10.77)

The FTIR spectra of 1-4 (Figures S1-54) show absorption bands corresponding to the symmetrical
and asymmetrical vibrations of the carbonyl group in the regions of 146-1477 and 1732-1735 cm™!,
respectively (Table 2) [34]. For valsartan, these absorption bands appeared at lower wavenumbers
(1442 and 1670 cm™!, respectively), which clearly indicated the formation of a bond between the tin
atom and oxygen of the carboxylate group [35]. Indeed, the absorption bands that appeared at
443-455 cm™! are attributed to the Sn—O bonds. In addition, the Sn—C absorption bands appeared
in the 559-563 cm™! region. The difference [Av (asym — sym)] between the symmetric (sym) and
asymmetric (asym) vibrational frequencies for the carbonyl group was in the range of 258-270 cm™!.
The value of Av indicates that valsartan acts as an asymmetric bi-dentate ligand [36].

Table 2. Select FTIR spectral data for 1-4.

Wavenumber (cm—1)

Complex
C=0Osym C=0 asym Av (asym — sym) Sn-C  Sn-O
1 1477 1735 258 559 447
2 1462 1732 270 563 455
3 1473 1735 262 559 443
4 1477 1735 258 559 447

The 'H NMR spectra of 1-4 (Figures S5-S8) show the absence of the proton resonance at 12.63 ppm
for the carboxylic group of valsartan [37]. Clearly, the tin complexes were produced as a result of
replacement of the carboxylic group proton with a tin atom. The 'H NMR spectra of 1-4 showed the
presence of protons of both valsartan and the substituents (phenyl and butyl moieties) at the expected
chemical shifts (Table 3).

Table 3. 'H and 119Sn NMR spectral data for 1-4.

NMR (DMSO-ds; & in ppm and ] in Hz)
H (500 MHz) 1198n (107 MHz)

1 7.73-7.06 (m, 23H, Ar), 6.95 (s, exch., 1H, NH), 4.62 (s, 2H, CHy,), 4.47 -137.8
(d, ] = 7.2 Hz, 1H, CH), 2.22 (br, 1H, CH), 2.14 (t, ] = 7.4 Hz, 2H, CH,),
1.40-1.29 (m, 4H, CH,CH,), 0.94 (d, | = 7.2 Hz, 6H, 2 Me), 0.78
(t, ] =7.4 Hz, 3H, Me)
2 7.66-7.55 (m, 6H, Ar), 7.20 (d, ] = 8.1 Hz, 1H, Ar), 7.08 (d, ] = 8.1 Hz, 1H, ~131.2
Ar), 6.95 (s, exch., TH, NH), 4.63 (s, 2H, CH,), 4.51 (d, ] = 7.2 Hz, 1H,
CH), 2.21 (br, 1H, CH), 2.08 (m, 2H, CH,), 1.60-1.30 (m, 22H, 11 CH,),
1.13-0.85 (m, 18H, 6 Me)
3 7.70-7.53 (m, 8H, Ar), 7.37-7.00 (m, 18H, Ar), 6.97 (s, exch., 2H, 2 NH), —406.1
4.66 (s, 4H, 2 CH,), 4.49 (d, ] = 7.1 Hz, 2H, 2 CH), 2.22 (br, 2H, 2 CH),
2.09 (t, ] = 7.5 Hz, 4H, 2 CH,), 1.38-1.25 (m, 8H, 2 CH,CHy),
0.92 (d, ] = 7.1 Hz, 12H, 4 Me), 0.80 (t, | = 7.5 Hz, 6H, 2 Me)
4 7.68-7.62 (m, 12H, Ar), 7.20 (d, ] = 8.2 Hz, 2H, Ar), 7.08 (d, ] = 8.2 Hz, -218.1
2H, Ar), 6.97 (s, exch., 2H, 2 NH), 4.63 (s, 4H, 2 CHy), 4.46 (d, ] = 7.1 Hz,
2H, 2 CH), 2.20 (br, 2H, 2 CH), 2.09 (m, 4H, 2 CH,), 1.65-1.29 (m, 20H,
10 CHy), 1.16-0.87 (m, 24H, 8 Me)

Complex
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The 19Sn NMR spectra of 1-4 (Figures S9-S12) showed characteristic signals at —137.8 and —131.2
ppm owing to the tin atom in 1 and 2, respectively. These chemical shifts (Table 3) revealed the
formation of five-coordinated complexes [38—40]. For 3 and 4, the signals corresponding the Sn atom
appeared at —406.1 and —218.1 ppm, respectively. The chemical shifts for these signals indicated the
formation of six coordinated complexes. Clearly, the geometry of the complexes affects the chemical
shifts as a result of the shielding effect of the tin atom and substituents [38—40].

3.2. Assessment of Photodegradation of PVC Using Energy Dispersive X-ray (EDX) Mapping

The elemental composition of 1-4 was analyzed using energy dispersive X-ray (EDX). EDX
confirmed the elements within complexes 1-4 (Figures S13-518) [41]. PVC was mixed with complexes
1-4 (0.5 wt.%) and thin (40 pm) films were made. The films were irradiated with UV light and EDX
was used to determine the elemental composition of the polymer blends. The EDX mapping images
revealed that the tin complexes were well-distributed throughout the films [42]. For the unmodified
(blank) PVC, the percentage of chlorine in the films was reduced from 64.8% before irradiation to
55.8% after irradiation (300 h). These results indicate significant dehydrochlorination, where hydrogen
chloride was eliminated from the blank PVC as a result of photodegradation. After irradiation,
the reduction in the chlorine content of the PVC films containing complexes 1-4 was lower compared
with that of the blank PVC film. The chlorine content was highest (56.4%) in the case of the irradiated
PVC/1 blend. Complex 1, which is highly aromatic (three phenyl, two aryl, and one tetrazole moieties)
was the most efficient additive for stabilizing the polymeric materials. It has been reported that
additives containing aromatic moieties are more efficient PVC photostabilizers compared with the
corresponding ones containing aliphatic residues [31]. Complex 1 absorbs UV irradiation directly and
releases the adsorbed energy over a long period of time at a rate that is not harmful to the PVC chains.

3.3. Assessment of Photodegradation of PVC Using FTIR Spectrophotometry

PVC undergoes photooxidative degradation upon irradiation in the presence of an oxygen
source [43,44]. This process leads to the formation of small polymeric fragments containing carbonyl
(C=0; carboxyl and ketone) and polyene (C=C; carbon—carbon double bond residues) groups [43,44].
Such functional groups can be detected using FTIR spectroscopy. In addition, the intensity of the FTIR
signals can be monitored during the photooxidation of PVC and compared with the intensity of the
signals of the C-H bond of the CH, moieties (1328 cm™!) within the polymeric chains. The absorption
of the C—H bond is not altered during the irradiation process. Figure 4 shows that the intensity of the
signals of both the C=0 (1722 cm~!) and C=C (1602 cm™') groups was significantly higher for the
irradiated blank PVC film. For the PVC film containing complex 1, it was clear that the intensity of
the peaks of both functional groups was significantly lower than that of the corresponding peaks that
appeared for the irradiated PVC (blank) film.

Equation (1) was used to calculate the functional group indices (Ic=o and Ic=c) for the blank
PVC and those containing complexes 1-4 at 50 h intervals for an irradiation period of up to 300 h.
The Ic-p and Ic-o values for the PVC films were plotted against the irradiation time at 50 h intervals
(Figures 5 and 6). Both Ic-p and Ic—o changed significantly for the PVC film in the absence of any
additives compared with the PVC films containing 1-4 as additives. Clearly, complexes 14 stabilized
PVC substantially. For example, the Ic=o after 300 h of irradiation was 0.26, 0.13, 0.18, 0.16, and 0.20
for the PVC, PV(C/1, PVC/2, PVC/3, and PVC/4 films, respectively. Similarly, the Ic-c for blank PVC
was 0.27 after irradiation (300 h) compared with 0.12, 0.16, 0.14, and 0.19 for the PVC/1, PVC/2, PV(C/3,
and PVC/4 films, respectively. Clearly, the minimum change in the indices of the C=0 and C=C
groups was achieved when complex 1 (highly aromatic) was used. The efficiency of complexes 1-4
for photostabilizing PVC against irradiation followed the order: 1 (triphenyltin) > 3 (diphenyltin) > 2
(tributyltin) > 4 (dibutyltin).
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Figure 4. FTIR spectra of (a) poly(vinyl chloride) (PVC) film before irradiation, (b) PVC film after
irradiation (300 h), and (c) PVC + 1 blend after irradiation (300 h).
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Figure 5. Changes in the Ic-¢ index for PVC films.
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Figure 6. Changes in the Ic—c index for PVC films.
3.4. Assessment of Photodegradation of PVC Using Weight Loss

The photooxidation of PVC causes cross-linking of the polymeric chains owing to the production
of free radical moieties. As a result, hydrogen chloride (dehydrochlorination) and volatile small organic
residues are eliminated, accompanied by PVC discoloration. Such processes lead to weight loss at
a variety of relatively high temperatures [45-47]. To determine the efficiency of complexes 1-4 as
stabilizers, the PVC films were irradiated and the weight loss was calculated at 50 h intervals during
irradiation using Equation (2). The results obtained are presented in Figure 7. The PVC weight loss was
sharp at the beginning of irradiation (50 h) and increased gradually and reached a maximum after 300 h
of continuous irradiation. The PVC weight loss was highest (3.5%) for unmodified PVC. In the presence
of complexes 1-4, the PVC weight loss ranged from 1.7%—2.6% after 300 h of continuous irradiation.
The PVC weight loss was lowest (1.7%) when complex 1 was used as the additive. The weight loss
percentage for the PVC/2, PVC/3, and PVC/4 blends was 2.3%, 1.9%, and 2.6%, respectively. Clearly,
the complexes, and in particular the highly aromatic additives (complex 1 and 3), enhanced the
photostability of the PVC films significantly.
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Figure 7. Changes in weight loss of PVC films.

3.5. Assessment of PVC Photodegradation Using Viscosity Average Molecular Weight (My)

Photodegradation of PVC leads to a decrease in its molecular weight as a result of chain scission [48].
The viscosity of PVC in solution is used as a measure of the My. The PVC films irradiated for different
periods were dissolved in THF and their viscosity was measured using a viscometer [33]. The My for
each film at different irradiation times (from 50 to 300 h) was calculated using Equation (3). The results

are presented in Figure 8.

200,000 ——PVC
—a—PVC+1
—&—PVC+2
150,000 ——PVC+3
—¥—PVC+4
s 100,000
50,000
0
0 50 100 150 200 250 300
Time (h)

Figure 8. Changes in the My for PVC films.

A clear decrease in the My was observed during the irradiation process and was more pronounced
for the blank PVC film. For example, the My for blank PVC was approximately 171,300 at the start of
the irradiation process and declined to 78,800 after 100 h, to 38,300 after 200 h, and to only 15,700 at
the end of the irradiation process (300 h). At the end of the irradiation process, the My for the PVC/1,
PVC/2, PVC/3, and PVC/4 blends was 52,600, 35,400, 44,600, and 26,300, respectively. The My for
the blank PVC film decreased by more 90% after the irradiation process, compared with 70% when
complex 1 was used as the additive. Clearly, the tin complexes, and in particular 1, stabilized PVC
against irradiation to a significant degree.
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3.6. Surface Analysis of PVC

Scanning electron microscopy (SEM) can be used to provide less distorted, clear, and high-
resolution images of the particles in materials, and is a useful technique for investigating the variation
of the surface, particle size and shape, homogeneity, and cross sections within the blends [49-52].
The surface morphology of the PVC films was examined by field-emission scanning electron microscopy
(FESEM). Figure 9 shows the FESEM images of the surface of the PVC film before and after irradiation.
It has been reported that non-irradiated polymers have a smooth surface and a high level of
homogeneity [19]. Indeed, the surface of the blank PVC film before irradiation was smoother, flatter,
less lumpy, and more homogeneous compared with that obtained after irradiation. The roughness
and cracks formed on the PVC surface after irradiation are the result of bond breaking within the
polymeric chains and elimination of hydrogen chloride [53]. Figure 10 shows the FESEM images of the
particles within the PVC films containing complexes 1-4 after irradiation, at two magnification powers.
The surface of the PVC/1 blend was more or less smooth and clean, similar to that for the non-irradiated
PVC film. Clearly, complexes 1-4 were very effective in stabilizing PVC against irradiation. The other
complexes provided some degree of stabilization to the PVC films.
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Figure 9. Field-emission scanning electron microscopy (FESEM) images of (a) PVC film before
irradiation and (b) PVC film after irradiation.

The surface morphology of the PVC film was also observed using atomic force microscopy (AFM).
AFM provides useful information about the features and roughness of the PVC surface. Irradiation
of PVC for a long duration leads to bond breaking to produce a rough and broken surface [54,55].
Figure 11 shows the topographic AFM images (two- and three-dimensional) of the surface of the PVC
films after 300 h of irradiation. The addition of complexes 1-4 clearly improved the photostability of
the PVC films. The surface of the irradiated PVC blends containing complexes 14 was less rough than
that of the blank PVC film. The roughness factor (Rq) for the PVC, PV(/1, PVC/2, PVC/3, and PVC/4
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films was 452, 61, 95, 80, and 112, respectively. Clearly, the use of complex 1 improved the roughness
of the PVC film 7.4-fold. This improvement in Rq is better than that reported with many PVC additives
(Table 4). Clearly, complexes 1-4 are better PVC photostabilizers compared with triazole-3-thiol
Schiff bases [21], biphenyl tetraamine Schiff bases [22], naproxen tin complexes [30], melamine Schiff
bases [24], 2-(4-isobutylphenyl)propanoate tin complexes [56], and furosemide tin complexes [28].
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Figure 10. FESEM images of (a) PVC + 1, (b) PVC + 2, (c) PVC + 3, and (d) PVC + 4 films after irradiation.

261



Polymers 2020, 12, 969

Topography - Scan forward Line fit

Topography range

Ampltude - Scanforward Line ftt

e
e

x* 43.5um

Line ft 191mV

om

X* 49.5um

e ] e
T

Topography - Scan forward  Line fit

8

;. F

€ i

o, QO &
om X+ 49.5um

Topography range

|

om 435um

>
E
8
E
L

‘Amplitude range

Topography - Scan forward Line fit
— — g

Ampltude - Scanforward Line ft
P

e

Line ft 197mV

“Amplitude ran

T TR
]

Line ft 161mV

Amplitude range

Figure 11. Atomic force microscopy (AFM) images of (a) PVC, (b) PVC + 1, (c) PVC + 2, (d) PVC + 3,

and (e) PVC + 4 films.
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Table 4. Effect of additives on roughness factor (Rq; %) for poly(vinyl chloride) (PVC).

PVC Additive Improvement in Rq (Fold) Reference

Valsartan tin complex 74 [current work]
Furosemide tin complex 6.6 [28]
Ciprofloxacin tin complex 16.6 [29]
Naproxen tin complex 5.2 [30]
Telmisartan tin complex 9.4 [31]
2-(4-Isobutylphenyl)propanoate tin complex 6.2 [56]
Triazole-3-thiol Schiff base 3.3 [21]
Biphenyl tetraamine Schiff base 3.6 [22]
Melamine Schiff base 6.0 [24]
Polyphosphate 16.7 [18]

3.7. PVC Photostabilization Mechanisms

The use of tin complexes 1-4 as additives significantly reduced photodegradation of the PVC
films. The effectiveness of the synthesized tin complexes as PVC photostabilizers followed the order:
1> 3> 2> 4. Complexes 1 and 3 are highly aromatic (phenyl moieties), while complexes 2 and 4
contain butyl substituents (aliphatic moieties). In addition, complexes 1-4 contain two aryl and one
tetrazole ring within their skeletons. Therefore, these complexes are able to absorb UV light directly.
After irradiation, the complexes re-emitted the absorbed radiation as a heat energy over a period of
time at a rate that is not harmful to the PVC polymeric chains (Figure 12). The high-energy state of the
tetrazole, aryl, or phenyl ring within complexes 1-4 can be stabilized by the resonance of the aromatic
moieties [26].

HN-N - hy HN-N
\N'N o MK\N'N T ML

heat

Figure 12. Function of tetrazole unit as a UV absorber.

Complexes 1-4 contain the tin atom, which acts as an acidic center. Tin abstracts the chloride ion
from hydrogen chloride that is eliminated from the PVC chains upon irradiation to produce a stable
substituted tin chloride (Figure 13; for triphenyltin complex 1). Therefore, the tin complexes, and 1 in
particular, are secondary PVC photostabilizers and act as hydrogen chloride scavengers [7,28].

HN-N N HN-N N

\ \

\/ \/

HCl Ph3SnCI

N Sn Ph

: Ph
O/\ O/\
1

Figure 13. Function of complex 1 as a hydrogen chloride scavenger.

PVC undergoes photooxidation in the presence of oxygenated species such as hydrogen peroxides
(PO,H) [55,56]. The tin complexes can induce the decomposition of hydroperoxides by displacing the
acidic tin atom within the additive (Figure 14; for triphenyltin complex 1). This process inhibits PVC
photodegradation significantly.
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Figure 14. Function of complex 1 to induce hydroperoxide decomposition.

Peroxide radicals (POO®) have a negative impact on the PVC films and lead to the formation
of various photooxidative products. The synthesized tin complexes can act as radical scavengers.
The intermediate containing both the peroxide radical (chromophore) and the aryl moieties within
the additives (Figure 15; for triphenyltin complex 1) is highly stable via resonance [57]. Therefore,
complexes 1-4 inhibit PVC photooxidation and provide a degree of stabilization against irradiation.
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Figure 15. Function of complex 1 as a radical scavenger.

The polarity of the C—Cl bonds within the PVC chains and that of the nitrogen atoms in the
tetrazole ring and the oxygen of carboxylate and amide groups might facilitate attractive interactions
between PVC and the additives (Figure 16; for triphenyltin complex 1). This attraction may augment
energy transfer from the polymeric chains to the additives before the energy from photoirradiation can

be dissipated [28]. However, this hypothesis does not take into account the complications due to steric
hindrance within macromolecules.

Cl ¢l +CI Ccl ¢l cl

5t 5t
Cl ¢l c c c ¢l

Figure 16. Interaction between complex 1 and PVC.
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4. Conclusions

A number of tin complexes containing valsartan were synthesized in high yields using simple
procedures. The synthesized tin complexes varied in the number and type of substituents. The chemical
structures and elemental compositions of the tin complexes were established using various analytical
tools. The effectiveness of the new tin complexes as photostabilizers for poly(vinyl chloride) films
was tested after irradiation with ultraviolet light for up to 300 h. The undesirable changes in the
carbonyl and polyene functional group indices, weight, and molecular weight of the polymeric
films were significantly reduced in the presence of the tin complexes. The surface of the polymeric
blends containing the tin complexes was smoother, flatter, and less rough than that of the blank film.
Clearly, the synthesized tin complexes, and in particular those with a high level of aromaticity (phenyl
derivatives), act as photostabilizers to protect the films against photodegradation. The main function of
the tin complexes is to directly absorb ultraviolet irradiation, with subsequent slow release of the energy
over time in a manner that does not degrade the polymeric chains and free radicals and hydrogen
chloride scavengers. Valsartan tin complexes could be used as poly(vinyl chloride) photostabilizers in
an industrial scale, but the production cost needs to be assessed.
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of 3; Figure S8: 'H NMR spectrum of 4; Figure S9: 119Sn NMR spectrum of 1; Figure $10: 1°Sn NMR spectrum of
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