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Ayşe Durmuş-Sayar, Murat Tansan, Tuğçe Çinko-Çoban, Dilay Serttan, Bekir Dizman,
Mehmet Yildiz and Serkan Ünal
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1. Introduction

Polyurethane materials have received increasing attention as daily materials due to
their unique structures and properties. Polyurethane polymers are a class of polymers
containing repeated carbamate groups in their main chain, which are formed according to
the polyaddition of isocyanates and polyols [1]. By changing the type and composition of
the raw materials, the shape and properties of polyurethane products can be adjusted. Due
to this adaptivity, along with their excellent wear resistance, impact resistance, biocompati-
bility, adhesion, and mechanical properties, they are widely used as adhesives, elastomers,
foam, and medical materials. However, pure polyurethane materials are limited by their
structure, with their performance unable to meet the application requirements in some
specific environments. Therefore, this is encouraging researchers to continue to explore and
innovate polyurethane materials through the modification of the polyurethane structure
or by creating composites with other materials to improve its performance and expand its
potential applications.

With the increasing depletion of fossil fuel resources, enhanced environmental aware-
ness, and China’s proposal of its “dual carbon” goals, sustainable and green polyurethane
materials are becoming increasingly popular. Waterborne polyurethane is a type of
polyurethane material based on water as the dispersing medium, making it a green, en-
vironmentally protective, and pollution-free product expected to replace traditional oily
polyurethane. Waterborne polyurethane reduces the volatilization of organic solvents and
reduces harm to the human body. Equally, as its use is in line with green chemistry and
sustainable development strategies, its study is sure to become a future direction of research.
However, waterborne polyurethane is not as efficient as solvent-based polyurethane in
terms of its resistance to water and high temperatures. With expansion of the research,
these shortcomings of waterborne polyurethane are expected to be resolved.

In view of analyzing polyurethane materials and their development trends, 10 research
papers and 1 review article on the synthesis and modification of polyurethane materials
were published in this Special Issue “Progress in Polyurethane and Composites”. Herein,
the properties of polyurethane were characterized using various research methods and
discussed, which expanded the possibilities for its application in different fields and
provided a valuable point of reference for polyurethane-related research. These articles are
introduced as follows.

2. An Overview of the Published Articles

In the study by Serrano-Martinez et al., in order to alleviate the crisis of non-renewable
fossil fuel usage and reduce the harm of traditional polyurethane adhesives to the environ-
ment [2], the authors used a high-temperature treatment to extract lignin from rice straw as
a raw polyol material and synthesize a polyurethane adhesive, effectively substituting tra-
ditional polyol PPG with lignin. The performance of this environmentally friendly adhesive
and its application in the footwear industry were evaluated through thermogravimetric
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analysis, rheological analysis, and T-peel testing. The results showed that when the lignin
content was 7.5%, the thermal and mechanical properties of the adhesive were effectively
maintained, and the adhesive showed excellent thermal stability. This work increased the
added value of lignin and expanded its application in the field of adhesives, in line with
green chemistry and sustainable development strategies.

In Lee et al.’s study, a polyurethane acrylate prepolymer (UA) was prepared us-
ing polytetrahydrofuran, polyethylene glycol, and polypropylene glycol as polyols and
acrylic monomer as the end-sealing agent. This was then polymerized with polymethyl
methacrylate (PMMA) to synthesize a room-temperature binder with high strength and
high transparency [3]. When PMMA was blended with UA, the physical entanglement
between the two polymers formed a three-dimensional network structure, which improved
the mechanical properties of the adhesive. By using molecular design to change the type
and content of polyols used, the polymer adhesives were prevented from yellowing during
curing reactions. The results showed that when the UA value was 5~10%, the light trans-
mittance, shear strength, and tensile strength of the prepared polymer adhesive were high,
and its properties were customizable. The PMMA/UA binder prepared in this work is
expected to be a promising candidate for future road marking polymer binders.

Because of their unique molecular structure and renewable properties, vegetable oils
have gradually become a research focus. Using castor oil, maleic anhydride, and glyceryl
methacrylate as their raw materials, Tuo et al. successfully prepared a new multifunctional
castor-oil-based acrylate (MACOG) through two-step chemical modification. They then
prepared a castor-oil-based waterborne polyurethane acrylate emulsion and finally pre-
pared a series of coating materials under UV curing [4]. The results showed that with an
increase in the MACOG content, the glass transition temperature increased from 20.3 ◦C to
46.6 ◦C, and the surface water contact angle increased from 73.85 ◦C to 90.57 ◦C. In addition,
the thermal decomposition temperature, mechanical strength, and water resistance of the
sample were also greatly improved, mainly on account of the introduction of MACOG,
which improved the system’s cross-linking density. This study not only provided new ideas
for the preparation of waterborne polyurethane coatings with excellent comprehensive
properties but also expanded the application of castor oil in coatings.

Enhancing the mechanical properties of polymer composites by using fiber materials
to enhance the interfacial interaction has been deemed an efficient method. In the study by
Ünal et al., non-functional graphene nanosheets (GNPs) were combined with a water-based,
highly branched, multifunctional polyurethane dispersion (HBPUD) to effectively regulate
the fiber–matrix interface in FRPCs [5]. By means of a unique ultrasonic spray deposition
technique, the GNP/HBPUD aqueous-phase mixture was deposited on the surface of
carbon fiber fabric to prepare epoxy prepreg sheets and corresponding FRPC laminates.
The influence of the polyurethane (PU) and GNP contents and their ratio at the fiber–
matrix interface on the tensile properties of the resulting high-performance composites
was systematically investigated using stress–strain analysis of the produced FRPC plates
and SEM analysis of their fractured surfaces. Synergistic stiffening and toughening effects
were observed when as low as 20 to 30 mg of the GNPs was deposited per square meter on
each side of the carbon fiber fabric in the presence of the multi-functional PU layer. This
resulted in a significant improvement in the tensile strength from 908 to 1022 MPa while
maintaining the initial Young’s modulus or slightly improving it from approximately 63 to
66 MPa. This study underscored the importance of carefully tuning the GNP content and
the PU:GNP ratio to tailor the tensile properties of high-performance CFRPCs.

In Chen et al.’s study, vinyl-capped cationic waterborne polyurethane (CWPU) was
prepared using isophorone diisocyanate (IPDI), polycarbonate diol (PCDL), trimethy-
lolpropane (TMP), and N-methyldiethanolamine (MDEA) as the raw materials and hy-
droxyethyl methacrylate (HEMA) as a capping agent [6]. Then, a crosslinked FPUA
composite emulsion was prepared according to core–shell emulsion polymerization, with
polyurethane (PU) as the shell, fluorinated acrylate (PA) as the core, and CWPU as the seed
emulsion, together with dodecafluoroheptyl methacrylate (DFMA), diacetone acrylamide

2



Polymers 2024, 16, 2031

(DAAM), and methyl methacrylate (MMA). The effects of the core–shell ratio of PA/PU
on the surface properties, mechanical properties, and heat resistance of the FPUA emul-
sions and films were investigated. The results showed that when w(PA) = 30~50%, the
highest-stability FPUA emulsion was generated, and under TEM, the particles displayed
a core–shell structure with bright and dark intersections. When w(PA) = 30%, the tensile
strength reached 23.35 ± 0.08 MPa. When w(PA) = 50%, the fluorine content on the surface
of the coating film was 14.75%, and the contact angle was as high as 98.5◦, indicative of
good hydrophobicity. AFM was used to observe the surface flatness of the films. It was
found that the tensile strength of the films increased and then decreased with an increase
in the core–shell ratio, and the heat resistance of the FPUA films gradually increased. The
FPUA film had excellent properties, such as good impact resistance, high flexibility, high
adhesion, and corrosion resistance.

Enhancing the dielectric strength and minimizing the dielectric loss of insulation
materials have piqued the interest of many researchers as enhancement techniques. It
is worth noting that the electrical breakdown of insulation material is determined by
its electrochemical and mechanical performance. Optimizing the mechanical, electrical,
and chemical properties of new materials is considered during the generation process.
Thermoplastic polyurethane (TPU) is often used as a high-voltage insulator due to its
favorable mechanical properties, high insulation resistance, lightweight nature, recovery,
large actuation strain, and cost-effectiveness. Its elastomer structure enables its application
in a broad range of high-voltage (HV) insulation systems. In the study by Ersoy et al.,
the feasibility of using TPU as a solid insulator instead of a pressure plate for transformer
windings was evaluated [7]. Their experimental investigation shed light on the potential of
TPU to expand the range of insulating materials used in HV transformers. Transformers
play a crucial role in HV systems; hence, the selection of suitable materials, like cellulose
and polyurethane, is of the utmost importance. This study involved the preparation of
an experimental laboratory setup. Breakdown tests were conducted by generating a non-
uniform electric field using a needle–plane electrode configuration in a test chamber filled
with mineral oil. Various voltages ranging from 14.4 kV to 25.2 kV were applied to induce
electric field stress with a step rise of 3.6 kV. The partial discharges and peak numbers
were measured based on predetermined threshold values. This study investigated and
compared the behaviors of two solid insulating materials under differing non-electric field
stress conditions. Harmonic component analysis was utilized to observe the differences
between the two materials. Notably, at 21.6 kV and 25.2 kV, polyurethane demonstrated
superior performance compared to the pressboard with regards to the threshold value for
the leakage current.

Metal corrosion poses a substantial economic challenge in a technologically advanced
world. In the study by Al-otaibi., novel, environmentally friendly, anticorrosive graphene
oxide (GO)-doped organic–inorganic hybrid polyurethane (LFAOIH@GO-PU) nanocom-
posite coatings were developed using Leucaena leucocephala oil (LLO) [8]. The formulation
was produced through the amidation of LLO to form diol fatty amide, followed by the
reaction of tetraethoxysilane and a dispersion of GOx (X = 0.25, 0.50, and 0.75 wt%), along
with the reaction of isophorane diisocyanate (25–40 wt%) to form LFAOIH@GOx-PU35
nanocomposites. A detailed examination of the LFAOIH@GO0.5-PU35 morphology was
conducted using X-ray diffraction, scanning electron microscopy, energy-dispersive X-ray
spectroscopy, and transmission electron microscopy. These studies revealed their distinc-
tive surface roughness features, along with a contact angle of around 88 G.U, preserving
their structural integrity at temperatures of up to 235 ◦C with minimal loading of GO.
Additionally, with the dispersion of GO, their mechanical properties were improved, in-
cluding their scratch hardness (3 kg), pencil hardness (5H), impact resistance, bending,
gloss value (79), crosshatch adhesion, and thickness. Electrochemical corrosion studies in-
volving Nyquist, Bode, and Tafel plots provided clear evidence of the coatings’ outstanding
anticorrosion performance.
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Polyurethane (PU) composites are increasingly used as repair materials for civil en-
gineering infrastructure, including runways, road pavements, and buildings. Evaluation
of polyurethane grouting (PUG) material is critical for its maintenance. In Haruna et al.’s
study, the flexural behavior of normal concrete repaired with polyurethane grout (NC-
PUG) was evaluated under three-point bending tests [9]. A finite element (FE) model was
developed to simulate the flexural response of the NC-PUG specimens. The equivalent
principle response of the NC-PUG was analyzed through a three-dimensional finite element
model (3D FEM). The NC and PUG’s properties were simulated using the stress–strain
relationships determined in compressive and tensile tests. The overlaid PUG material
was prepared by mixing PU and quartz sand and overlayed on either the top or bottom
surface of a concrete beam. Two different overlaid thicknesses were applied, namely 5 mm
and 10 mm. The composite NC-PUG specimens were formed by casting a PUG material
using different overlaid thicknesses and configurations. The reference specimen showed
the highest average ultimate flexural stress of 5.56 MPa ± 2.57% at a 95% confidence in-
terval, with a corresponding midspan deflection of 0.49 mm ± 13.60%. However, due to
the strengthening effect of the PUG layer, the deflection of the composite specimen was
significantly improved. The concrete specimens with PUG retrofitted at the top surface
demonstrated a typical linear pattern from the initial loading stage to complete failure.
Moreover, the concrete specimens with PUG retrofitted at the bottom surface exhibited
two deformation regions before complete failure. The FE analysis showed good agreement
between the modeled numerical and experimental test results. The numerical model accu-
rately predicted the flexural strength of the NC-PUG beam, slightly underestimating Ke by
4% and overestimating the ultimate flexural stress by 3%.

To improve the film-forming ability of hard-type acrylic latex, waterborne polyurethane–
acrylate (WPUA) was grafted with polyurethane. To balance its film-forming ability
and hardness, the WPUA latex was designed with a hard core (polyacrylate) and a soft
shell (polyurethane) [10]. The grafting ratio was controlled by varying the content of 2-
hydroxyethyl methacrylate (HEMA) used to cap the ends of the polyurethane prepolymer.
The morphologies of the latex particles, the film surface, and the fracture surface of the film
were characterized through transmission electron microscopy, atomic force microscopy, and
scanning electron microscopy, respectively. An increase in the grafting ratio resulted in en-
hanced miscibility of the polyurethane and polyacrylate but reduced the adhesion between
particles and increased the minimum temperature for film formation. In addition, grafting
was essential to obtain transparent WPUA films. Excessive grafting induced defects such
as micropores within the film, leading to decreased hardness and adhesive strength. The
optimal HEMA content for the preparation of a WPUA coating with an excellent film-
forming ability and high hardness in ambient conditions was 50%. The final WPUA film
was prepared without coalescence agents that generate volatile organic compounds.

Aqueous polyurethane is an environmentally friendly, low-cost, high-performance
resin with good abrasion resistance and strong adhesion. Cationic aqueous polyurethane
has limited use in cathodic electrophoretic coatings due to its complicated preparation
process and its poor stability and performance after emulsification and dispersion. The
introduction of perfluoropolyether alcohol (PFPE-OH) and the application of light cur-
ing technology can effectively improve the stability of aqueous polyurethane emulsions
and thus enhance the functionality of coating films. In Chen et al.’s study, a new UV-
curable fluorinated polyurethane-based cathodic electrophoretic coating was prepared by
using cationic polyurethane as a precursor, introducing PFPE-OH capping, and grafting
hydroxyethyl methacrylate (HEMA) [11]. The results showed that the presence of perfluo-
ropolyether alcohol in the structure affected the variation in the moisture content of the
paint film after flash evaporation. Based on the emulsion particle size and morphology
tests, the fluorinated cationic polyurethane emulsion was identified as a core–shell structure
with its hydrophobic ends encapsulated in the polymer and its hydrophilic ends on the
outer surface. After abrasion testing and baking, the fluorine atoms of the coating were
found to increase from 8.89% to 27.34%. The static contact angle of the coating to water
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was 104.6◦ ± 3◦, and water droplets rolled off it without traces, indicating that the coating
was hydrophobic. The coating had excellent thermal stability and tensile properties and
proved effective when its impact resistance, flexibility, adhesion, and resistance to chemical
corrosion in extreme environments were tested. This study provided novel insights into
the construction of a new and efficient cathodic electrophoretic coating system, as well as a
greater scope for the promotion of cationic polyurethane in practical applications.

The inability of wounds to heal effectively through normal repair has become a burden
that seriously affects socio-economic development and human health. Therapy for acute
and chronic skin wounds still poses great clinical difficulty due to the lack of suitable
functional wound dressings. While dressings made of polyurethane exhibit excellent
diverse biological properties, they are not functional for clinical needs, and most dressings
are unable to dynamically adapt to microenvironmental changes during the healing process
of chronic wounds at different stages. Therefore, the development of multifunctional
polyurethane composite materials has become a hot research topic. In light of this, the final
review describes how the incorporation of different polymers and fillers into polyurethane
dressings changes their physicochemical and biological properties and describes their
applications in wound repair and regeneration. Liang et al. [12] cover several polymers,
mainly natural-based polymers (e.g., collagen, chitosan, and hyaluronic acid) and synthetic-
based polymers (e.g., polyethylene glycol, polyvinyl alcohol, and polyacrylamide), and
some other active ingredients (e.g., LL37 peptide, platelet lysate, and exosomes). The
design, conversion, use, and application of advanced functional polyurethane-related
dressings are discussed, alongside future development directions, providing reference for
novel designs and applications.

3. Conclusions

This Special Issue covers research on the structural design and performance charac-
terization of polyurethane materials and their composites, as well as their applications in
adhesives, coatings, and UV resins. Effective design and characterization are essential in
creating performant polyurethane materials with wide applications. With continuous re-
search on polyurethane materials, new multifunctional and high-performance polyurethane
materials will continue to emerge. In addition, given national and international interest in
green and environmentally friendly materials, the preparation of sustainable water-based
materials and bio-based polyurethane materials will be the future development trend. In
short, the research on polyurethane materials collated in this Special Issue constitutes a
valuable point of reference for researchers working with related polyurethane materials.
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Abstract: Because of its unique molecular structure and renewable properties, vegetable oil has
gradually become the focus of researchers. In this work, castor oil was first transformed into a
castor oil-based triacrylate structure (MACOG) using two steps of chemical modification, then it
was prepared into castor oil-based waterborne polyurethane acrylate emulsion, and finally, a series
of coating materials were prepared under UV curing. The results showed that with the increase
in MACOG content, the glass transition temperature of the sample was increased from 20.3 ◦C
to 46.6 ◦C, and the water contact angle of its surface was increased from 73.85 ◦C to 90.57 ◦C. In
addition, the thermal decomposition temperature, mechanical strength, and water resistance of the
samples were also greatly improved. This study not only provides a new idea for the preparation
of waterborne polyurethane coatings with excellent comprehensive properties but also expands the
application of biomass material castor oil in the field of coating.

Keywords: waterborne polyurethane acrylate; comprehensive performance; castor oil; UV curing

1. Introduction

Polyurethane acrylate is a kind of cross-linked polymer with a carbamate structure
that is synthesized by a polyaddition reaction of polyol and isocyanate. It is widely used in
coatings, leather, adhesives, and sealants because of its excellent adhesion, flexibility, wear
resistance, and weather resistance [1,2]. However, the viscosity of traditional polyurethane
acrylate is relatively high, and active diluents are usually added to regulate it. The active
diluents commonly used are mainly acrylates with low boiling point, volatile, irritating
odor, and toxicity, which will bring great harm to the environment and human health. With
the increase in people’s awareness of environmental protection and the implementation of
environmental protection policies, people have gradually turned their attention to pollution-
free and green water. Its use as an active diluent in the polymerization process can not only
reduce the viscosity of the polymer but also reduce the release of VOC [3–7] and enhance
operational safety during use. In addition, the coating industry has begun to transform
towards environmentally friendly products. Compared with traditional organic coatings,
UV-cured coatings have advantages such as low VOC emissions, high curing efficiency,
convenient operation, pollution-free properties, and low energy consumption [8–11]. In the
field of photochemistry, UV curing has maintained an unprecedented position in the new
generation of industry-related coating systems, and therefore, UV curing coatings have
become one of the research hotspots.

With the rapid development of modern society, due to the increasing consumption
of petrochemical products, resulting in the increasing shortage of petroleum raw materi-
als, people gradually turn their attention to rich resources and low-cost, renewable, and
biodegradable biomass materials [12–18]. Among numerous biomass materials, vegetable
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oil has received extensive attention from researchers due to its unique molecular struc-
ture, abundant content, suitable price, and biodegradability [19,20]. A variety of modified
vegetable oil products can be prepared by using active sites such as C=C double bond,
hydroxyl group, epoxy group, and ester group on vegetable oil, such as polyol materials
for the synthesis of polyurethane acrylate [21,22]. For example, Wang et al. synthesized
an oleic acid-based primary alcohol using methyl oleate as raw materials, which exhib-
ited high reactivity as a polyurethane soft segment. At the same time, the prepared film
material showed excellent tensile properties [23]. Li et al. synthesized epoxy soybean oil
acrylate with multi-functional hydroxyl groups from epoxy soybean oil and introduced
it into the main chain of waterborne polyurethane acrylate [24]. The results showed that
the epoxy soybean oil-based solidified film had good mechanical and thermodynamic
properties, and its material had been well used in the field of wood coatings. Moreover,
Gaddam et al. used cottonseed oil to synthesize three kinds of phosphorylated polyols
with different hydroxyl values and used them as soft segments of polyurethane to synthe-
size waterborne polyurethane dispersions (PUDs) without industrial hydrophilic chain
extension and catalyst. The three types of PUDs exhibited excellent storage stability, and
the tensile properties, glass transition temperature, thermal stability, hydrophobicity, and
anti-corrosion properties of the coating all improved with the increase of the hydroxyl
value of the phosphorylated polyols [25]. It can be concluded that the introduction of
vegetable oil and its derivatives can effectively improve the mechanical properties and
thermal stability of waterborne polyurethane acrylate coatings. However, few studies have
reported that vegetable oil is used both as a raw material for polyurethane reaction and as
a source of UV-curable double bond monomer.

In this study, castor oil was chemically modified by a two-step method with maleic
anhydride, a biomass resource, to prepare multi-functional castor oil triacrylate (MACOG),
and then different percentages of MACOG were introduced into waterborne polyurethane
acrylate emulsion, and a series of coating materials were prepared by UV curing [26].
Subsequently, the thermodynamic properties, mechanical properties, thermal stability,
gel content, and hydrophobic properties of the coating were tested. It was concluded
that the vegetable oil derivatives could be used to prepare high-performance coating
materials instead of petrochemical resources. Most importantly, this work not only made
the raw materials sustainable but also made the preparation and curing processes green
and pollution-free.

2. Experiment
2.1. Materials

Castor oil (CO) was sourced from Tianjin Fuyu Fine Chemical Reagent Co., Ltd. (Tian-
jin, China). Dibutyltin dilaurate (DBTDL) and maleic anhydride (MA) were purchased
from Tianjin Fuchen Chemical Reagent Co., Ltd. (Tianjin, China). Isophorone diisocyanate
(IPDI), glycidyl methacrylate (GMA), polybutanediol adipate (PBA, 1000 g/mol), hy-
droxyethyl acrylate (HEA), and dimethylol butyric acid (DMBA) were all derived from
Shanghai Maclin Biochemical Co., Ltd. (Shanghai, China). Both hydroquinone and N,
N-dimethylethanolamine (DMEA) were from Tianjin Damao Chemical Reagent Co., Ltd.
(Tianjin, China). Triethylamine (TEA) was from Tianjin Yongda Chemical Reagent Co.,
Ltd. (Tianjin, China). 2-butyl ketone was purchased from Guangzhou Chemical Reagent
Factory. 2-hydroxy-2-methyl-1-phenylacetone (PI-1173) was purchased from Tianjin Jiuri
New Materials Co., Ltd. (Tianjin, China). The above pharmaceutical materials had not been
further processed and had been directly used. The UV equipment (CH-UV06) used was
from Shanghai Yuming Instrument Co., Ltd., Shanghai, China. The UV lamp had a power
of 85 W and a wavelength of 395 nm.

2.2. Synthesis of Castor Oil with Ternary Carboxylic Acid

A total of 34.21 g of castor oil, 9.81 g of maleic anhydride, 0.09 g of hydroquinone, and
0.22 g of DMEA were added to the three-neck round bottling flask. The reaction mixture
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was then heated to 65 ◦C and stirred at 250 r/min until the MA was completely melted.
The mixture was then heated to 105 ◦C and reacted for 3 h to obtain a yellow, transparent,
and viscous liquid of castor oil-based terarboxylic acid, which was named MACO. The
synthesis process is shown in Scheme 1.
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2.3. Synthesis of Castor Oil-Based Triacrylate

A total of 44.02 g of MACO and 0.29 g of DMEA were added to a 250 mL three-necked
round-bottomed flask and heated to 90 ◦C. Then, the mixture of 14.66 g GMA and 0.15 g
hydroquinone was added to the mixture by drops within 30 min and reacted for 4 h. Finally,
a slightly orange viscous liquid of castor oil-based triacrylate was obtained and named
MACOG. The synthesis route is shown in Scheme 2.
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2.4. Synthesis of Waterborne Polyurethane Acrylate Emulsion (WPUA)

First, appropriate amounts of DMBA, PBA, and IPDI were added to a 250 mL three-
necked round-bottomed flask. Two drops of DBTDL and appropriate amounts of 2-
butanone were added to the mixture. The mixture was stirred at 80 ◦C for 3 h in a nitrogen
atmosphere. Subsequently, MACOG with different mass fractions was added to the mixture
by drops within 30 min, and the detailed formula is shown in Table 1. After 4 h of reaction,
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HEA containing 1 wt% hydroquinone was added to the flask. When NCO was completely
consumed, the mixture was cooled to room temperature, and an appropriate amount of
TEA was added and then stirred for 30 min to neutralize the carboxyl group. Finally,
30 wt% deionized water was added and stirred at high speed for 2 h, and 2-butanone was
removed to obtain waterborne polyurethane acrylate dispersion (WPUA). The synthesis
route is shown in Scheme 3.

Table 1. Formula of WPUA.

Samples Mass Fraction of
MACOG (wt%)

Raw Material Formula (g)
IPDI PBA MACOG DMBA HEA TEA

S1 10 4.82 10 1.84 1.14 0.6 0.78
S2 20 5.30 10 4.72 1.14 0.6 0.78
S3 30 5.97 10 7.60 1.14 0.6 0.78
S4 40 6.95 10 12.47 1.14 0.6 0.78
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2.5. Preparation of Waterborne Polyurethane Acrylate Photocurable Film

A certain amount of WPUA lotion and 4 wt% of PI-1173 were added into a 20 mL
glass bottle and stirred evenly to form an aqueous dispersion. Subsequently, the dispersion
was poured into a culture dish and dried at room temperature for 24 h before drying at
60 ◦C for 12 h. Finally, the cured film was obtained by irradiation for 30 s under a UV lamp
with a distance of 2 cm and a light intensity of 387 mW/cm2. The thickness of the obtained
film was 0.4 mm.

2.6. Characterization

The liquid samples CO, MACO, and MACOG were coated on halide chips to form a
liquid film and characterized using Fourier transform infrared spectroscopy (FTIR, Nicolet
iS10, Thermo Fisher, Waltham, MA, USA), with a wavelength range of 500–4000 cm−1.
The proton shift of the product was characterized using a nuclear magnetic resonance
spectrometer (Bruker AV 400, Bruker Biospin AG, Fällanden, Switzerland), and the solvent
used in the test was CDCl3. The dynamic mechanics of the sample were tested using
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the tensile mode of a dynamic thermomechanical analyzer (DMA 242E, German Naichi,
Krefeld, Germany). The size of the test sample was 20.0 mm × 6.0 mm × 0.5 mm, with an
oscillation frequency of 1 Hz, a testing temperature of −80~180 ◦C, and a heating rate of
3 K/min. Formula (1) was used to calculate the cross-linking density of the sample.

Ve = E’/3RT’, (1)

where T’ is the absolute temperature (Tg + 30 ◦C) in the rubber state, E’ is the storage
modulus at T’, and R is the gas constant 8.314 J/(mol·K).

An electronic universal testing machine (UTM4204, Shenzhen Sansi Zongheng Tech-
nology Co., Ltd., Shenzhen, China) was used to test the tensile properties of the cured film
according to the GB/T 1040.2-2006 standard. The tensile speed was set at 20 mm/min, and
the sample size was 40.0 mm × 10.0 mm × 0.5 mm. The thermal stability of the sample in
the nitrogen atmosphere was tested using a thermal analyzer (TG209F1LibraTM, Germany
Nechi instrument manufacturing Co., Ltd. Shanghai, China). The heating rate of the test
was 10 ◦C/min, and the temperature range was 35~800 ◦C. The particle size distribution
and Zeta potential were measured using a laser particle size analyzer (Zetasizer Nano ZSE,
Malvern, Shanghai, China). Before testing, the sample was diluted 100 times with distilled
water. According to the GB/T 30693-2014 standard, a contact angle measuring instrument
(OCA20, DATAPHYSICS, Shanghai, China) was used to test the water contact angle of the
cured film surface. The mass of the sample before testing was m0. The sample was taken
out after soaking in water for 48 h, and the surface moisture was absorbed with filter paper.
The mass of the sample was denoted as m1. This process was repeated three times, and
its average was finally taken. According to Formula (2), the water absorption rate of the
solidified film was calculated.

Water absorption rate = (m1 − m0)/m0 × 100% (2)

The acetone extraction method was used to test the gel content of the solidified film.
The steps were as follows: First, the solidified film with a mass of W0 was accurately
weighed at room temperature and then soaked in a sealed glass bottle containing acetone
for 48 h. After that, the solidified film was taken out and dried in a vacuum oven at 60 ◦C
to a constant weight, and its weight was weighed as W1. The gel ratio was calculated
according to Formula (3).

Gel ratio = (W1/W0) × 100% (3)

The flexibility of the coating was tested according to GB/T 1731-1993. The pencil
hardness of the coating was tested according to GB/T 6739-1996. According to GB/T
9274-1988, the acid and alkali resistance of the coating was tested.

3. Results and Discussion
3.1. Structural Characterization of Products

The infrared spectra of CO, MACO, and MACOG are shown in Figure 1. It could
be seen that the characteristic hydroxyl peak of CO was found at 3421 cm−1. However,
in MACO, the characteristic peak at 3421 cm−1 disappeared, while a wide and strong
carboxyl absorption peak appeared near 2500–3500 cm−1 [27]. This indicated that MACO
had been successfully synthesized through the esterification reaction between CO and MA.
In the infrared spectrum of MACOG, a new hydroxyl peak appeared at 3498 cm−1, and
the characteristic peaks at 1638 cm−1 and 813 cm−1 were attributed to the C=C stretching
vibration absorption peak and the C=H bending vibration absorption peak, respectively.
This indicated that MACOG had been successfully synthesized through the ring-opening
esterification reaction between MACO and GMA. Subsequently, nuclear magnetic tests
were used to further confirm that MACO and MACOG had been successfully synthesized,
and the results are shown in Figure 2. MACO spectra showed that the hydroxyl proton
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peak disappeared at 3.63 ppm in CO, and a new chemical shift peak appeared at 5.00 ppm,
which corresponded to the proton peak of newly formed ester-linked methylene [28]. In the
MACOG spectra, the chemical shift at 3.82–4.54 ppm should be attributed to the methylene
and methylene proton peaks in the structure of methacrylate. The chemical shift of the
-CH2- proton peak attached to the newly formed hydroxy-group appeared at 3.76 ppm,
while the chemical shift of the -CH=CH2 structure in GMA appeared at 5.57–6.18 ppm.
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3.2. Particle Size Analysis of Emulsion

The storage stability of emulsion could be determined by measuring emulsion particle
size distribution and Zeta potential [29]. The test results of the samples are shown in
Figure 3 and Table 2. As can be seen from Figure 3, with the increase in MACOG content,
the mean particle size (From 36.87 nm to 118.60 nm) and particle size distribution (From
0.136 to 0.165) of emulsion showed a trend of increasing and widening, respectively. This
was mainly attributed to the increase in MACOG content, which reduced the relative
content of DMBA in raw materials. After neutralization, the number of ionic groups was
reduced, which would weaken the electrostatic repulsion between dispersed particles
and improve the association of particles. In addition, the increase in MACOG would
also introduce more hydrophobic chain segments, which would not only enhance the
hydrophobicity of oligomers but also improve the cross-linking degree of prepolymers (as
seen in Table 3). It can be seen from Table 2 that the PDI values of all emulsions were less
than 0.3, indicating that they all had good dispersion. There was no obvious precipitation
after 6 months at room temperature, and the Zeta potential was higher than 42.0 mV,
indicating that the WPUA emulsion prepared in this work had good storage stability.
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Mean Particle
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Zeta Potential
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S1 6.20 36.87 ± 0.17 0.136 ± 0.009 44.43 ± 2.32
S2 5.24 45.63 ± 0.27 0.134 ± 0.010 42.73 ± 1.27
S3 4.50 66.37 ± 0.19 0.138 ± 0.004 45.30 ± 1.24
S4 3.66 118.60 ± 0.08 0.165 ± 0.003 55.17 ± 1.69
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Table 3. DMA data and cross-linking density of cured films with different MACOG content.

Samples E25 (MPa) Tg (◦C) E’ at Tg + 30 ◦C
(MPa) υe (×103 mol/m3)

S1 9.21 20.3 2.82 0.35
S2 22.89 22.1 6.39 0.79
S3 99.08 31.2 13.08 1.57
S4 298.59 46.6 23.74 2.72

3.3. Dynamic Thermomechanical Properties

The storage modulus (E’), glass transition temperature (Tg), and loss factor (Tanδ) of
the cured film obtained through dynamic mechanical analysis are shown in Figure 4 and
Table 3. As can be seen from Figure 4, the cured film exhibited a high storage modulus
in the low-temperature region, and its value first increased and then decreased with the
increase in MACOG content. At the same time, the storage modulus of all cured films was
temperature-dependent, and its value decreased with the increase in heating temperature.
The samples all showed a peak of the Tg on the Tan δ curve, which indicated that the cured
film was homogeneous and the compatibility between the substances was good. At the
same time, the peak shape decreased and widened with the increase in MACOG content,
which was mainly related to the increase in the cross-linking density of the cured film [30].
The higher the cross-linking density, the weaker the mobility of the chain segment and the
higher the glass transition temperature. As can be seen from Table 3, with the increase in
MACOG content, the cross-linking density of samples increased, which was mainly related
to the increased double-bond content in the system. The increase in cross-linking density
would weaken the kinematic ability of chain segments in the system and then increase the
Tg of the cured film, resulting in the Tg of the system increased from 20.3 ◦C to 46.6 ◦C.

Polymers 2024, 16, 949 9 of 14 
 

 

density would weaken the kinematic ability of chain segments in the system and then 
increase the Tg of the cured film, resulting in the Tg of the system increased from 20.3 °С 
to 46.6 °С. 

 
Figure 4. DMA curves of cured films with different MACOG content. 

3.4. Mechanical Property 
The test curve of the mechanical properties of the cured film is shown in Figure 5. It 

could be concluded that with the increase in MACOG content, the fracture strength and 
Young’s modulus of the cured film showed a trend of first increasing and then decreasing. 
The increase in fracture strength of cured film was mainly related to the increase in cross-
linking density in the system (As shown in Table 3). However, when the content of MA-
COG reached 40 wt%, the fracture strength and Young’s modulus of the sample were re-
duced. This was mainly because excessive cross-linking density in the system would not 
only lead to poor compatibility between hard and soft segments in the system but also 
cause an uneven distribution of cross-linking sites in the system [31]. When the content of 
MACOG was 30 wt%, the sample S3 had the largest breaking strength, which was about 
23 MPa. 

Figure 4. DMA curves of cured films with different MACOG content.

3.4. Mechanical Property

The test curve of the mechanical properties of the cured film is shown in Figure 5. It
could be concluded that with the increase in MACOG content, the fracture strength and
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Young’s modulus of the cured film showed a trend of first increasing and then decreasing.
The increase in fracture strength of cured film was mainly related to the increase in cross-
linking density in the system (As shown in Table 3). However, when the content of MACOG
reached 40 wt%, the fracture strength and Young’s modulus of the sample were reduced.
This was mainly because excessive cross-linking density in the system would not only
lead to poor compatibility between hard and soft segments in the system but also cause an
uneven distribution of cross-linking sites in the system [31]. When the content of MACOG
was 30 wt%, the sample S3 had the largest breaking strength, which was about 23 MPa.
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3.5. Thermal Stability

The thermogravimetric method was used to analyze the thermal stability of the cured
film, and its TGA and DTG curves are shown in Figure 6. It can be seen from the thermal
decomposition curve that the cured film experienced three thermal degradation stages,
and the degradation below 200 ◦C was mainly related to the residual moisture in the cured
film. The degradation at 230 ◦C to 360 ◦C was mainly related to the decomposition of
carbamate [32]. With the increase in MACOG content, the unstable content of carbamate in
the system was reduced so that the thermal decomposition temperature was increased [33].
The decomposition between 360 ◦C and 500 ◦C was mainly related to the fracture of
soft segments and cross-linking bonds in polyurethane. The temperature corresponding
to a sample mass loss of 5 wt% (T5%) is generally used as the starting decomposition
temperature of the sample. From Table 4, it could be seen that the temperature of sample
S1 at T5% was 231.9 ◦C. With the increase in MACOG content, the T5% value of the sample
further increased, reaching a maximum of 264.7 ◦C. In addition, when the mass loss of the
sample was 30 wt% (T30%), the T30% value of sample S1 was still the smallest, and its trend
of change was consistent with T5%. After all samples were heated at high temperatures,
the residual char rates of samples S1, S2, S3, and S4 at 790 ◦C were 2.5 wt%, 2.6 wt%,
3.2 wt%, and 3.8 wt%, respectively. This indicated that the residual char rate of samples
at high temperatures increased with the increase in MACOG content. All samples in the
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DTG curve exhibited two temperature peaks corresponding to the maximum thermal
weight loss rate, which was caused by the thermodynamic incompatibility between the soft
and hard segments of polyurethane. The thermal decomposition temperature of the hard
segment was lower than that of the soft segment, so the maximum thermal decomposition
rate at low temperatures was mainly related to the degradation of the hard segments. In
addition, as MACOG increased, the cross-linking density of the sample increased, causing
the maximum thermal weight loss rate temperature peak of the sample to shift toward
higher temperatures. It could be concluded that the introduction of MACOG would
increase the cross-linking density of the system, thereby improving the thermal stability of
the system.
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Table 4. Thermogravimetric data of cured films with different MACOG content.

Samples T5% (◦C) T30% (◦C) Carbon Residue Rate (790 ◦C, wt%)

S1 231.9 332.9 2.5
S2 253.9 340.9 2.6
S3 262.0 344.5 3.2
S4 264.7 349.6 3.8

3.6. Contact Angle and Water Absorption

The test results of water absorption and surface water contact angle of the cured
coating are shown in Figure 7. With the increase in MACOG content, the water absorption
of the cured film decreased from 10.49 wt% to 6.36 wt%, and the water contact angle
increased from 73.85◦ to 90.57◦, which indicated that the introduction of MACOG could
effectively improve the water-resistance of the cured film. On the one hand, it was related
to the structure of hydrophobic long-chain fatty acids in MACOG [34]. On the other hand,
it was related to the increased cross-linking density in the system, which enhanced the
compactness of the coating [35].
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3.7. General Performance of Curing Film

The general performance tests of the cured film are shown in Table 5. With the increase
of the content of MACOG, the gel content and pencil hardness of the cured film showed
the same trend of change. The gel ratio increased from 78.44 wt% to 94.71 wt%, and the
pencil hardness increased from HB to 2H, which was mainly related to the increase in the
cross-linking density of the system caused by the increase in MACOG. All cured films
exhibited excellent flexibility, mainly due to the long-chain structure of PBA and the fatty
acid long-chain structure of MACOG. By testing the acid and alkali resistance of the cured
film, it was found that there was no significant change after immersion in HCl aqueous
solution, indicating good acid resistance. However, after soaking in a NaOH solution,
the surface of the cured film appeared white, which was mainly because the ester group
contained in the structure of polyurethane was easy to hydrolysis in NaOH, leading to the
destruction of its structure and weakening its alkali resistance [36].

Table 5. General properties of cured films with different MACOG contents.

Classification S1 S2 S3 S4

Gel rate (wt%) 78.44 87.27 91.88 94.71
Pencil hardness HB H 2H 2H
Flexibility (mm) 2 2 2 2

Acid resistance (0.1 mol/L HCl) Unchanged Unchanged Unchanged Unchanged
Alkali resistance (0.1 mol/L NaOH) Bleach Bleach Bleach Bleach

4. Conclusions

In this work, a new type of multi-functional castor oil-based acrylate (MACOG) was
successfully prepared using castor oil, maleic anhydride and glycidyl methacrylate as raw
materials, and then it was synthesized into waterborne polyurethane acrylate emulsion, a
variety of coating materials were prepared under UV, and the comprehensive performance
of the cured film was evaluated. The results showed that the introduction of MACOG could
effectively improve the thermal stability, glass transition temperature, acid resistance, gel
rate, and breaking strength of cured films. The water contact angle of the coating surface
increased from 73.85◦ to 90.57◦, while the water absorption decreased from 10.49 wt% to
6.36 wt%. This was mainly related to the introduction of MACOG, which improved the
cross-linking density in the system. In conclusion, this work not only prepared coatings
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with excellent comprehensive properties but also improved the added value of castor
oil, which provided a new research idea for using vegetable oil instead of petrochemical
resources to prepare coating products.
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Abstract: In response to the environmental impacts of conventional polyurethane adhesives derived
from fossil fuels, this study introduces a sustainable alternative utilizing lignin-based polyols ex-
tracted from rice straw through a process developed at INESCOP. This research explores the partial
substitution of traditional polyols with lignin-based equivalents in the synthesis of reactive hot melt
polyurethane adhesives (HMPUR) for the footwear industry. The performance of these eco-friendly
adhesives was rigorously assessed through Thermogravimetric Analysis (TGA), Differential Scanning
Calorimetry (DSC), rheological analysis, and T-peel tests to ensure their compliance with relevant
industry standards. Preliminary results demonstrate that lignin-based polyols can effectively replace
a significant portion of fossil-derived polyols, maintaining essential adhesive properties and marking
a significant step towards more sustainable adhesive solutions. This study not only highlights the po-
tential of lignin in the realm of sustainable adhesive production but also emphasises the valorisation
of agricultural by-products, thus aligning with the principles of green chemistry and sustainability
objectives in the polymer industry.

Keywords: polyurethane adhesives; lignin-based polyols; sustainable synthesis; rice straw valorisation;
hot melt adhesives (HMPUR); biopolymers; renewable resources

1. Introduction

Traditional polyurethane adhesives are prevalent in various industries, including
footwear, and are predominantly synthesised from polyols and isocyanates derived from
fossil sources. These adhesives are non-renewable, contributing to a significant environ-
mental impact due to their carbon footprint and sustainability issues [1–3]. The reliance on
petrochemical sources to produce polyurethane highlights the urgent need for sustainable
alternatives in adhesive synthesis, driven by global initiatives and regulations aimed at
reducing environmental harm and promoting sustainability [4–7]. The environmental
impacts of traditional polyurethane adhesives stem from their petrochemical origin, which
is associated with greenhouse gas emissions and depletion of non-renewable resources.
This has led to a growing interest in developing greener adhesives that minimise the use or
generation of hazardous substances, decrease environmental impacts, and reduce energy
consumption throughout their life cycle [8]. Efforts to develop more sustainable adhesives
have included the exploration of bio-based polyols, such as those derived from lignin,
vegetable oils, and other renewable resources; however, these efforts face challenges, in-
cluding the need to match or exceed the performance of traditional adhesives and to ensure
the economic viability of the greener alternatives [9–11]. Lignin-based polyols represent
a promising avenue for adhesive innovation, due to lignin’s abundance as a by-product
of the pulp and paper industry and its unique properties. Lignin is a natural aromatic
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polymer rich in functional hydroxyl groups, making it an attractive bio-based alternative
to fossil-based polyols for the synthesis of polyurethanes. Despite its potential, lignin
remains under-utilised in industrial applications, partly due to challenges in processing
and modifying lignin to achieve the desired reactivity and performance in adhesive formu-
lations [12–14]. Previous works have demonstrated the viability of lignin-based polyols in
producing adhesives with comparable or even superior properties to their petroleum-based
counterparts, addressing both performance and environmental sustainability concerns [5].
The exploration of lignin in adhesive innovation is not new, but its application has gained
momentum due to the pressing need for sustainable material sources. The development
of lignin-based polyols for PU adhesives represents a significant step towards reducing
the environmental impact of adhesives, thus aligning with global sustainability goals
and addressing the urgent need for renewable and less harmful materials in the adhesive
industry [11].

Expanding on these developments, reactive polyurethane hot melt adhesives (HM-
PUR) stand out as a versatile and robust option that is gaining traction across various
industrial and commercial sectors. At room temperature, these adhesives maintain a solid
state and undergo curing upon exposure to moisture, which is facilitated by the reaction
between the polyols and an excess of diisocyanates. This characteristic not only acceler-
ates the setting process but also enhances the bond strength, making HMPUR ideal for
applications demanding quick and durable adhesion. Adopting bio-based polyols, such as
those derived from lignin, further reduces the environmental burden of these adhesives,
supporting the transition towards more sustainable manufacturing practices. In addition
to utilizing bio-based resources, recent research has also emphasised the integration of
recycled polyols into HMPUR formulations. Existing studies have explored the feasibility
of using bio-based polyols from vegetable sources, confirming their capability to meet the
stringent quality standards for footwear applications while integrating a higher percentage
of sustainable materials into adhesive formulations [14]. Moreover, a broader review of
sustainable practices highlighted that materials such as lignin provide a significant hy-
droxyl functionality, which is crucial for polyurethane production, fostering the move
towards a more circular economy through reducing reliance on petrochemicals [15]. Such
advancements underscore the potential for integrating innovative and environmentally
friendly materials into the industries traditionally dominated by petrochemical products.

Building upon this background, our previous study specifically introduced a novel
process developed at INESCOP, employing a steam explosion method to extract lignin
from rice straw waste—a significantly abundant agricultural by-product. This process is
not only innovative, but also critical in addressing the urgent need for more sustainable
waste management practices. The extracted lignin will be then transformed into polyols for
the synthesis of HMPUR, particularly for use in the footwear industry. Our previous work
demonstrated the feasibility of this method, which significantly enhances the accessibility
and reactivity of lignin, facilitating its incorporation into polyol formulations with improved
performance characteristics [16].

The objectives of this study are multifaceted. We aim to demonstrate that lignin-based
polyols can effectively replace a substantial portion of fossil-based polyols without com-
promising the essential properties required for high-quality adhesives. This research also
aligns with broader sustainability and green chemistry goals through valorising agricul-
tural waste and reducing reliance on non-renewable resources [17–20]. Furthermore, the
potential applications of these bio-based polyols in creating adhesives that meet industry
standards for performance and environmental impact are explored.

In conclusion, the application of lignin-based polyols in the synthesis of reactive
polyurethane adhesives presents a tangible step towards more sustainable material pro-
duction. Through rigorous assessments, including Thermogravimetric Analysis (TGA),
Differential Scanning Calorimetry (DSC), rheological analysis, and T-peel tests, this study
aims to establish a new benchmark for the adhesive industry, contributing to its evolution
towards sustainability.
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2. Materials and Methods
2.1. Materials

For the synthesis of the lignin-based polyol, pure absolute ethanol (Panreac Ap-
pliquem, Barcelona, Spain; purity ≥ 99.8%, CAS 64-17-5), ethyl acetate (Quimidroga SA,
Barcelona, Spain; CAS 141-78-6), and hydrochloric acid solution (ITW Reagents, Barcelona,
Spain; 35%, CAS 7647-01-0) were used.

Regarding the synthesis of adhesives, conventional polyols as well as the more sustain-
able polyol obtained from lignin were used. This lignin-based polyol is denoted as LIGNOC
(Mw = 929 g/mol, IOH = 182.25 mg kOH/g), which was developed at INESCOP; its proper-
ties were measured at the University of the Basque Country UPV/EHU. The 1,4-butanediol
polyadipate (Hoopol F-580 Synthesia Technology, Barcelona, Spain; Mw = 3000 g/mol,
IOH = 37–40 mgKOH/g) and polypropylene glycol (Quimidroga SA, Barcelona, Spain;
Mw = 425 g/mol, IOH = 250–270 mgKOH/g) were used as polyols from fossil resources,
and 4,4-diphenylmethane diisocyanate (MDI) (98% purity, Sigma Aldrich, Barcelona, Spain)
was used as isocyanate.

2.2. Lignin-Based Polyol Synthesis Method from Rice Straw

Building on our prior work, this study utilised lignin derived from the supernatant of
a steam explosion process designed for cellulose extraction from rice straw, as comprehen-
sively detailed in [16]. This foundational process involves treating rice straw at 200 ◦C to
facilitate the separation of cellulose and lignin, capturing the lignin in the supernatant.

For the current study, 20 g of this lignin (step I) was dissolved in a 50/50 mixture of
ethanol and water (60 mL of each) to promote solubilisation. The lignin raw material and
subsequent processing steps are illustrated in Figure 1. After mixing, the lignin solution was
subjected to organosolvent fractionation (step II) at 200 ◦C for 75 min to further break down
its complex structure, called fractionation. The treated mixture was then vacuum filtered
to separate the liquid fraction (black liquor) from the solids. The filtrate was processed
through ultrasonication for one hour (step III), utilizing 35% of the power and 10 s on/off
cycles, which helped to further degrade the lignin into smaller components. This step was
crucial for preparing the lignin for subsequent chemical manipulation [21–23].
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The black liquor was then subjected to rotary evaporation (step IV) in order to remove
the ethanol, thus concentrating the lignin derivatives. The pH of this concentrated solution
was adjusted to 2.5 using 6M hydrochloric acid. To enhance the separation of lignin
derivatives, 80 mL of ethyl acetate was added. Phase separation was conducted using
a separatory funnel (step V), where the ethyl acetate layer containing the lignin-derived
polyol was carefully isolated.

The isolated ethyl acetate phase underwent a second rotary evaporation (step VI) to
remove any residual solvent. The resultant polyol (step VII) was then purified by agitation
in a washing bath to eliminate traces of ethyl acetate, thus ensuring its purity [24,25].

This refined method transforms lignin from rice straw into a high-value polyol suit-
able for producing HMPUR. The approach not only leverages rice straw, an agricultural
by-product, as a feedstock for advanced material applications, but also exemplifies the
scalability of our initial extraction process.
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2.3. Reactive Polyurethane Hot Melt Adhesives (HMPURs) Synthesis Process

The synthesis process for reactive hot melt polyurethane adhesives can be affected by
several factors, such as the molecular weight of the polyols used, the functionality of both
polyols and isocyanate, or the stoichiometric ratio between the raw materials (NCO/OH).

Reactive polyurethane hot melt adhesives were synthesised using the prepolymer
method [1,26], with an optimal NCO/OH index of 1.5.

The procedure followed for the synthesis and application of the adhesives is shown in
Figure 2. First, the polyols were melted and mixed at 90 ◦C in a glass reactor jacketed with
thermal oil (step VIII), subjected to constant mechanical stirring of 300 rpm (Heidolph RZR
2021, Kel-heim, Germany) in a nitrogen atmosphere, according to previous research [14].
The isocyanate was then added. The progress of the reaction was monitored by determining
the percentage of free NCO through the dibutylamine titration method [27]. Once the
desired percentage of free isocyanate had been reached (Table 1), the reaction was stopped
and the HMPUR adhesive was transferred in a melted state to a hermetically sealed
cartridge, where the reaction continued for 18 h (annealing process). The airtight cartridge
allowed for the subsequent application of the adhesive by means of a manual heat gun
(step IX).
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Table 1. Nomenclature and formulation of synthesised adhesives with PPG and lignin-based polyol
percentages and desired free NCO%.

Formulation Lignin-Based Polyol wt.% PPG wt.% Desired Free NCO (%)

HMPUR-REF - 100.0 3.75
LIGNOC-2.5% 2.5 97.5 3.70
LIGNOC-5% 5 95.0 3.67

LIGNOC-7.5% 7.5 92.5 3.63

In the synthesis of HMPUR, the reference formula employed an equal mixture of
1,4-butanediol polyadipate and polypropylene glycol (PPG). A key component of this study
involves conducting multiple syntheses in which this PPG is partially substituted with the
polyol synthesised from rice straw in proportions of 2.5%, 5%, and 7.5%, as detailed in
Table 1.

2.4. Characterisation Techniques
2.4.1. Fourier Transform Infrared Spectroscopy (FTIR)

The chemical structure was studied using a Varian 660-IR (Varian Australia PTY LTD,
Mulgrave, Australia) with a diamond prism. A total of 16 scans were averaged, with a
resolution of 4 cm−1, the range analysed being from 500 to 4000 cm−1 with attenuated total
reflection (ATR) technology [28].

2.4.2. Thermogravimetric Analysis (TGA)

The thermal stability was evaluated using a TGA 2 STARe System thermal balance,
equipped with the STARe v16.4 software from Mettler-Toledo, Switzerland. A sample size
of approximately 7 to 10 mg of the adhesive was placed into an alumina crucible. The
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sample was then heated from 30 to 600 ◦C at a rate of 10 ◦C/min under an inert nitrogen
atmosphere, with a nitrogen flow rate of 30 mL/min [29,30].

2.4.3. Differential Scanning Calorimetry (DSC)

The thermal behaviour was studied using a DSC3 + STARe Systems calorimeter from
Mettler-Toledo AG, Schwerzenbach, Switzerland. The experiments used samples weighing
between 9 and 12 mg placed in aluminium pans, and were carried out in an inert nitrogen
atmosphere with a flow rate of 30 mL/min and a temperature change rate of 10 ◦C/min.
The analysis included two sequential runs: (i) Initial heating from −15 ◦C to 110 ◦C,
followed by isothermal maintenance at 110 ◦C for three minutes to remove the sample’s
thermal history, and (ii) a second heating phase from −65 ◦C to 100 ◦C, succeeded by
isothermal cooling at 25 ◦C for 45 min. The optimal conditions for these DSC experiments
were previously determined by the authors in earlier research [31].

2.4.4. Rheological Analysis

The viscoelastic properties were determined on a Kinexus Pro+ rheometer (Malvern
Panalytical, Malvern, UK). A 25 mm diameter aluminium top plate was used, on which
50 mL of the sample was placed.

For the polyol, a gap of 0.1 mm was set between the plates, and the tests were carried
out with a shear rate sweep from 0.01 to 1000 s−1 (50 ◦C). For the adhesives, a gap of 0.4 mm
was set, and a cooling sweep was performed from 160 to 25 ◦C, maintaining a cooling rate
of 5 ◦C/min and using a constant frequency of 1 Hz at a deformation equal to 1%.

2.4.5. T-Peel Strength Test

The adhesion properties were assessed using the method outlined in the EN 1392:2007
standard [32]. For this evaluation, in addition to the reference adhesive and the newly
synthesised adhesives, reference materials commonly used in footwear were used as
substrates for the adhesive bonds. A medium-hard vulcanised styrene–butadiene rubber
SBR-2 was used as the reference sole material, while chrome-tanned split leather was used
as the upper reference material. Both materials were supplied by Proyección Europlan XXI
S.L. and were die-cut into 150 × 30 mm specimens.

Prior to forming the joints, each material underwent specific surface treatments. The
split leather samples were roughened using a P100 aluminium oxide abrasive cloth (Due
Emme Abrasivi, Pavia, Italy) at 2800 rpm on a roughing machine from Superlema S.A.
(Zaragoza, Spain). The SBR-2 rubber was roughened and then halogenated using a 2 wt%
trichloroisocyanuric acid solution in ethyl acetate. The upper to sole adhesive joints,
measuring 150 × 30 mm, were then prepared by bonding leather/HMPUR/SBR rubber.

The joint formation process began 30 min after applying the adhesive, where both
adhesive films were activated by exposing them to infrared radiation at 80 ◦C in a CAN
02/01 temperature-controlled heater from AC&N (Elda, Spain). Immediately after, the
materials were pressed together under a pressure of 1.8 bar for 10 s to ensure a strong bond.
The adhesive joints were then conditioned at 23 ◦C and 50% relative humidity for 72 h.
T-peel strength was finally evaluated using an Instron 34TM-10 universal testing machine
(Instron Ltd., Buckinghamshire, UK) at a cross-head speed of 100 mm/min [33]. The bond
strength values were calculated based on the width and scale of the test pieces, leading
to an average and typical deviation calculated from five samples per joint. Failure modes
were assessed according to ISO standard 17708 [34].

3. Results and Discussion

Throughout this section, the experimental results obtained are precisely described, and
their interpretation and discussion are presented. With reference to the characterisation,
the lignin polyol obtained was analysed through DSC, TGA, and FTIR, while the adhesives
were characterised using FTIR, DSC, TGA, rheology, and T-peel strength tests.
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3.1. Polyol Characterisation

After the polyol synthesis, an experimental characterisation of the product was carried
out. The chemical composition was first studied using FTIR, with the spectra obtained
shown in Figure 3.
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The FTIR-ATR spectra illustrated in Figure 3 reveal distinct absorption bands that are
indicative of various functional groups inherent to the lignin structure and the modifications
involved in polyol synthesis. The spectrum displayed a broad absorption band in the region
of 3500–3300 cm−1, related to the stretching vibration O-H of the hydroxyl group, common
in polyols. Furthermore, 2969 and 2931 cm−1 peaks were assigned to the vibrations of
aliphatic C-H bonds of methylene and methyl groups, indicating the presence of saturated
hydrocarbon chains [35].

The absorption peak at 1712 cm−1 was identified as corresponding to carbonyl (C=O)
stretching in unconjugated ketonic or ester groups, which are often introduced in lignin
during the oxidative modification processes [36].

Finally, the phenylpropane skeleton of lignin—a fundamental component of its macro-
molecular structure—was evidenced by sharp and distinct bands at 1612, 1515, and
1457 cm−1. These bands are typically assigned to the vibrations of C=C bonds within
the aromatic rings, confirming the retention of aromatic structures within the polyol. Fur-
thermore, the stretching vibrations of C-O bonds with a specific peak at 1118 cm−1 is
associated with C-O in secondary alcohols and aliphatic ethers [23]. The FTIR-ATR spectral
data corroborate the chemical structure of the lignin-derived polyol, providing insight into
the functional groups that contribute to its application potential in various polymeric and
material science contexts.

The thermal stability of the polyol was then evaluated through TGA. Figure 4a shows
the weight loss obtained, and its derivate is shown in Figure 4b; the results are collected in
Table 2.

Table 2. Decomposition temperatures and weight loss data obtained from TGA for the developed
lignin-based polyol.

Sample T1 (◦C) ∆w1 (wt%) T2 (◦C) ∆w2 (wt%) Residue (%)

Lignin-based polyol
LIGNOC 140 25 302 37 28
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Regarding the weight loss derivate, it is possible to understand how the thermal
degradation takes place in two different areas. The first area—between 100–200 ◦C—
shows a maximum degradation peak at 140 ◦C, which could be assigned to the most
volatile compounds present in the polyol. Meanwhile, the second degradation area appears
between 200–500 ◦C, with a maximum peak at 302 ◦C associated with the degradation of
lignin, as well as other oligomers present in the structure of the polyol [21].

In this way, the thermal properties of the polyol were also evaluated by DSC. The
DSC curve obtained in the second heating sweep is shown in Figure 5, from which it can
be observed that the polyol presents an amorphous state, with a single glass transition
temperature of −40 ◦C [37].
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Finally, plate–plate rheometry was used to determine the viscosity of the polyol—a
parameter that represents its flow resistance. Figure 6 shows the result obtained in the
shear rate sweep, from which it can be observed that the polyol presents a non-Newtonian
pseudoplastic behaviour, decreasing its viscosity as the shear stress increases [38–40].
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3.2. HMPURs Synthesis and Characterisation

The reaction time and free isocyanate (%NCO) measurement are crucial aspects in the
synthesis of polyurethane adhesives, as detailed in Table 3, which presents the reaction
conditions. Accurately measuring the reaction time is vital as it directly influences the
final properties of the adhesive, such as viscosity, strength, and flexibility. In addition, the
amount of free NCO at the end of the process is a key indicator of the reactivity and complete
conversion of the precursors into the final product. Monitoring these parameters allows for
the optimisation of the synthesis process to obtain polyurethane adhesives with desirable
characteristics, ensuring consistent, high-quality performance in the final applications.

Table 3. Obtained conditions of the synthesised adhesives.

Adhesive Reaction Time (min) Free Isocyanate (%NCO)

HMPUR-REF 60 3.87
LIGNOC-2.5% 26 3.85
LIGNOC-5% 16 3.68

LIGNOC-7.5% 9 3.35

The values shown in Table 3 reflect the high reactivity of the developed lignin polyol,
obtaining a reduction in reaction time of more than 50% for the synthesis with the lowest
substitution and reaching a reduction of 85% in the synthesis time for the highest PPG
substitution. Otherwise, the final free isocyanate obtained was almost constant in all of
the adhesives.

Regarding the adhesive characterisation, first, the chemical composition of the ad-
hesives was studied using FTIR. Figure 7a shows the spectra obtained for the recently
applied adhesive, from which it can be seen that the band corresponding to free -NCO
appears in all cases for a wavelength of ~2250 cm−1. This band is characteristic of uncured
polyurethane adhesives, and it was observed that the incorporation of the lignin-based
polyol did not produce the appearance of any new bands in the spectra analysed, when
compared with the reference HMPUR. Figure 7b shows the spectra obtained after 24 h
of adhesive application, with a decrease in the band corresponding to the free -NCO in
the case of adhesives with lignin-based polyols, corresponding to the consumption of free
-NCO during the curing reaction with ambient moisture and, thus, showing much faster
curing compared with the reference adhesive.
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The thermal stability of the adhesives was then evaluated through TGA. Figure 8a,b
show the comparison of the mass loss obtained for each sample and its derivate, respectively.
All of the numerical results are collected in Table 4.

The data collected in Table 4 suggest that the addition of lignin-based polyol to the
adhesives did not affect the thermal stability of the formulations with lower concentrations
(LIGNOC-2.5% and LIGNOC-5%), maintaining thermal decomposition parameters compa-
rable to the reference adhesive. However, the formulation with the highest substitution
(LIGNOC-7.5%) demonstrated a marked improvement in thermal stability, evidenced by
an increase in the first decomposition temperature, as well as a higher residue content. This
increase in thermal stability and post-decomposition residue percentage can be attributed
to the aromatic structure of lignin and its inherent thermal resistance, which provides
greater structural integrity to the adhesive under high-temperature conditions [39,41,42].
Furthermore, observing Figure 8b, it is possible to verify that the ratio between hard
segments—coming from isocyanate and low molecular weight polyols (decomposition
above 338–400 ◦C)—and soft segments—coming from high molecular weight polyols
(decomposition between 400–416 ◦C)—was maintained.
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Table 4. Decomposition temperatures and weight loss data obtained from TGA for the HMPUR
adhesives.

Adhesive T1 (◦C) ∆w1 (wt%) T2 (◦C) ∆w2 (wt%) T3 (◦C) ∆w3 (wt%) Residue (%)

HMPUR-REF 334 62 399 33 - - 7

LIGNOC-2.5% 333 60 400 34 - - 7

LIGNOC-5% 334 58 399 34 - - 9

LIGNOC-7.5% 341 50 375 32 438 6 12
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Thus, a slower decomposition rate is observed as the concentration of incorporated
lignin-based polyol increases, suggesting that a higher content of it in the soft segments
promotes a more stable matrix at high temperatures, which is critical for applications
demanding high heat resistance in polyurethane adhesives [43,44].

Thereafter, the thermal behaviour of the adhesives was evaluated using DSC. Figure 9
shows the DSC curve corresponding to the second heating sweep, obtained after eliminating
the thermal history of the adhesives during the first temperature sweep. The obtained glass
transition temperature (Tg) values are included in Table 5.
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Table 5. Glass transition temperatures obtained from DSC thermograms of the HMPUR adhesives.

Adhesive Tg (◦C)

HMPUR-REF −18.86
LIGNOC-2.5% −17.02
LIGNOC-5% −18.06

LIGNOC-7.5% −14.21

The reference adhesive shows a glass transition temperature around −19 ◦C, while the
substitution of polypropylene glycol with the lignin-based polyol resulted in an increase
in Tg for all cases. These results imply that even a small amount of lignin-based polyol
acts to stiffen the adhesive matrix. This effect becomes more pronounced with higher
concentrations of lignin-based polyol, observing that it contributes significantly to the
rigidity of the adhesive, increasing the glass transition temperature even more at the highest
substitution. Overall, these observations indicate that the polyol used predominantly
influences the amorphous regions of the polymer, leading to progressively higher glass
transition temperatures as the concentration of lignin increases, potentially due to increased
interactions between polymer chains or alterations in the polymer structure introduced by
the lignin-based polyol [7,45].

The complex viscosity of the adhesives was also evaluated through plate–plate rheol-
ogy. As shown in Figure 10, in all cases, the complex viscosities of the new adhesives were
higher than that of the reference adhesive.
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analysis.

From Figure 10, it is possible to notice how, in all cases, the complex viscosity de-
creased logarithmically with temperature, which is typical for polymers as their mobility
increases [46,47]. The modification of the reference adhesive with different concentrations
of lignin-based polyol increased the complex viscosity in all cases for the temperature
range studied. This increase can be attributed to a higher rate of chain interactions due to
the lignin-based polyol restricting the mobility of the polymer. It should be pointed out
that the LIGNOC-7.5% adhesive had a markedly higher viscosity than the other adhesives
throughout the entire range, which could result in difficulties in application using a heated
manual gun at lower temperatures, where the difference in viscosities is higher.

Finally, T-peel tests were performed to evaluate the adhesion in upper to sole split/
adhesive HMPUR/SBR rubber joints—the most demanding test in the footwear sector.
Figure 11 shows the results obtained after the peel test.
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Figure 11. T-peel test results after 72 h from the bonding time.

All adhesives showed a lower adhesive strength than the reference adhesive. However,
all of them met the minimum requirements for footwear, according to the standard EN
15307:2015 [48], which indicates a peel strength ≥3.5 N/mm for moderate-/high-demand
footwear. Additionally, it is crucial to evaluate not only the peel resistance value but also
the nature of the bond; specifically, the appearance of the surface when peeled off, as shown
in Figure 12.

Polymers 2024, 16, x FOR PEER REVIEW 12 of 16 
 

 

 
Figure 11. T-peel test results after 72 h from the bonding time. 

 
Figure 12. Appearance of samples after T-peel test. From left to right: HMPUR-REF, LIGNOC-2.5%, 
LIGNOC-5%, and LIGNOC-7.5%. 

Typically, failures in adhesion can be categorised as either adhesion failures, where 
the separation occurs between two different materials, cohesive failures, where the sepa-
ration happens within the same material, or a mixture of both types [14]. In this case, both 
bonding performed with the reference adhesive and the bio-adhesives showed adhesion 
failure, as determined through the visual checking of the samples after the test, where the 
adhesive remained on one of the substrates after the separation, concretely separating 
from the SBR rubber. 

4. Conclusions 
This study provided compelling evidence supporting the advancement of sustaina-

ble adhesive production through the use of lignin-based polyols derived from agricultural 
by-products, such as rice straw. The exploration and utilisation of lignin—an abundant 
and under-utilised natural resource—in the synthesis of HMPUR has significant environ-
mental and industrial implications. 

Our research established that lignin-based polyols can effectively replace a substan-
tial portion of fossil-based polyols without compromising the essential adhesive proper-
ties. After successful conversion from rice straw-derived lignin to polyol, the experimental 
outcomes revealed that the adhesives synthesised with up to 7.5% lignin-derived polyol 
not only maintained comparable thermal and mechanical properties but, in some in-
stances, showed an enhanced thermal stability and higher residue content after decompo-
sition. This indicates an improvement in the structural integrity and resistance of the 

Figure 12. Appearance of samples after T-peel test. From left to right: HMPUR-REF, LIGNOC-2.5%,
LIGNOC-5%, and LIGNOC-7.5%.

Typically, failures in adhesion can be categorised as either adhesion failures, where the
separation occurs between two different materials, cohesive failures, where the separation
happens within the same material, or a mixture of both types [14]. In this case, both
bonding performed with the reference adhesive and the bio-adhesives showed adhesion
failure, as determined through the visual checking of the samples after the test, where the
adhesive remained on one of the substrates after the separation, concretely separating from
the SBR rubber.

4. Conclusions

This study provided compelling evidence supporting the advancement of sustainable
adhesive production through the use of lignin-based polyols derived from agricultural
by-products, such as rice straw. The exploration and utilisation of lignin—an abundant and
under-utilised natural resource—in the synthesis of HMPUR has significant environmental
and industrial implications.
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Our research established that lignin-based polyols can effectively replace a substantial
portion of fossil-based polyols without compromising the essential adhesive properties.
After successful conversion from rice straw-derived lignin to polyol, the experimental
outcomes revealed that the adhesives synthesised with up to 7.5% lignin-derived polyol
not only maintained comparable thermal and mechanical properties but, in some instances,
showed an enhanced thermal stability and higher residue content after decomposition.
This indicates an improvement in the structural integrity and resistance of the adhesives at
elevated temperatures. Moreover, the integration of lignin-based polyols accelerated the
curing process and increased the glass transition temperature, suggesting the potential for
higher performance in applications demanding robust thermal characteristics.

The successful incorporation of lignin-based polyols in HMPUR adhesives represents
a significant stride towards reducing the carbon footprint of polyurethane adhesives.
Through leveraging bio-based resources, the adhesive industry can diminish its reliance on
non-renewable petrochemicals, thus aligning with global sustainability goals. Furthermore,
the use of agricultural waste not only helps in waste reduction but also adds value to
otherwise low value by-products. The environmental benefits, coupled with the retention
and even enhancement of adhesive properties, underscore the potential of lignin-based
polyols as a pivotal component in the future of green chemistry.

Looking forward, it is imperative to expand the scope of research to optimise the
extraction and modification processes of lignin, in order to enhance its compatibility and
performance in adhesive formulations. Additionally, exploring other types of agricultural
and industrial wastes as potential sources of lignin could further broaden the resource
base. Potential applications could extend beyond the footwear industry, into areas such
as the automotive, construction, and packaging industries, in which the demand for
strong, durable, and environmentally friendly adhesives has been increasing. Moreover,
advancing our understanding of the interactions between lignin-based polyols and other
polymer components could lead to innovations in other types of polymers and composites,
potentially opening new avenues for the use of sustainable materials in various high-
performance applications.

In summary, the adoption of lignin-based polyols in the synthesis of polyurethane
adhesives both supports environmental sustainability and presents an opportunity for the
adhesive industry to contribute actively to a more circular economy. Continued research
and development in this field are crucial to overcoming existing challenges and unlocking
the full potential of bio-based polyols in commercial adhesive applications.
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Abstract: Metal corrosion poses a substantial economic challenge in a technologically advanced
world. In this study, novel environmentally friendly anticorrosive graphene oxide (GO)-doped
organic-inorganic hybrid polyurethane (LFAOIH@GO-PU) nanocomposite coatings were developed
from Leucaena leucocephala oil (LLO). The formulation was produced by the amidation reaction of LLO
to form diol fatty amide followed by the reaction of tetraethoxysilane (TEOS) and a dispersion of GOx

(X = 0.25, 0.50, and 0.75 wt%) along with the reaction of isophorane diisocyanate (IPDI) (25–40 wt%) to
form LFAOIH@GOx-PU35 nanocomposites. The synthesized materials were characterized by Fourier
transform infrared spectroscopy (FTIR); 1H, 13C, and 29Si nuclear magnetic resonance; and X-ray
photoelectron spectroscopy. A detailed examination of LFAOIH@GO0.5-PU35 morphology was con-
ducted using X-ray diffraction, scanning electron microscopy, energy-dispersive X-ray spectroscopy,
and transmission electron microscopy. These studies revealed distinctive surface roughness features
along with a contact angle of around 88 G.U preserving their structural integrity at temperatures of
up to 235 ◦C with minimal loading of GO. Additionally, improved mechanical properties, including
scratch hardness (3 kg), pencil hardness (5H), impact resistance, bending, gloss value (79), crosshatch
adhesion, and thickness were evaluated with the dispersion of GO. Electrochemical corrosion studies,
involving Nyquist, Bode, and Tafel plots, provided clear evidence of the outstanding anticorrosion
performance of the coatings.

Keywords: bio-resource; polyurethanamide; organic-inorganic hybrid; nanocomposite; coating;
corrosion inhibition

1. Introduction

Corrosion is a process that diminishes the strength and integrity of metallic materi-
als [1]. It can be initiated by both natural processes and human activities and is influenced
by a range of factors, including humidity, gaseous surroundings, electrolytes, temperature,
and pH variations [2,3]. The economic consequences associated with corrosion are notably
substantial, and the corrosion protection coating market is anticipated to witness robust
expansion, progressing from an initial valuation of USD 10.4 billion in 2023 to a projected
sum of USD 12.4 billion by the year 2028 [4]. This expense increases in parallel with
technological advancement, affecting the worldwide economy and human welfare. The
utilization of polymeric coatings emerges as a prime strategy to protect metallic materials
against corrosive environments. Amongst the various polymeric materials employed as
coatings, organic-inorganic hybrid (OIH) coatings stand out for their extensive utilization
for advanced applications [5,6]. The utilization of OIH materials has garnered consid-
erable attention in the research field due to their capacity to systematically amalgamate
and regulate properties stemming from both organic and inorganic components. These
hybrid materials are distinguished by their exceptional mechanical, thermal, cryogenic,
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and dynamic attributes, rendering them highly advantageous for a wide spectrum of chal-
lenging applications [5]. Significantly, these applications encompass the development of
coatings for automotive, aircraft, aerospace, optically active films, contact lenses, packaging
materials, abrasion-resistant paints, and protective coatings [7].

The escalating environmental apprehensions encompassing issues like toxicity, high
cost, gas flaring, and industrial/domestic waste, coupled with the volatile and unpredictable
pricing dynamics of petroleum-derived feedstocks, bear significant emphasis. The global
economy’s dependence on this exhaustible, environmentally non-benign resource underscores
the necessity of replacing this indispensable energy and feedstock source with sustainable,
eco-friendly materials [8]. Hence, in the development of OIH materials, the substitution of
petroleum-derived organic components with bio-based alternatives such as polysaccharides,
cellulose, proteins, cashew nut shell liquid, and vegetable seed oils (VSOs) offers advantageous
prospects [9]. VSOs have gained notable recognition as a promising source of bio-polyols,
largely due to their abundant accessibility, uncomplicated processing, and inherent chemical
versatility [10]. Organic domains derived from vegetable oils exhibit significant promise as
viable substitutes of petroleum products resulting in improved performance attributes with
substantial ecological and economic implications. Various materials obtained from VSOs,
such as soybean, rapeseed, castor, and Leucaena leucocephala (LL), have been meticulously
designed to cater to specific application requirements [9]. Among different VSOs, LL oil
(LLO), produced from LL, a member of the Fabaceae family, is an agro-industrial product
with diverse applications in the realm of bioenergy. LLO derivatives like polyetheramide,
polyesteramide, and polyurethane have been utilized in the field of anticorrosive coatings.
But there is a further need to improve their mechanical and anticorrosive performance.

Integrating graphene oxide (GO) into polymers as nanocomposites offers notable bene-
fits, including improved flexibility and electrical conductivity through its enhanced electron
mobility and surface area, as shown by graphene’s versatile use in various applications [11].
In recent times, there has been a surge of interest in GO-doped OIH materials among re-
searchers due to their strong thermal and electrical stability and mechanical strength, with
graphene emerging as a pivotal dispersion component. Al Rashed et al. [12] synthesized
polyurethane/polysiloxane OIH hybrid coatings filled with GO, which revealed good me-
chanical and optical properties. The results demonstrated that GO, along with isocyanate
treatment, reduced oxygen and moisture penetration in the coatings. The effect of GO
facilitated polysiloxane condensation on their surfaces, enhancing corrosion protection on alu-
minum alloy surfaces. Harb et al. [13] designed GO-doped OIH coatings for protecting steel
surfaces from corrosion by benzoyl peroxide-induced polymerization of methyl methacrylate
covalently bonded through 3-(trimethoxysilyl)propyl methacrylate to silica domains formed
by the hydrolytic condensation of tetraethoxysilane. Ahmad et al. [5] fabricated OIH coatings
composed of polyurethane fatty amide and silica components under ambient conditions. The
synthesized material had high physicomechanical, chemical, and thermal stability and was
produced with the objective of addressing corrosion issues in mild steel. A literature survey
reveals that no work has been reported on the proposed research work.

The aim of the current study is to achieve a sustainable and environmentally friendly
synthesis of GO-doped LLO-based organic-inorganic hybrid (LFAOIH) polyurethane (PU)
material (LFAOIH@GO-PU) for advanced anticorrosive application. TheLFAOIH@GO-
PU formulation was produced in two simple steps: (i) preparation of LLO-based diol
fatty amide (LLFAD) and (ii) reaction of freshly prepared LLFAD with tetraethoxy silane
(TEOS) to form an organic-inorganic hybrid (LFAOIH), followed by in situ dispersion of
GO (different percentages) to form LFAOIH @GO, followed by the reaction of isophorane
diisocyanate (IPDI) to form ambient cured LFAOIH@GO-PU coating material. The present
work explores the utility of synthesized nanocomposite material in mechanically robust
chemically resistant and anticorrosive coatings. Notably, the study pioneers the application
of Electrochemical Impedance Spectroscopy (EIS) to elucidate the corrosion protection in
the presence of 3.5% NaCl, employing Nyquist and Bode plots over for 12 days along
with the potentiodynamic (Tafel) analysis. The investigation also encompasses the struc-
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tural validation through Fourier transform infrared (FTIR), 1H/13C/29Si Nuclear magnetic
resonance (NMR) and X-ray photoelectron spectroscopy (XPS). Additionally, the morphol-
ogy is scrutinized using X-ray diffraction (XRD), scanning electron microscopy (SEM),
and transmission electron microscopy (TEM). The thermal stability aspect is addressed
through thermogravimetric and differential scanning calorimetry analysis (TGA/DTG and
DSC). Furthermore, the introduced one-pot synthesis process from LLFAD contributes
significantly to the fabrication of eco-friendly polymeric protective coatings.

2. Experimental
2.1. Materials and Methods

The study involved the extraction of Leucaena leucocephala seed oil from mature legumes
collected at the University Campus of King Saud University. The seeds were subsequently
ground into a powdered form, and the oil was then extracted from the powdered seeds
utilizing a Soxhlet apparatus with petroleum ether as the chosen solvent. The elimination
of ether was achieved through the use of a vacuum rotary evaporator [14]. Diethanolamine
was procured from AppliChem GmbH in Darmstadt, Germany, while sodium metal,
sodium chloride, and toluene were acquired from Winlab in the United Kingdom. Addi-
tionally, the reagents TEOS (98%) and IPDI (98%) were sourced from Acros Organics in NJ,
USA. Notably. GO was obtained from Grafen Chemical Industries Co in Ankara, Turkey.
Diethyl ether, methanol, and dibutyltin dilaurate were purchased from Sigma-Aldrich in St.
Louis, NJ, USA.

2.2. Synthesis of Leucaena leucocephala Fattyamide Diol (LLFAD)

LLFAD was prepared as per the reported method [5].

2.3. Synthesis of LFAOIH and Its PU (LFAOIH-PU30-40)

Freshly prepared LLFAD (14 g, 0.04 mole) was introduced into a three-necked conical
flask equipped with essential apparatuses, including a dropping funnel, thermometer, and
condenser. Sequentially, 8.32 g (0.04 moles) of TEOS was added in a controlled manner
over a 30 min interval under continuous agitation at room temperature. Upon complete
incorporation of TEOS, the reaction mixture was subjected to an elevated temperature of
80 ± 5 ◦C for 1 h. The contents were further heated at 120 ± 5 ◦C for 1 h to complete
the reaction. The progression of the reaction was diligently monitored via appearance of
contents (conversion of fogginess to clear) and FTIR. Subsequently, the reaction mixture un-
derwent gradual cooling to ambient temperature while maintained in continuous agitation.
Within the same experimental context, incremental additions of IPDI were meticulously
introduced, each at varying proportions (30, 35, and 40% with regard to LLFAD) over
30 min duration with a drop of DBTL and maintained the temperature at 60 ◦C for 3 h.
A minute volume (8–12%) of toluene was incorporated to sustain the desired viscosity.
The trajectory of the reaction was monitored by FTIR. The resulting LFAOIH-PU products
were denoted as LFAOIH-PU30, LFAOIH-PU35, and LFAOIH-PU40, the subscript numeral
indicating the % of IPDI.

2.4. Synthesis of LFAOIH@GO and Their PU Nanocomposite (LFAOIH@GOx-PU35)

LFAOIH was synthesized as the aforementioned setup with an equimolar amount of
LLFAD and TEOS (0.04 moles). GOX (X = 0.25%, 0.50% and 0.75% w.r.t. LLFAD), initially
dispersed (by sonication for 10 min) in minimal amounts of toluene, was added in the same
pot at the same temperature. The temperature was maintained for 1 h. The reaction progress
was tracked by using viscosity and FTIR. Afterward, the mixture was slowly cooled with
continuous agitation. In the same vessel, an optimized 35% IPDI, along with a drop of
DBTL, was added over 30 min and at 60 ◦C for 3 h. A small volume of toluene (8–12%)
was used to maintain the desired viscosity. The trajectory of the reaction was checked by
viscosity and FTIR analysis. The resulting products were denoted as LFAOIH@GO0.25-PU35,
LFAOIH@GO0.5-PU35, and LFAOIH@GO0.75-PU35.
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2.5. Characterizations

Various spectroscopic techniques were employed to characterize the prepared samples.
FTIR measurements were conducted using FTIR spectrophotometer; Spectrum 100, Perkin
Elmer Cetus Instrument, Norwalk, CT, USA spanning a range of 4000 to 400 cm−1 at room
temperature (28–30 ◦C) with a resolution of 4 cm−1. Nuclear Magnetic Resonance (NMR)
spectra, specifically 1H, 13C, and 29Si NMR, were obtained using a Jeol DPX400 MHz
instrument, Tokyo, Japan. Deuterated dimethyl sulfoxide (DMSO) served as the solvent,
while tetramethyl silane was used as an internal standard for calibration. The sample was
analyzed by X-ray photoelectron spectroscopy (XPS) by using a JPS-9030; JEOL, Japan
MgKα (1253.6 eV). The solubility assessment of the prepared sample involved dissolving a
20 mg sample in 10 mL of both polar and nonpolar solvents (dimethyl sulfoxide, pyridine,
benzene, toluene, ethyl-methyl ketone, dichloromethane, butanol, chloroform, diethyl
ether, benzyl alcohol, carbon tetrachloride, N,N-dimethyl formamide, isoamyl alcohol,
petroleum ether, butan-1-ol, 1-hexanol, cyclohexene, furan, propanol, 1,4-dioxane, ethanol,
acetone, and ethyl acetate). The resulting solution was allowed to stand undisturbed for a
duration of 24 h. Various physico-mechanical tests were conducted, including thickness
measurements using ASTM D1186-B, Elcometer Model 345 from Elcometer Instrument
Ltd. in Manchester, UK, scratch hardness following BS 3900 standards, pencil hardness in
accordance with ASTM D3363-05, crosshatch testing following ASTM D3359-02, impact
testing as per IS 101:1988, bend testing based on ASTM D3281-84, and gloss measurement
using a Gloss meter Model KSJ MG6-F1 from KSJ Photoelectrical Instruments Co., Ltd. in
Quanzhou, China. To investigate the composition and morphology of the film, a scanning
electron microscope (SEM), namely the JSM 7600F by JEOL in Japan, was utilized. For
elemental analysis, Energy Dispersive X-ray spectroscopy (EDX) coupled to the SEM
was employed. To facilitate observation under the microscope, the sample was sputter-
coated with Pt and the microscope operated at 15 kV. Transmission electron microscopy
(TEM) was conducted using a JEM-2100F transmission electron microscope by JEOL,
Japan. For checking the wettability of the surface, a drop of double distilled water was
deposited on the surface of the coating and photographed with contact angle measurements
(CAM200 Attention goniometer). Electrochemical impedance spectroscopy (EIS) was
employed to assess the corrosion resistance of the prepared sample in a 3.5% NaCl solution.
This analysis was conducted using a three-electrode flat glass cell, alongside an Autolab
potentiostat/galvanostat (PGSTAT204-FRA32) and NOVA 2.1 software. The equipment
used for this purpose was Metrohom Autolab B.V., located at Kanaalweg 29-G, 3526 KM,
Utrecht, Netherlands. The experimental setup involved three electrodes: (I) Ag/AgCl
utilized as a reference electrode, (II) platinum serving as an auxiliary electrode, and (III) the
test specimen functioning as the working electrode. The solution was applied to a 1.0 cm2

area of the working electrode, adhering to the ASTM G59-97 standard. The purpose was to
gauge the performance of the coated surface in terms of its impedance behavior against
corrosion in the specified environment. The electrochemical parameters such as corrosion
potential (Ecorr) and current density (Icorr) were calculated from Tafel extrapolation
method and the corrosion inhibition efficiency can be calculated form Equation (1)

IE% =
corrosion current density o f (bare metal − coated sur f ace)

corrosion current density o f coated sur f ace
× 100 (1)

3. Results and Discussion

Schemes 1 and 2 show the synthesis of LFAOIH-PU35 and LFAOIH@GOx-PU35
nanocomposite material from LLO. It reveals the formulation carried out in two different
steps. The first step of reaction involves the conversion of LLO into LLFAD by the base
catalyzed reaction of LLO with diethanolamine to form LLFAD. Then, the purified LL-
FAD reacted with the equimolar amount of TEOS to form LFAOIH at 100 ± 5 ◦C. When
TEOS was introduced to LLFAD, it was noticed that the reaction mixture became cloudy at
80 ± 5 ◦C; however, this cloudiness vanished after 1 h of heating at 120 ± 5 ◦C. This is
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connected to the chemical reaction between the hydroxyl groups of LLFAD and the alkoxy
group of TEOS, which generates O-Si-O bonds as a result of the reaction [5]. After that
dispersion of GOx (X = 0.25%, 0.50% and 0.75% w.r.t. LLFAD) followed by the reaction of
the content with an optimized percentage of IPDI (35%) at 60 ± 5 ◦C temperature to form
the crosslinked material for coating. IPDI crosslinked the materials through the reaction
of –NCO with the residual functionality of LFAOIH@GO0.5 to form LFAOIH@GO0.5-PU35.
The solubility behavior of the LFAOIH@GO0.5-PU35 nanocomposite material is influenced
by the polarities, functional groups, and molecular structures of both the nanocomposite
itself and the solvents. Solubility in dimethyl sulfoxide, pyridine, benzene, toluene, ethyl-
methyl ketone, dichloromethane, butanol, and chloroform may be due to the presence of
compatible functional groups and molecular arrangements [15,16]. The interactions between
these components likely facilitate dissolution. The insolubility in diethyl ether, benzyl alcohol,
carbon tetrachloride, isoamyl alcohol, petroleum ether, butan-1-ol, 1-hexanol, and cyclohexane
may result from differences in polarity, hydrogen bonding capabilities, and molecular sizes
between both the nanocomposite and these solvents. These factors hinder the establishment of
strong enough interactions to enable dissolution [9]. The materials were found to be partially
soluble in cyclohexene, furan, propanol, 1,4-dioxane, ethanol, acetone, and ethyl acetate, which
may be due to the compatibility between the nanocomposite and these solvents, allowing for
some degree of dissolution due to similar chemical properties.
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3.1. Spectral Analysis
3.1.1. FTIR Analysis

The formation of LFAOIH-PU35 and LFAOIH@GO0.5-PU35 was confirmed through
FTIR spectrum analysis. To validate this confirmation, a comparison was carried out by
analyzing the FTIR spectra of LLFAD, LFAOIH-PU35 and LFAOIH@GO0.5-PU35, as shown
in Figure 1. The characteristics peaks are as:

LLFAD: In the FTIR analysis of LLFAD, distinct absorption bands were observed
corresponding to specific functional groups and molecular vibrations [Figure 1(1)]. These
include an absorption band at 3359 cm−1 attributed to hydroxyl groups (-OH), indicating
the presence of alcohols. The band at 3008 cm−1 signifies the presence of C=C double bonds.
Bands at 2853 cm−1 and 2924 cm−1 correspond to alkyl stretching vibrations, indicating
the presence of methyl (-CH3) and methylene (-CH2) groups [14]. The absorption band
at 1618 cm−1 is indicative of the amide carbonyl group (C=O) stretching vibration. The
region between 1466 cm−1 and 1384 cm−1 represents the bending vibrations of methyl
and methylene groups (-CH3, -CH2). The bands at 1210 cm−1 and 1052 cm−1 are charac-
teristic of the ether linkage (-(C=O)-O-C) vibration [16], and the presence of -C-O- bonds,
respectively [14].
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LFAOIH: In the FTIR analysis of LFAOIH, the observed absorption bands are consis-
tent with those in LLFAD, indicating the presence of similar functional groups. Notably,
additional peaks corresponding to silicon oxide interactions are also evident [14]. Further-
more, distinctive peaks associated with silicon oxide interactions emerge, encompassing
a symmetrical stretch at 614 cm−1 (Si-O-Si), an asymmetrical stretch at 1069 cm−1 (Si-
O-Si), and a bending vibration at 461 cm−1 (Si-O-Si) [5]. These absorptions signify the
involvement of silicon oxide moieties within the LLFAD-TEOS compound.

LFAOIH-PU: The hydroxyl group (-OH) peak, previously at 3368 cm−1, shifts to
3323 cm−1, which may be due to hydrogen bonding [Figure 1]. The peak appears at
1704 cm−1 related to the urethane carbonyl{-O-C(=O)-NH-} [5,14]. Other peaks include
1626 cm−1, 793 cm−1 (ArC=C- bending), 468 cm−1 (Si-O-Si bending), and 1074 cm−1

(asymmetrical Si-O-Si stretch) [5], with notable peaks at 2259 cm−1 (-NCO group). This
analysis provides insights into molecular interactions and the polyurethane’s structure.

LFAOIH@GOx: The detection of GO incorporation is not primarily determined by the
presence of GO’s absorption bands, as GO encompasses numerous -O-containing functional
groups that can overlap with those present in the LLFAD (Figure 1). Instead, the indication
of GO’s presence is derived from shifts in absorption values. LFAOIH@GO0.5 has all the
characteristic peaks as found in LFAOIH along with broadening of the peak at 3368 due
to hydrogen bonding and additional peaks at 1738 cm−1, which is due to ester C=O that
formed by the reaction of the hydroxyl group of LFAOIH with -COOH group GO [16,17].
The detection of GO’s presence may not be evident solely through the observation of
absorption bands associated with GO because it possesses numerous -O- functional groups
that often overlap with functional groups found. Instead, one can identify the presence of
GO by noting changes in the absorption values of specific functional groups like -OH, >C=O
ester and >C=O amide in comparison to those observed in virgin LFAOIH. These alterations
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in absorption values are attributed to the interactions occurring between LFAOIH and
GO [18–20].

LFAOIH@GO0.5-PU35: The emergence of an additional peak at 2259 cm−1 and 1704 cm−1

(overlap with >C=O ester peak of LFAOIH@GOx) can be attributed to the presence of the
urethane linkage formed between the isocyanate (-NCO) and hydroxyl (-OH) groups dur-
ing the process of polymerization along with the same peaks found in LFAOIH@GO0.5,
which confirmed LFAOIH@GO0.5-PU35 formulation (Figure 1) [16,17].

The broad hump in the FTIR spectrum in the 3200–3500 cm−1 region is a distinctive
indication of the presence of hydrogen bonding. It results from the broadening of the
O-H stretching vibration peak due to the dynamic and variable nature of hydrogen bond
interactions within the sample [18]. The comparative FTIR data of LFAOIH-PU35 and
LFAOIH@GO0.5-PU35 [Figure 1] indicate that the peaks of LFAOIH@GO0.5-PU35 shows a
broad hump as compared to LFAOIH-PU35, which revealed the characteristic of hydrogen
bonding and indicates that multiple O-H groups in the sample are engaged in hydrogen
bond interactions. Hydrogen bonding exerts a discernible influence on the enhancement
of mechanical properties, including scratch hardness, pencil hardness, bending and gloss
values [19]. Robust hydrogen bonding fosters enhanced adhesion between coatings and
substrates, and bolsters material toughness. It also contributes to resistance against wear
and abrasion and augments ductility, mitigating the susceptibility to deformation-induced
cracking [20].

3.1.2. NMR Analysis
1H NMR: In the 1H NMR spectrum of LFAOIH, distinct peaks were observed

(Figure 2a), such as 0.715 ppm for -CH3 groups, 1.08–1.21 ppm for -CH2 groups, and 1.329
ppm for >N-CO-CH2-CH2 moieties. Other notable peaks included 1.87 ppm (-CH2-CH2-
CH=), 2.16 ppm (>N-CO-CH2-), 2.59 ppm (=CH-CH2-N), and broad 3.5 ppm (-CH-O-Si-),
as well as 5.23 ppm (-OH) [21], whereas in the formulation of LFAOIH-PU35, the same char-
acteristic peaks were observed, with a sharper and quadruple 3.5 ppm (-CH-O-Si-) peak
due to its involvement in the reaction. Additionally, a minor peak at ~4 ppm, attributed
to (-O-CH2-) from the incorporation of IPDI, and a sharp peak around 5.2 ppm confirmed
polymerization via IPDI insertion.

13C NMR: In the 13C NMR spectrum of LFAOIH, specific resonance peaks were
identified, including 13.96 ppm (attributed to -CH3), a range spanning 21.14–33.90 ppm
(associated with the CH2 chain), and a prominent peak at 40.1 ppm indicative of dimethyl
sulfoxide (DMSO) (Figure 2b) [21]. Additionally, resonances were observed within the range
of 49.01–59.12 ppm, corresponding to the >N-CO-CH2CH2- moiety. Further distinctive
signals were detected at 129–130.01 ppm (-CH=CH-) and 171 ppm (-CH-O-Si-) [22]. In
the LFAOIH-PU35 formulation, all these characteristic peaks were retained; however, a
noteworthy observation was the diminished intensity of the peak around 171 ppm. This
attenuation suggests a plausible interaction involving this carbon in subsequent reactions
with IPDI and the formulation of LFAOIH-PU35.

29Si NMR: In the 29Si NMR spectrum, a sharp chemical shift around −105 ppm has
been found, which confirmed the presence of Si-O-Si atoms (Q4species) bonded to four
oxygen atoms in siloxane (-Si-O-) within the compound (Figure 2c) [22]. In the case of
LFAOIH, the peak around −100 is found to be sharp whereas in the exact peak it was found
to be a little broad. The broadening of the same (−105 ppm) peak in the spectrum when
reacting with IPDI is a result of the chemical changes and increased structural complexity
causing dynamic exchange between silicon species and yielding a highly crosslinked
structure of LFAOIH-PU35 [22].
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3.1.3. XPS Analysis

The chemical composition of LFAOIH@GO0.5-PU35 was thoroughly investigated using
XPS analysis (Figure 3). The resulting deconvoluted spectra, depicted in Figure 3 for their
respective elements (C 1s, N 1s, O 1s, and Si 2p3/2), offer detailed insights into the material’s
composition. In the deconvoluted C1s spectrum, distinctive peaks were identified at four
different binding energies: 283.6 eV, 285.2 eV, 286.5 eV, and 289 eV [23]. These peaks
are associated with specific carbon bonding configurations, namely C-C, C-N, C-O, and
C=O bonds, respectively [23]. Within the deconvoluted N1s spectrum, two prominent
peaks were discerned at 399.6 eV and 400.25 eV, revealing the presence of nitrogen atoms
engaged in N-C and N-H bonds [24]. In the deconvoluted O1s spectrum, two well-defined
peaks were observed at 532.5 eV and 533.6 eV, indicating the binding energies of oxygen
atoms in C-O/C-OH and C-O bonds [24]. Additionally, the characteristic Si 2p3/2 peak
at 102.1 eV, as observed, signifies the existence of Si-O-Si and Si-OH bonds within the
analyzed material [25]. This XPS analysis provides valuable insights into the chemical
composition of LFAOIH@GO0.5-PU35, revealing the nature of carbon, nitrogen, oxygen,
and silicon bonds present within the material.

3.1.4. Physicomechanical Properties

Table 1 presents the physicomechanical impacts from LFAOIH-PU35 to LFAOIH@GOX-
PU35. The study contrasts the physical and mechanical attributes of GO-infused PU with
those of pure PU. The results indicate that the inclusion of GO enhances the scratch
hardness, pencil hardness, cross hatch and gloss values as observed from LFAOIH-PU35
to LFAOIH@GOX-PU35. The enhancement in mechanical properties is also correlated to
the presence of hydrogen bonding that is confirmed by the FTIR analysis of the samples.
This improvement can be attributed to effective crosslinking through them [5]. Notably, the
cross-hatch adhesion findings substantiate heightened adherence to mild steel strips.
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Table 1. Various mechanical properties of LFAOIH-PU35 and LFAOIH@GOx-PU35.

Properties LFAOIH-PU35 LFAOIH@GO0.25-PU35 LFAOIH@GO0.5-PU35 LFAOIH@GO0.75-PU35

Scratch hardness (kg) 2 2.4 3.0 2.8

Impact (lb/inch) 150 Pass Pass Pass fail

Bending (1/8) pass pass pass pass

Pencil hardness 3H 4H 5H 4H

Cross Hatch (%) 100 100 100 98

Gloss at 60◦ 69 75 79 82

Thickness (micron) 88 129 135 140

Also, the incorporation of GO positively influences the satisfactory results observed in
the physico-mechanical tests of all coating systems. This enhancement may be attributed to
the presence of functional groups such as −OH and >C=O, along with double bonds (the
saturation levels can differ based on the fatty acid composition found in the parent seed oil)
and extended hydrocarbon chains [14,21]. These constituents contribute to the plasticizing
effect on the coatings, thereby ensuring enhanced flexibility. However, LFAOIH@GO0.5-
PU35 demonstrates brittleness during bend tests as the value of GO also affects the impact
resistance, gloss values and cross hatch and other values decrease as GO value increases as
shown in Table 1. It may be because the loading of GO increases; these attributes exhibit a
declining trend [21,26]. Elevated GO concentrations lead to the formation of agglomerates,
resulting in adversely affecting the overall coating performance [21]. Hence, out of all,
LFAOIH@GO0.5-PU35 showed the best physicomechanical results and was optimized for
further studies.

44



Polymers 2023, 15, 4390

3.1.5. XRD

XRD analyses were performed on both LFAOIH-PU35 and the doped variant with GO
LFAOIH@GO0.5-PU35 to investigate possible modifications in the crystalline characteristics
of the LFAOIH-PU35 matrix after introducing inorganic components and displayed in
Figure 4. The XRD profiles of the materials demonstrated a consistent characteristic
pattern, featuring a broad hump at 2θ = 21◦, indicative of the amorphous nature of the
matrix for both LFAOIH-PU35 and LFAOIH@GO0.5-PU35 due to the presence of silicon.
Notably, smaller peaks were also observed around 32◦ and 45◦. Upon doping with GO, the
diffraction pattern exhibited similarities, with an additional peak emerging at 26◦ [27]. This
emergence could potentially be attributed to the presence of graphite within the polymer
matrix. Overall, both the LFAOIH-PU35 to LFAOIH@GO0.5-PU35 showed a semicrystalline
behavior as shown in Figure 4.
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3.1.6. Thermal Analysis

The DSC thermogram analysis revealed the presence of two distinct endothermic
transitions (Figure 5a). For LFAOIH-PU35, the initial endotherm occurs in the temperature
range of 239 to 280 ◦C, with a peak centered at 263 ◦C. The subsequent endotherm takes
place between 400 and 475 ◦C, with its peak at 438 ◦C. In the case of the LFAOIH@GO0.5-
PU35 nanocomposite, the first endotherm transpires from 240 to 312 ◦C and is centered
at 270 ◦C, while the second endotherm spans the range of 401 to 477 ◦C, with a peak at
440 ◦C. The first endothermic transition is associated with a phase transition, while the
second is attributed to melting phenomena [14]. The observed shifts in these endotherms
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signify enhanced thermal properties brought about by the incorporation of GO. These
shifts underline the improvement in thermal stability of the LFAOIH@GO0.5-PU35 matrix
through the incorporation of GO, indicative of effective intermolecular interactions within
the structure [21].
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The TGA thermograms of LFAOIH-PU35 and LFAOIH@GO0.5-PU35 exhibit a bipha-
sic degradation pattern, which is also evident in the corresponding DTG thermogram
(Figure 5b). Up to 225 ◦C and 235 ◦C for LFAOIH-PU35 and LFAOIH@GO0.5-PU35, respec-
tively, a mass loss of 5 wt% is observed due to the evaporation of moisture and volatile
impurities. Subsequently, at 475 ◦C and 480 ◦C, a significant 90 wt% loss signifies the
comprehensive degradation of the oil component, marked by the breakdown of the ester,
amide and hydrocarbon chain in LFAOIH-PU35 and LFAOIH@GO0.5-PU35, respectively [14].
These degradation trends are supported by the presence of two endothermic peaks in the
DTG thermograms, observed at 275 and 445 ◦C for LFAOIH-PU35 and at 300 and 455 ◦C for
LFAOIH@GO0.5-PU35 [14]. This improved stability is attributed to the effective dispersion
of GO within the matrix, promoting favorable interactions that contribute to the enhanced
thermal properties [21].

3.1.7. Contact Angle

Surface wettability was assessed through contact angle (CA) studies, revealing the
hydrophilic or hydrophobic nature of the OIH coating. The CA signifies the molecular
interaction strength between liquids and solids. By depositing a 0.1 mL double-distilled
water droplet onto the pristine interfaces of LFAOIH-PU35 and LFAOIH@GO0.5-PU35
the CA was measured. The outcomes of CA measurements (as depicted in Figure 6)
unveiled a rise in the contact angle 73.25 G.U (73.45◦–73.04◦) in LFAOIH-PU35 to 88.64 G.U
(88.79◦–88.48◦) in LFAOIH@GO0.5-PU35. This shift indicates a subtle enhancement in
hydrophobicity following the incorporation of GO [21]. The observed augmentation in
hydrophobicity could be attributed to the presence of hydrocarbon chains within the IOH
coating [28]. This enhancement in the contact angle value is unequivocally linked to the
integration of GO, fostering the development of a nanostructured assembly that augments
surface roughness π -π stacking interactions, and the existence of hydrophobic domains.
Consequently, such structural enhancement offers promising prospects for leveraging these
coatings in humid environments [29].
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3.1.8. Morphology

SEM: SEM analysis was systematically executed on LFAOIH@GO0.5-PU35 in order
to comprehensively evaluate its surface morphology and assess the consequential effects
stemming from the dispersion of GO within the OIH matrix (Figure 7) [21]. The analytical
results unveiled a discernible roughness on the surface, which was attributed to the precise
incorporation of GO at the nanoscale. Furthermore, the analysis detected the presence of
rod-like or spherical-shaped features, augmenting the overall textural roughness of the
surface. The identification of Si is discernible from the observed peaks at 1.7 KeV. The
EDX spectra signify the existence of several elements, encompassing C, N, O, and Si. The
absence of any other elements further suggests the purity of the polymer matrix.
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Figure 7. SEM and EDX micrograph of LFAOIH@GO0.5-PU35.

TEM: TEM studies have elucidated a conspicuous aggregation of particulate material,
distinctly distributed across the surface (Figure 8). The densely concentrated dark regions
observed in the micrograph are indicative of the uniform dispersion of GO nanoparticles
within the LFAOIH@GO0.5-PU35 matrix [21]. These particulates represent these entities
generated through the hydrolytic condensation of TEOS. This phenomenon suggests the
occurrence of SiO2 grafting onto the surface of GO [30].

3.1.9. Anticorrosion Study

Electrochemical impedance spectroscopic (EIS) analysis
To assess the anti-corrosive performance of coatings comprising LFAOIH-PU35 and

LFAOIH@GO0.5-PU35 on mild steel strips (measuring 1.0 cm2), EIS measures have been
conducted at various time intervals (1, 3, 6, 9, and 12 days) subsequent to exposure to a
3.5% NaCl environment. Figures 9 and 10 present the Nyquist plots for LFAOIH-PU35
and LFAOIH@GO0.5-PU35 over a 12-day exposure period. In the analysis of these Nyquist
plots, diverse equivalent circuit models are employed to effectively fit the experimental
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data. These Nyquist plots serve as valuable tools for unraveling the intricate interactions
transpiring at the interface between the metallic substrate and the surrounding solution.
They enable us to discern the onset of corrosion, the ingress of water through the coating-
metal interface, and the subsequent formation of corrosion byproducts [9]. Furthermore,
they facilitate the determination of critical parameters, including solution resistance (Rs),
coating resistance (Rc comprising Rp1 and Rp2), and open circuit potential (OCP), as
presented in the accompanying Table 2.
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LFAOIH-PU35 

Time 

(Day) 

OCP 

(V) 
χ2 

Rs 
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(MΩ/m2) 

CPE1 

 
Y0, pMho*sn n 
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(KΩ/cm2) 
Y0, µMho*sn n2 

Figure 8. TEM micrograph of LFAOIH@GO0.5-PU35 at 100 nm and 200 nm.

To gain a more comprehensive understanding of the interaction transpiring at the
metal–solution interface, it is imperative to consider the values associated with the constant
phase elements (CPE1 and CPE2). The CPE serves as an indicator of the extent to which
practical behavior deviates from the ideal capacitive behavior within the framework of the
equivalent circuit model. Its inclusion within this model is intended to mitigate systematic
errors, ultimately contributing to the precision of the fitting results. The CPE is characterized
by an exponent denoted as “n” (0 ≤ n ≤ 1), which quantifies the degree of deviation
from ideal dielectric behavior. For LFAOIH-PU35, CPE1 signifies a typical double-layered
capacitor, characterized by significant porosity, as indicated by its n1 values approximating
1 (0.97), while CPE2 exhibits Warburg-like attributes, with n2 values hovering around 0.56.
This suggests a notable level of corrosion resistance for the surface of the manufactured
coatings. Conversely, for LFAOIH@GO0.5-PU35, a single circuit with a CPE value within
the range of 0.781 is observed at the 12th day of exposure, indicating that the dispersion of
GO contributes to enhanced corrosion resistance [21]. Rc values, directly linked to the anti-
corrosion effectiveness of coatings, reveal higher values associated with superior corrosion
resistance. Notably, Rp1 represents the charge transfer resistance at the interface between
LFAOIH-PU35 coatings and the solution, while Rp2 denotes the polarisation resistance
at the interface between a corrosion product layer and the solution [21]. The overall
polarisation resistance is a result of the parallel combination of Rp1 and Rp2. Conversely,
Rs, signifying solution resistance, demonstrates a gradual decline as the exposure period
lengthens. This suggests that, over time, the surface integrity of the coated mild steel
strips weakens, enabling the easier diffusion of corrosive ions. In cases where coatings
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lack corrosion resistance, a substantial and rapid decrease in Rs (solution resistance) may
occur over time. However, in the present study, we observe a gradual reduction in Rs,
with the minimum value reached after a 12 day exposure period. Notably, the data reveal
that, even after 12 days of exposure, LFAOIH@GO0.5-PU35 exhibits a higher Rs value
compared to LFAOIH-PU35, highlighting the role of GO in providing an effective barrier
against the diffusion of corrosive ions and preserving the integrity of the underlying metal
surface [21]. Additionally, we observe that the Open Circuit Potential (OCP) values for
LFAOIH@GO0.5-PU35 are initially higher (more positive) on the first day of immersion,
but they progressively become more negative as the exposure time lengthens, especially
when compared to LFAOIH-PU35. This behavior underscores the dynamic response of
LFAOIH@GO0.5-PU35 to the corrosive environment over time.
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Table 2. EIS studies of LFAOIH-PU35 and LFAOIH@GO0.5-PU35 coatings.

LFAOIH-PU35

Time
(Day)

OCP
(V) χ2 Rs

(Ω/cm2)
Rc

(MΩ/m2)

CPE1

Y0, pMho*sn n

1 0.183 0.090 638 110 464 0.97

3 −0.281 0.243 622 58 443 0.95

6 −0.409 0.114 615 25 391 0.79 CPE2

Rp1
(KΩ/cm2) Y0, nMho*sn n1

Rp2
(KΩ/cm2

)

Y0,
µMho*sn n2

9 −0.473 0.078 436 23 9.96 0.80 106 2.66 0.56

12 −0.478 0.074 425 11.1 10.2 0.79 297 12.4 0.365

LFAOIH@GO0.5-PU35

Time
(Day)

OCP
(V) χ2 Rs

(Ω/cm2)
Rc

(MΩ/cm2)
CPE

Y0, nMho*sn n

1 0.211 0.708 616 53.4 3.58 0.911

3 −0.311 0.192 572 14.5 3.43 0.801

6 −0.325 0.157 527 12.5 3.67 0.782

9 −0.356 0.134 526 1.50 2.97 0.782

12 −0.402 0.152 504 1.36 2.80 0.781
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The impedance behavior, following different immersion durations, is visually rep-
resented in Figure 10 through a Nyquist and Bode plot. The Nyquist plot displays the
real impedance against imaginary impedance for pure LFAOIH-PU35 and GO dispersed
LFAOIH@GO0.5-PU35 after 1, 3, 6, 9, and 12 days of immersion. The corrosion rate is
discernible from the size of the Nyquist plot, where a larger diameter corresponds to a
slower corrosion rate or a heightened resistance to corrosive ions [31]. In the case of both
LFAOIH-PU35 and LFAOIH@GO0.5-PU35 coatings, an initial phase featuring a linear trend
was noted on the first day of exposure. This occurrence can be attributed to the fact that
not all organic coatings exhibit long-term impermeability. Consequently, ions and water
have the potential to infiltrate through the capillary channels and pores inherent in the
coating structure, leading to a reduction in resistance (Rc). With prolonged exposure of
a coated surface to a corrosive environment, any voids or capillary channels within the
coating permit the ingress of water molecules and corrosive ions through the coating–metal
interface. This ingress subsequently results in a reduction in resistance over extended
periods of immersion. Notably, an arc emerges at the initiation of the first semicircle in the
EIS spectrum after 3 days of submersion for both LFAOIH-PU35 and LFAOIH@GO0.5-PU35
coatings [9]. Furthermore, it is worth emphasizing that the radii of these semicircles exhibit
a gradual reduction over time. This trend indicates a potential acceleration in the corrosion
rate, which can be attributed to various factors such as the formation of fresh coating
pores, an expansion in the exposed surface area of pre-existing pores, or the existence
of structural irregularities and imperfections within the coating matrix. After 9 days of
exposure, a semicircle with a straight line was observed for LFAOIH-PU35, which indicated
a combination of two impedance components. The semicircle represents a capacitive or
diffusive process, while the straight line corresponds to a purely resistive process. This
combination often indicates a complex electrochemical behavior at the studied interface.
The semicircle portion may be associated with charge transfer resistance or the presence of
a protective barrier, while the straight line suggests a more simplistic resistive behavior,
possibly related to ionic conduction or diffusion through the coating with the value of
6 × 104 ohm-cm2. Whereas, for LFAOIH@GO0.5-PU35, the arc of the semicircle has been
decreased, which is found in the range of 6 × 105 ohm-cm2, which is higher as compared
to the case of LFAOIH-PU35.

Moreover, the assessment of corrosion resistance was corroborated through the utiliza-
tion of a Bode plot (Figure 9). Bode impedance and phase angle graphs were generated as a
function of frequency subsequent to the immersion of the coatings in 3.5% NaCl solutions.
The logarithm of impedance (Log Z) exhibits a consistent monotonic decrease across all
frequencies as the coatings undergo immersion, indicative of capacitive behavior for both
LFAOIH-PU35 and LFAOIH@GO0.5-PU35 [9,32]. The impedance modulus (|Z| value),
which serves as a semiquantitative indicator of the coating’s potential as a barrier, exhibits
a direct correlation with the coating’s resistance and capacitance. Figure 10 illustrates
higher phase angles (37◦) and elevated impedance values than LFAOIH@GO0.5-PU35, per-
sisting even after exposure over 12 days. These observations show that both the coatings
show good accounts for corrosion resistive behavior, but LFAOIH@GO0.5-PU35 has higher
anticorrosion properties, reinforcing its efficacy in mitigating corrosion.

Tafel Analysis
Tafel slopes are determined by extrapolating data from the Tafel region within polar-

ization curves to examine whether the coatings are cathodic or anodic or both (Figure 11). A
Tafel plot is employed to visually examine electrochemical characteristics, portraying the X-
axis as potential and the Y-axis as the logarithm of current density. As evident in Figure 11,
treating a mild steel substrate with LFAOIH-PU35 and LFAOIH@GO0.5-PU35 coatings leads
to a shift in both the anodic and cathodic branches towards lower current densities showing
the corrosion inhibition. In Table 3, we present critical electrochemical parameters for
LFAOIH-PU35 and LFAOIH@GO0.5-PU35, Ecorr, Icorr, corrosion rate, Open Circuit Potential
(OCP), and IE values. Ecorr and Icorr are interconnected through fundamental electrochemi-
cal principles, enabling the assessment and comparison of corrosion resistance in diverse
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materials and environments. A more positive Ecorr signifies superior corrosion resistance,
while a lower Icorr value suggests enhanced corrosion resistance. Analysis of Table 3 reveals
that the Ecorr value for LFAOIH@GO0.5-PU35 remains more positive (−0.424 > −0.557) in
comparison to LFAOIH-PU35, even after 12 days. Conversely, Icorr values increase for
both materials with prolonged exposure. The decrease in IE% over time is minimal, even
after 12 days of immersion. These findings underscore the superior corrosion resistance
of LFAOIH@GO0.5-PU35 nanocomposites over LFAOIH-PU35. This enhanced corrosion
resistance is attributed to the incorporation of GO, which significantly augments the barrier
effect, thereby suppressing the rate of the anodic reaction (primarily the oxidation of iron)
and retarding the corrosion process. Consequently, LFAOIH@GO0.5-PU35 exhibits notable
anticorrosive properties as a result of these aforementioned mechanisms.
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Table 3. Corrosion Potentiodynamic of LFAOIH-PU35 and LFAOIH@GO0.5-PU35 coatings.

Immersion
Time (Day) Ecorr (V) icorr

(A/cm2)
Corrosion Rate

(mm/Year) LPR (Ω) OCP(V) IE(%)

LFAOIH-PU35

1 −0.314 1.282 × 10−8 2.430 × 10−4 3.895 × 106 −0.311 99.97

3 −0.338 2.100 × 10−8 2.689 × 10−4 2.745 × 106 −0.333 99.95

6 −0.364 2.314 × 10−8 2.930 × 10−4 2.683 × 106 −0.355 99.94

9 −0.440 2.521 × 10−8 3.091 × 10−4 2.304 × 106 −0.410 99.94

12 −0.557 1.591 × 10−7 1.845 × 10−3 1.928 × 105 −0.478 99.96

LFAOIH@GO0.5-PU35

1 −0.303 2.170 × 10−8 2.249 × 10−4 3.846 × 106 −0.300 99.95

3 −0.328 2.780 × 10−8 2.521 × 10−4 2.501 × 106 −0.325 99.34

6 −0.338 2.936 × 10−8 3.245 × 10−4 2.315 × 106 −0.333 99.93

9 −0.385 2.350 × 10−8 5.556 × 10−4 2.024 × 106 −0.382 99.94

12 −0.424 7.016 × 10−7 8.153 × 10−3 7.909 × 105 −0.402 99.83

4. Conclusions

An environmentally friendly and efficient synthesis method has been developed for
the production of LFAOIH@GO0.5-PU35 using Leucaena leucocephala, a bio-resource. This ap-
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proach involves the synthesis of LFAOIH-PU with 30–40% IPDI and the addition of a small
quantity (0.25–0.75 wt%) of GO to create an LFAOIH@GO0.5-PU35 nanocomposite. The
formulations selected for further investigation were LFAOIH-PU35 and LFAOIH@GO0.5-
PU35. The chemical structure of these nanocomposites was elucidated using various
analytical techniques, including FTIR, 1H, 13C, 29Si NMR, and XPS analysis. The study
comprehensively explored the influence of different GO loadings on the nanocomposites
structural, morphological, thermal stability, mechanical properties, and corrosion resis-
tance. Several mechanical properties, including scratch hardness, pencil hardness, impact
resistance, bending, gloss value, crosshatch adhesion, and thickness, were meticulously
examined. Morphological characteristics were investigated through XRD, FE-SEM, EDX,
and TEM analyses, revealing distinct surface roughness features. Remarkably, the resulting
nanocomposites, particularly LFAOIH@GO0.5-PU35, displayed substantial improvements
in mechanical properties, including significantly enhanced scratch hardness (3 Kg), pencil
hardness (5H), and increased gloss values (79). Moreover, these nanocomposites exhibited
exceptional thermal stability, retaining their structural integrity at temperatures up to
480 ◦C. Additionally, they demonstrated enhanced surface hydrophobicity, as indicated by
a contact angle of 88.79◦/88.48◦, achieved with a minimal (0.50%) loading of GO. Crucially,
EIS studies, including Nyquist, Bode, and Tafel plots, provided compelling evidence of
the outstanding anti-corrosion performance of these nanocomposites. Consequently, these
studied nanocomposites hold significant promise for the large-scale production of robust
anticorrosive coatings with enhanced mechanical properties and durability.

The future competitiveness of OIH nanocomposite anticorrosive coatings is contingent
on their capacity to address the mounting demand for corrosion protection in diverse
industrial sectors. Ongoing innovations in nanotechnology hold the potential to enhance
performance through the development of advanced nanomaterials. The ability to tailor
these coatings to meet the specific corrosion challenges of various industries, coupled with
their long-term durability and cost-effectiveness, will be pivotal for maintaining a competi-
tive edge. These coatings are well-positioned to not only provide corrosion resistance, but
can also offer supplementary functionalities such as self-healing and antimicrobial prop-
erties, rendering them multifaceted. Furthermore, ensuring compatibility with emerging
materials and substrates, expanding their global reach, substantial investments in research
and development, and fostering collaboration with scientists and industry stakeholders are
integral to their sustained competitiveness within a dynamic and burgeoning market.
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Abstract: Enhancing interfacial interactions in fiber-reinforced polymer composites (FRPCs) is crucial
for improving their mechanical properties. This can be achieved through the incorporation of nanoma-
terials or chemically functional agents into FRPCs. This study reports the tailoring of the fiber–matrix
interface in FRPCs using non-functionalized graphene nanoplatelets (GNPs) in combination with
a waterborne, highly branched, multi-functional polyurethane dispersion (HBPUD). A unique ul-
trasonic spray deposition technique was utilized to deposit aqueous mixtures of GNP/HBPUDs
onto the surfaces of carbon fiber fabrics, which were used to prepare epoxy-prepreg sheets and
corresponding FRPC laminates. The influence of the polyurethane (PU) and GNP content and their
ratio at the fiber–matrix interface on the tensile properties of resulting high-performance composites
was systematically investigated using stress–strain analysis of the produced FRPC plates and SEM
analysis of their fractured surfaces. A synergistic stiffening and toughening effect was observed when
as low as 20 to 30 mg of GNPs was deposited per square meter of each side of the carbon fiber fabrics
in the presence of the multi-functional PU layer. This resulted in a significant improvement in the
tensile strength from 908 to 1022 MPa, while maintaining or slightly improving the initial Young’s
modulus from approximately 63 to 66 MPa.

Keywords: highly branched functional waterborne polyurethane; carbon fiber-reinforced composites;
graphene nanoplatelets; fiber sizing; interfacial properties; ultrasonic spray coating

1. Introduction

Carbon fiber-reinforced polymer composites (CFRPCs) continue to replace traditional
materials due to their distinctive features such as high strength, stiffness, and long service
life for lightweight structural composites [1–3]. CFRPCs are increasingly used in aerospace,
automotive, electronics, and other applications. Interfacial properties between the fiber and
polymer matrix are an important factor determining the performance of CFRPCs in both
thermosetting and thermoplastic resin-based systems [4]. Typically, while the surface of
the virgin fiber is non-polar, the polymer matrix in CFRPCs tends to have a polar character.
This inherent difference in polarity necessitates the enhancement of the naturally weak in-
terfacial interaction between the fiber and the matrix to meet the performance requirements
expected from composite materials. The effectiveness of load transfer is often ascribed
to the interaction between the fiber and the matrix. If this interaction is too weak, stress
transfer becomes limited in composite structures, leading to a compromise in performance.
Consequently, poor interfacial adhesion diminishes the magnitude of load transfer between
the matrix and fibers. Conversely, when the interfacial interaction intensifies significantly,

Polymers 2024, 16, 828. https://doi.org/10.3390/polym16060828 https://www.mdpi.com/journal/polymers56



Polymers 2024, 16, 828

cracks tend to propagate diagonally in the matrix, breaking the fibers. Striking a balance in
interfacial adhesion is crucial as overly weak or overly strong interactions can adversely
impact the load transfer phenomenon and, consequently, the overall structural integrity of
the composite material. Achieving an optimal level of interfacial interaction is imperative
for maximizing the performance and mechanical properties of CFRPCs. As a result, the
stress concentration tends to be higher around these breakages [5–7]. The load-carrying
capacity of composite materials hinges predominantly on the nature of the fiber–matrix
bonding, encompassing both chemical and frictional interactions [8,9]. Extensive studies
in the literature have elucidated diverse methodologies for the surface modification of
carbon fibers, including wet chemical or electrochemical treatments, polymer coating, and
plasma treatment [10–17]. These techniques aim to introduce various functional groups
onto the carbon fiber surface, fostering robust adhesion between the fiber and the ma-
trix. Through such modifications, researchers strive to optimize the interface, ensuring
enhanced compatibility and, consequently, bolstering the composite material’s overall
mechanical performance.

Carbon fibers inherently exhibit brittleness and low elongation, resulting in challenges
such as yarn breakage and fluffiness during the manufacturing of CFRPCs. This inherent
fragility necessitates surface treatment interventions. An effective sizing component be-
comes crucial, not only for enhancing chemical interactions between the fiber and the matrix
to elevate interfacial adhesion properties but also for improving fiber bundling and overall
performance characteristics [18]. Various functional groups, such as alcohol, carbonyl, and
carboxylic acid, can be strategically incorporated onto the fiber surface through diverse
sizing methods [19]. Furthermore, sizing facilitates the modification of the surface free
energy of carbon fibers, thereby refining the interfacial features of composites. This, in
turn, contributes to heightened mechanical characteristics in comparison with composites
produced with untreated carbon fibers.

In contemporary fiber sizing applications, waterborne polyurethane dispersions
(PUDs) have garnered significant attention owing to their exceptional coating behavior and
multi-functionality. PUDs also stand out for their environmental friendliness, non-toxicity,
low viscosity, and remarkable adhesion capabilities with diverse polymeric matrices in com-
posites [20–22]. An especially attractive feature is their ability to establish robust adhesion
without requiring pretreatment of the fibers. This not only simplifies the sizing process but
also aligns with environmentally conscious practices, making PUDs a compelling choice in
fiber sizing for their versatile and eco-friendly attributes. PUDs emerge as highly suitable
sizing agents also for carbon fibers in CFRPCs [23]. This suitability is attributed to their
inherent polarity, marked by an ability to form effective bonds with the carbon fiber surface.
Furthermore, the high elasticity and ductility of polyurethanes present an advantageous
combination, offering the flexibility to tailor these properties based on the specific hard and
soft segment structures within the backbone. This tailoring capability enables one to match
the requirements of the carbon fiber reinforcement, contributing to enhanced compatibility
and overall performance in CFRPCs [24,25]. Zhang et al. [26] previously documented
that the treatment of carbon fibers with PUDs resulted in an elevation of surface energy.
This increase was attributed to the introduction of nitrogen (N) atoms on the fiber surface
through the treatment with PUDs. Consequently, the carbon fibers exhibited heightened
wettability when combined with epoxy resin in CFRPCs. Such enhanced wettability is a
key factor in promoting a more effective and intimate bonding between the carbon fibers
and the epoxy resin matrix, contributing to improved overall performance in the resulting
composite materials. Li et al. [27] conducted a study wherein waterborne PUDs based
on a tartaric acid polyol were synthesized specifically for carbon fiber sizing. CFRPCs
incorporating carbon fibers sized with PUDs demonstrated a remarkable improvement,
exhibiting a 14.3% increase in tensile strength, a 24.4% increase in flexural strength, and an
impressive 119.6% increase in impact strength when compared with CFRPCs from pristine
carbon fibers. Fazeli et al. [28] conducted a study on the surface treatment of recycled
carbon fibers using a combination of PUDs and silane compounds, exploring its impact
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on the mechanical properties of ensuing composites. The application of a flexible coating
comprising PUDs crosslinked with silane coupling agents onto the recycled carbon fiber
surface yielded noteworthy enhancements in impact, tensile, and flexural strengths in
epoxy-based CFRPCs.

In addition to the use of linear PUDs, there is a growing interest in incorporating
hyperbranched polymers into fiber-reinforced polymer composites (FRPCs) as a means
to enhance interfacial properties. Hyperbranched polymers exhibit spherical dendritic
structures with cavities and numerous terminal functional groups. These distinctive fea-
tures allow hyperbranched polymers to contribute to both mechanical interlocking and
chemical bonding between the polymer matrix and carbon fibers. The incorporation of
hyperbranched polymers represents a versatile strategy for optimizing the interface in
composite materials based on carbon or glass fibers, which are typically supplied with
commercial sizings with limited information on their nature and functionality. Thus, the
incorporation of HBPs may broaden the range of materials and methodologies available
for advancing FRPC technology [29,30].

The incorporation of carbon nanomaterials into FRPCs, specifically on the fiber surface,
has been reported as a feasible approach to enhance the mechanical properties of such
composite structures [31]. For example, Zhang et al. [32] produced composites with
dispersed graphene oxide (GO) layers directly integrated onto the surface of individual
carbon fibers as part of the fiber sizing process. The incorporation of 5 wt% GO sheets
in this manner led to significant improvements in the interfacial and tensile properties of
the resulting CFRPCs, highlighting the potential of integrating GO into fiber sizing as an
effective strategy. Xiong et al. [33] introduced a novel strategy for enhancing the interface
and mechanical properties of CFRPCs by grafting GO onto carbon fibers with HBPs using
thiol-ene click chemistry and a vinyl-terminated hyperbranched polyester. The tensile and
flexural strengths of corresponding CFRPCs increased by 47.6% and 65.8%, respectively.

CFRPCs obtained from carbon fibers modified with graphene nanoplatelets (GNPs)
have been shown to exhibit enhanced mechanical and thermal properties [34]. A solution
comprising GNPs in acetone, along with a small amount of resin/hardener, was formulated
as a spraying solution for modifying dry fabrics suitable for the vacuum-assisted resin
transfer infusion (VARI) process. Through this method, GNP-reinforced FRPCs were suc-
cessfully fabricated, with GNPs uniformly distributed in the interlaminar regions. Analyses
revealed effective immobilization of GNPs on the surfaces of carbon fibers post-spray
coating. Moreover, significant enhancements were observed in the mechanical properties
and thermal conductivity of the resulting epoxy-based CFRPCs. Specifically, the incor-
poration of 0.3 wt% GNPs led to the highest levels of flexural strength and interlaminar
shear strength. Other studies have explored different matrices beyond epoxy in conjunction
with GNPs and GOs to enhance the mechanical properties of FRPCs. Li et al. [35] suc-
cessfully enhanced the interfacial properties of CF/copoly(phthalazinone ether sulfone)s
(PPBESs)-based composites by incorporating multi-scale hybrid carbon fiber/GO (CF/GO)
reinforcements. An optimized GO loading of 0.5% with a homogeneous distribution of
GO by coating the hybrid fiber surface led to significant improvements in the PPBES com-
posite’s interlaminar shear strength, reaching 91.5 MPa, and flexural strength, reaching
1886 MPa. These enhancements represented increases of 16.0% and 24.1%, respectively,
compared with the non-reinforced counterpart. Furthermore, a reduction in the interface
debonding in CF/GO (0.5%) composites suggested superior interface adhesion due to the
incorporation of GO into the interface. Choi et al. [36] investigated the influence of nano-
materials and fiber interface angles on the mode I fracture toughness of woven CFRPCs.
Three types of carbon nanomaterials—COOH-functionalized short multi-walled carbon
nanotubes (S-MWCNT-COOH), MWCNTs, and GNPs—were investigated. Specimens were
fabricated using the hand lay-up method, comprising 12 woven carbon fiber fabrics with or
without 1 wt% nanomaterials. The incorporation of nanomaterials led to a mode I fracture
toughness exceeding that of pure CFRP. Notably, the utilization of GNPs demonstrated
superior effectiveness in enhancing the fracture toughness compared with other nanomate-
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rials. Costa et al. [37] reported the improvement of the tensile strength of a high-density
polyethylene-based FRPC with natural fibers by incorporating GNPs into the matrix. An
increase of over 20% in the Young’s modulus was achieved compared with the high-density
polyethylene composite alone, reaching 1.63 ± 0.15 GPa.

Although the vast majority of the literature studies offer unique strategies for en-
hancing interfacial interactions between the matrix and the fiber surface in FRPCs by
the incorporation of various nanoparticles into this interface for improved mechanical
properties, it becomes increasingly difficult to demonstrate such enhancements and im-
provements, particularly in the tensile properties of high-performance FRPCs with tensile
strength (>900 MPa) and Young’s modulus (>60 GPa) values that are notably high to start
with. On the other hand, the individual use of PUDs as post-sizing agents and GNPs as
reinforcing agents has been separately demonstrated to effectively tailor the interface of
FRPCs in previous studies. However, the combined incorporation of carbon nanomaterials
in the presence of chemically functional PUDs into the fiber–matrix interface of FRPCs
remains an area worthy of investigation for potential synergistic effects in enhancing the
mechanical properties of high-performance FRPCs.

In this manuscript, the fiber–matrix interface of a high-performance CFRPC structure
was tailored with GNPs in the presence of a waterborne, multi-functional polyurethane
in an effort to improve the tensile properties of corresponding CFRPCs. GNPs were incor-
porated into the fiber–matrix interface of CFRPCs in the presence of a waterborne, highly
branched, multi-functional polyurethane dispersion (HBPUD). The in-house synthesized
HBPUD, possessing both amine and silane terminal groups in the backbone, was designed
to act as both a dispersing agent for GNPs in aqueous media during the spray deposition
and a reactive sizing agent for covalent bridging between the carbon fiber, epoxy matrix,
and GNPs at the interface of the corresponding composite structures upon curing. For this
purpose, aqueous dispersions containing various ratios of HBPUDs and GNPs were intro-
duced onto carbon fiber fabric surfaces via a novel ultrasonic spray deposition technique to
ensure a fine distribution of GNP particles and homogeneous surface coverage, followed
by the fabrication of prepreg laminates using hot melt epoxy films to obtain CFRPC plates
by stacking them and curing in an autoclave. In a comprehensive examination, the effects
of the presence of a multi-functional polyurethane layer at the interface, the ratio of the
polyurethane to GNPs, and the overall GNP content per unit area of the carbon fiber fabric
on the tensile strength and Young’s modulus of the corresponding CFRPC plates were
systematically investigated.

2. Materials and Methods
2.1. Materials

Hexamethylene diisocyanate (HDI), polyol of ethylene glycol/adipic acid/butane diol
(Mn = 2000 g/mole, Desmophen 1652), was purchased from Covestro (previously Bayer
MaterialScience AG, Leverkusen, Germany). Diethylenetriamine (DETA) and acetone
(99.5%) were purchased from Aldrich Chemical Corporation (Milwaukee, WI, USA). The
3-isocyanatopropyltriethoxysilane (IPTES) was kindly donated by Momentive Performance
Materials (Niskayuna, NY, USA). Sodium 2-[(2-aminoethyl) amino] ethanesulphonate (Ves-
tamin A-95, AEAS) was kindly donated by Evonik Industries (Essen, Germany). Graphene
nanoplatelets (purity: 99.9%) (GNPs) with 3 nm of thickness, 1.5 µ diameter, and 800 m2/g
specific surface area were purchased from Nanografi (Ankara, Turkey) [38]. Twill weave
carbon fiber fabric woven with 400 gsm DowAksa (Istanbul, Turkey) 12K yarns (TW400)
and uncured epoxy resin films with 145 gsm were provided by KordSA (Pendik, Turkey).
The 3M Scotch-Weld AF163-2K adhesive was used for bonding specimens for tensile tests.

2.2. Synthesis of Functional HBPUDs

Waterborne HBPUD samples with (i) only amino- (HBPUD-0) and (ii) both amino-
and silane-functional terminal groups (HBPUD-50) were designed and synthesized using
the oligomeric A2 + B3 approach based on the chemical compositions given in Table 1 as
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previously reported [39]. The synthesis route (Figure 1) contained four steps: (a) prepa-
ration of the A2 oligomer, (b) branching by the reaction of the A2 oligomer with the B3
monomer, (c) functionalization, and (d) dispersion and distillation. A precalculated amount
of polyester polyol (Table 1) was charged into the dried 3 L four-necked round-bottom flask
equipped with an overhead stirrer, a reflux condenser, and a thermocouple that was con-
nected to a heating mantle to control the reaction temperature. The polyol was dewatered
by applying a vacuum (~2 mbar) for 15 min, at 75–85 ◦C. Upon the removal of the vacuum,
the temperature was set to 60 ◦C, HDI was slowly added into the reaction flask, and the
reaction was stirred for 3 h at 80 ◦C. The NCO content of the reaction mixture during the
prepolymer process was monitored by the back-titration method [40], and the comple-
tion of the reaction was verified when the measured NCO content reached the theoretical
NCO value. Upon the completion of the prepolymer reaction, the reaction temperature
was set to 55 ◦C, and acetone was added to obtain the NCO-terminated polyurethane
prepolymer with a concentration of 35–40 wt% in acetone at 48–50 ◦C. Following the pre-
polymer synthesis, 15% aqueous solution of a precalculated amount of the ionic monomer
AEAS was fed dropwise into the reaction mixture at 48 ◦C to form the NCO-terminated,
anionic A2 oligomer. The freshly prepared anionic A2 oligomer was then immediately
transferred into an addition funnel, which was then slowly added into the preweighed
DETA solution in acetone and water in a 5 L, four-necked round-bottom flask equipped
with a reflux condenser, a mechanical stirrer, and a thermocouple. Upon the completion
of the branching step by the slow addition of the ionic A2 oligomer into the B3 monomer
solution, amino-functional, branched polyurethane was obtained in acetone. Next, distilled
water was slowly added into the reaction mixture while vigorously stirring to disperse
polyurethane chains in water while cooling the mixture to 42 ◦C. Finally, acetone was
removed from the reaction mixture by vacuum distillation, and the complete removal of
the acetone was ensured at 42 ◦C, 50 mbar. The final product, amino-functional HBPUD
(denoted as HBPUD-0) with a solid content of 33 wt%, was collected by filtering through a
50-micron filtration medium.

Table 1. Chemical compositions of synthesized HBPUD samples.

Component Sample Name

HBPUD-0 HBPUD-50

Polyester polyol (g) 911.60 911.60

Diisocyanate (g) 144.62 144.65

AEAS (g) 109.74 109.74

DETA (g) 21.33 21.33

IPTES (g) 0 37.32

In order to attain silane functionality and obtain HBPUDs with both amino- and silane-
terminal groups, in a separate synthesis reaction, after the synthesis of amino-functional
polyurethane in acetone as described above, a precalculated amount of IPTES compound
was added dropwise into the reaction mixture immediately after the branching step at
48 ◦C to achieve a 50:50 ratio of amino–silane terminal groups, denoted as HBPUD-50.
Figure 2 shows the structure and terminal groups of HBPUD-50.

FT-IR spectroscopy was used to monitor the functionalization step, by ensuring the
absence of any NCO stretching vibration band (~2260 cm−1) from IPTES as shown in
Figure 3. Upon the completion of the functionalization step, the dispersion and acetone
distillation steps were applied as described above for the synthesis of amino-functional
HBPUD (HBPUD-0). The chemical compositions of the synthesized HBPUD samples are
given in Table 1.
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and ~1725 cm−1 for NCO and C=O stretching vibrations, respectively).

2.3. Characterization of HBPUDs and PU Films

HBPUD syntheses were monitored, and final solid PU films were analyzed using
a Nicolet IS10 Fourier Transform Infrared (FTIR) Spectrometer (Waltham, MA, USA)
equipped with an ATR system with a 4 cm−1 resolution over 120 scans and ASTM D2572-97
back-titration method.

The particle sizes and distributions of HBPUDs were determined using a ZetaSizer,
Malvern Instruments (Malvern, UK), provided with laser diffraction and polarized light of
three wavelength detectors. Approximately 0.1 mL of HBPUD was diluted with distilled
water to an adequate concentration in the cell and measured at room temperature. The
refractive indices of PU and water were 1.50 and 1.30, respectively. The HBPUD-50/GNP
mixtures were analyzed using a Partica LA-960V2 (Horiba, Kyoto, Japan) wet circulation
system equipped with a dispersant filling pump, liquid level sensor, circulation pump,
30 W in-line ultrasonic probe, and relief valve. The particle size analysis was conducted
by gauging the angular deviation of light scattered by particles when traversing a laser
beam. The machine employed the principles of Mie scattering and Fraunhofer diffraction
to ascertain precise measurements [41].

Tensile stress–strain tests of dried polyurethane films were performed on a universal
testing machine (Zwick Roell Z100 UTM, Ulm, Germany), with a load cell of 200 N, a
crosshead speed of 25 mm/min, and a grip-to-grip separation of 22 mm, and dog bone-
shaped samples were prepared and tested according to a standard test method [42]. Three
to five specimens were measured, and their average stress–strain values with standard
deviations were reported.

Gel content (%) tests were carried out using Soxhlet extraction with toluene. For the
gel content measurements, the dried polyurethane film (G1) and the thimble (G) were
precisely weighed, and the polyurethane film was put into the thimble and extracted with
toluene for 24 h. The thimble containing the film after the extraction was weighed again
(G2) after drying. To calculate the gel content (%) of each polyurethane film, Equation (1)
given below was used.

Gel content (%) = [(G2 − G)/G1] × 100 (1)

Scanning electron microscopy (SEM) was employed using a Leo Supra 35VP FEG-SEM
(Miami Beach, FL, USA) to examine the surface morphology of the dried HBPUD film
samples, which were coated with gold and palladium for enhanced conductivity and
imaging quality.
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2.4. Preparation of Aqueous HBPUD/GNP Mixtures and Their Deposition onto Carbon Fiber
Fabric Surfaces

The preparation of HBPUD-50/GNP mixtures in water and the deposition of this
mixture onto the carbon fiber surface is schematically given in Figure 4. First, 0.25 g of
GNPs was dispersed in 500 g of deionized water using probe ultrasonication (SONICA
Q700 equipment, Niles, IL, USA) for 15 min under 70% amplitude with 5 s pulse on and 5 s
pulse off. Then a predetermined amount of HBPUD-50 was mixed into this dispersion by
mechanical stirring such that two different HBPUD-50/GNP mixtures were obtained with
0.05 wt% GNP concentration and solid PU:GNP weight ratios of 0.33:1 and 1:1. In addition,
an aqueous dispersion of pure GNPs with 0.05 wt% and a pure HBPUD-50 dispersion
with 0.05 wt% solid PU were prepared, which corresponded to 0:1 and 1:0 solid PU:GNP
ratios, respectively.
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Figure 4. Preparation of HBPUD-50/GNP dispersions, their ultrasonic spray deposition onto the
carbon fiber fabric surface, and the formation of the epoxy–carbon fiber interface containing PU and
GNPs: (a) carbon fiber surface upon ultrasonic spray deposition, (b) carbon fiber surface upon drying,
and (c) epoxy–carbon fiber interface in the final CFRPC.

Freshly prepared aqueous HBPUD-50/GNP mixtures were sprayed onto each side
of 350 mm × 350 mm TW400 carbon fiber fabrics using a SONO-TEK Inc. (Milton, NY,
USA), Flexi Coat ultrasonic spray coater with a 48 kHz, impact-type ultrasonic spray
shaping nozzle. The spray was guided onto the substrate using jet air deflection aided by
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compressed air gas. At the end of the spray deposition, fabrics were dried on a heated
plate at 50 ◦C for 1 day. The amount of GNPs deposited per unit surface area of carbon
fiber fabric was controlled by the amount of HBPUD-50/GNP sample to be sprayed, such
that 10, 20, and 30 mg of GNPs was deposited per m2 of each side of the carbon fiber fabric
(denoted as 10, 20, and 30 mgsm) from each HBPUD-50/GNP sample, corresponding to
15 different carbon fiber fabrics in total, coated with HBPUD-50/GNP aqueous mixtures.

Samples of HBPUD-50/GNP mixtures with solid PU:GNP weight ratios of 0.33:1 and
1:1 dried in an oven overnight at 80 ◦C and pure GNPs (PU:GNP ratio of 0:1) were analyzed
using a Nicolet iS50 FTIR Spectrometer (Waltham, MA, USA) in transmission mode by
preparing KBr pellets containing approximately 0.05 wt% of each dried sample.

2.5. Fabrication of Prepregs and Manufacturing of CFRPC Plates

An in-house method was developed and used for the fabrication of prepreg materials
from ultrasonic spray-coated carbon fiber fabrics and hot melt epoxy resin films utilizing a
hot-press technique with optimized parameters. The detailed fabrication process and setup
are illustrated in Figure 5, while specifications of the desired prepreg materials are detailed
in Table 2, for which the production process was precisely tailored.

Figure 5. In-house prepreg laminate fabrication: (a) TW400 carbon fiber fabric (330 × 330 mm),
(b) 145 gsm epoxy resin film (320 × 320 mm), (c) TW400 fabric sandwiched in between epoxy resin
film, (d) resin impregnation in hot press, (e) prepreg (initial form out of hot press), and (f) prepreg
after trimming the edges (300 × 300 mm, ready to lay up).

Table 2. Specifications of desired prepreg materials.

Test Standard Test Result Type Desired Range Average Result Unit

[43] Prepreg areal weight (PAW) 690 ± 27 708 g/m2

[43] Fiber areal weight (FAW) 400 ± 12 411 g/m2

[44] Glass transition temperature (Tg) −3.5 ± 3.5 −1.4 ◦C

[44] Curing enthalpy (∆H) 100 ± 50 81 (J/g)

[45] Gel time 15 ± 5 15 min

TW400 fabric layers that were either as is or spray coated with each aqueous HBPUD-
50/GNP mixture were cut into the precise dimensions of 330 mm × 330 mm (Figure 5a),
and a roll of 145 gsm epoxy resin film was accurately cut into preforms with dimensions
of 320 mm × 320 mm (Figure 5b) to ensure complete coverage without resin overflow.
Concurrently, two layers of epoxy resin film were strategically placed on both surfaces of
the TW400 carbon fiber fabric (Figure 5c) to promote an even resin distribution upon the
application of pressure and heat. Each carbon fiber fabric sandwiched between epoxy resin
films was placed in the hot press (Figure 5d) at 60 ◦C, under 0.1–0.2 ton-force pressure for

64



Polymers 2024, 16, 828

30–40 s ensuring the transformation of the sandwich structure into prepreg (Figure 5e). Last,
prepregs out of the hot press were precisely trimmed to dimensions of 300 mm × 300 mm
(Figure 5f), rendering them suitable for use in the manufacturing of CFRPC test plates.

The carbon/epoxy prepregs prepared in house, as depicted in Figure 5f, were utilized
in the manufacturing of CFRPC laminates from five layers of prepregs with stacking
sequences of [0]5s for tensile tests. Subsequently, stacked prepreg laminates were bagged
for the autoclave manufacturing process with Teflon-coated glass fabrics (Fiberflon 828-25)
on the autoclave trays, facilitating the plates’ removal post-curing and peel ply material
application to both the top and bottom surfaces of all laminates. A vacuum blanket (Airtech
N10) (Airtech, Huntington Beach, CA, USA) was then carefully placed over the laminates,
and the assembly was sealed using leak-proof tape (AT 200Y) (Airtech) around the tray
edges. Two vacuum valves were positioned diagonally on each tray, and the setup was
enclosed with a vacuum bag (Airtech WL7400).

The autoclave curing cycle was conducted at 120 ± 3 ◦C, under a vacuum of
−0.2 ± 0.05 bar and a positive pressure of 7 ± 0.2 bar, sustained for 1 h. The cooling
phase ensued at a controlled rate of 3 ± 0.5 ◦C/min. Upon curing, the plates underwent
thickness verification via the non-destructive A-Scan inspection method. Plates that passed
this inspection that had thickness values of 2.30 ± 0.15 mm (fabricated from five layers
of prepreg sheets with individual cured ply thicknesses of 0.46 ± 0.03 mm) were then
subjected to the tab bonding process first, followed by the coupon cutting process. The
tensile specimens were then accurately sectioned using a water jet milling system equipped
with KUKA KR-16 Ultra F Robot (Kuka, Ausburg, Germany).

A reference CFRPC sample denoted as CFRPC-Ref was manufactured using TW400
carbon fiber fabric as is, while CFRPC samples manufactured using prepregs from each
spray-coated TW400 fabric were named as CFRPC-x-y:z, where x denoted the GNP deposi-
tion amount per meter square of TW400 fabric (mgsm), and y:z denoted the solid PU:GNP
ratio in each spray deposition.

2.6. Characterization and Testing of CFRPC Plates

The surface morphologies of spray-coated carbon fiber samples and fractured CFRP
sample surfaces were analyzed using a Leo SUPRA 35VP FEG-SEM. The images were taken
at varying accelerating voltages between 2 kV and 5 kV using secondary electron imaging.

The tensile properties of manufactured CFRPC plates were measured according to a
test standard [46]. Test samples were prepared from each CFRPC plate with dimensions of
250 mm (length) × 15 mm (width). Tension test plates were tabbed with [+45◦/−45◦]4s
glass fiber-reinforced epoxy prepregs using 3M Scotch-Weld AF163-2K adhesive film (3M,
St. Paul, MN, USA) and cured in the vacuum oven at 105 ◦C for 2 h. Tensile tests of the
CFRPC plates were performed using INSTRON 5982 100 kN Universal Testing Systems
(Norwood, MA, USA). A clip-on biaxial extensometer was initially attached to each tensile
test specimen, which was removed before 0.5% strain during each test.

3. Results and Discussion

An anionic, isocyanate-terminated prepolymer was synthesized as an A2 oligomer,
which was polymerized with DETA as the B3 monomer in dilute acetone solution to obtain
highly branched, amino-functional polyurethane as shown in Figure 1. The polymerization
was carried out in acetone medium, and the resulting polyurethane was dispersed in water
to obtain waterborne, amino-functional HBPUDs as reported previously [39]. In this study,
the reaction of amino-terminal groups with IPTES prior to the dispersion step enabled the
partial conversion of amine terminal groups to silane groups as shown in Figure 2. The
presence of both amine and silane terminal groups on the highly branched polyurethane
backbone was envisioned to enhance interactions between the carbon fiber, GNPs, and
the polymeric matrix both covalently and non-covalently when incorporated into the
interface of CFRPCs. In this context, while silane terminal groups of the polyurethane were
expected to react with residual hydroxyl groups present on the fiber and GNP surfaces,
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amine terminal units on the same polyurethane backbone were expected to react with
the epoxy resin during the curing stage of the prepreg laminates. For this purpose, the
HBPUD-50 sample was synthesized according to the composition given in Table 3, with an
amine–silane terminal group molar ratio of 50:50. This sample was successfully obtained
with a solid content of 33 wt% and an average particle size value of 84 nm (Table 3), which
was stable over prolonged shelf storage.

Table 3. Physical and mechanical properties of HBPU-0 and HBPU-50 (*: HBPUD-0 sample did not
form a self-standing film).

Sample Name

HBPUD-0 HBPUD-50

Particle size of dispersion (nm) 80 84

Film properties

Tensile strength at break (MPa) * 6.1 ± 1.1

Elongation at break (%) * 301.2 ± 15.6

Young’s modulus (MPa) * 3.2 ± 0.6

Gel content of film (wt%) 0 84

The presence and the effect of silane terminal groups in the HBPUD-50 sample
(Figure 2) were first evaluated in the pure polyurethane film as they were expected to
lead to the self-crosslinking of the corresponding film upon casting and drying. SEM
images of the surfaces of solid polyurethane films from the HBPUD-0 and HBPUD-50
samples are presented in Figure 6. Both samples formed continuous films. The amino-
functional polyurethane had a smooth surface, yet it did not form a self-standing film
with a mechanical integrity. The polyurethane film from the silane functional HBPUD-50
sample was self-standing, and its SEM images revealed a rougher surface with micro-voids,
possibly due to the hydrolysis and self-condensation of silane terminal groups.
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50 samples.

In order to assess the effects of silane terminal groups on the physical properties
of the resulting polyurethane films, the gel content and tensile properties of standalone
polyurethane films from HBPUD-0 and HBPUD-50 were compared as summarized in
Table 3. While the HBPUD-0 sample resulted in a fully soluble film in toluene with 0 wt%
gel content, the HBPUD-50 sample had >80 wt% gel content, which was attributed to the
hydrolysis, self-condensation, and crosslinking of silane terminal groups (Figure S1) in the
highly branched polyurethane backbone from the HBPUD-50 sample. While the HBPUD-
0 sample did not form a self-standing film with mechanical integrity, the crosslinking
mechanism resulted in self-standing polyurethane films from HBPUD-50 with the tensile
stress–strain behavior shown in Figure 7 and tensile properties given in Table 3. Last, the
presence of Si-O-Si groups in the polyurethane film from the HBPUD-50 sample was also
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verified by the peaks observed around 1200, 1050, and 750 cm−1 in the FT-IR spectrum of
the film as shown in Figure 8.
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Upon the synthesis and characterization of the HBPUD-50 sample, aqueous mixtures
of GNPs and HBPUD-50 with different weight ratios were prepared for their deposition
onto the carbon fiber fabric surface by ultrasonic spray deposition as depicted in Figure 4.
The GNPs used in this study were formed of individual platelets with an average particle
diameter of approximately 1.5 µm and a thickness less than 5 nm as previously analyzed
using transmission electron microscopy (TEM) in the literature [47]. Considering the
fact that these platelets were expected to form agglomerations rapidly in water, HBPUD
was expected to enhance the stability and dispersibility of GNPs in water, which was a
critical factor during their ultrasonic spray deposition onto the carbon fiber surface. As
demonstrated in Figure S2, freshly prepared HBPUD-50/GNP mixtures with different
weight ratios had relatively broad, uniform particle size distributions in water. Such broad
distributions demonstrate the fact that GNPs are agglomerated in water, and ultrasonic
spray deposition could play a key role in depositing them onto carbon fiber surfaces
in smaller forms. When these mixtures were allowed to sit on the shelf for 24 h and
shaken gently, an HBPUD-50/GNP mixture with a 1:1 solid PU:GNP weight ratio was
observed to retain its original particle size distribution. The other two mixtures with less

67



Polymers 2024, 16, 828

(0.33:1 ratio of solid PU:GNP) and no HBPUD-50 (0:1 ratio of solid PU:GNP) showed new,
larger particle size shoulders, indicating that an adequate amount of HBPUD may assist
in obtaining homogeneous, stable GNP dispersions in water. Dried samples of HBPUD-
50/GNP mixtures were analyzed using FT-IR spectroscopy as shown in Figure S3. Pure
GNPs (HBPUD-50/GNP 0:1) were characterized by a broad peak around 3400 cm−1 due to
hydroxyl groups around the edges of the GNP sheets, small C–H stretching peaks below
3000 cm−1 presumably due to imperfections in the graphitic structure, and the main peak
around 1615 cm−1 due to C=C bond stretching. On the other hand, pure polyurethane
film was characterized by a strong C=O bond stretching peak around 1730 cm−1, along
with C–H stretching peaks below 3000 cm−1 and a small peak arising from amine groups
around 3300 cm−1. The FT-IR spectra of the HBPUD-50/GNP mixtures with 0.33:1 and
1:1 ratios of solid PU:GNP verified the presence of both polyurethane and GNPs in these
mixtures by the presence of C=C bonds arising from GNPs and both C=O and C–H bonds
increasing parallel with the polyurethane content.

After the preparation of the HBPUD-50/GNP mixtures with different solid PU:GNP
ratios, they were introduced onto carbon fiber fabric surfaces using a novel ultrasonic spray
deposition method as demonstrated in Figure 4. The ultrasonic shaping nozzle of the spray
equipment was expected to break up the agglomerates of GNPs in the aqueous medium
immediately prior to the deposition of GNPs and enable uniform distribution of them on
the coated carbon fiber surface. In this study, HBPUD-50/GNP mixtures with 0:1, 0.33:1, 1:1,
and 1:0 ratios of solid PU:GNP were sprayed onto each side of 350 mm × 350 mm carbon
fiber fabrics by ultrasonic spray deposition. While the samples with 0:1 and 1:0 weight
ratios of PU:GNP corresponded to the deposition of pure GNPs and pure PU, respectively,
samples with 0.33:1 and 1:1 weight ratios allowed the investigation of the presence of both
PU and GNPs with two different ratios at the fiber–matrix interface. Each HBPUD-50/GNP
mixture, as well as the pure HBPUD-50 (1:0 ratio) and GNP dispersion (0:1 ratio), was
spray deposited in specific amounts to achieve depositions of 10, 20, and 30 mg of GNPs
per m2 (mgsm) of each side of the carbon fiber fabric. The amount of the pure HBPUD-50
sample was adjusted to deposit a solid PU amount the same as that of the 1:1 solid PU:GNP
sample for each mgsm deposition series. It should be noted that the depositions of 10, 20,
and 30 mgsm GNPs corresponded to approximately 0.003, 0.006, and 0.009 wt% GNPs
in the overall composite structure, respectively, when calculated based on the average
areal weight of each prepreg sheet given in Table 2. Upon the spray deposition of HBPUD-
50/GNP mixtures with different ratios in each deposition series, each sprayed carbon fiber
fabric sample underwent an overnight drying process, during which water was removed
and a nanocomposite film layer was formed by facilitating the self-crosslinking or reaction
of silane terminal groups with GNP and carbon fiber surfaces. SEM images of the uncoated
carbon fiber surface and the ones coated with 20 mgsm GNP from pure GNP dispersion
and from HBPUD-50/GNP mixtures with 1:1 PU:GNP ratios are shown in Figure 9. The
successful deposition of pure GNPs onto the originally smooth carbon fiber surfaces is
visible in Figure 9b, showing a significant change in the surface morphology of fibers with
the aid of the ultrasonic spray deposition. Visually, the surface of fibers coated with the
HBPUD-50/GNP sample (with a 1:1 ratio of solid PU:GNP) appears similar to that of the
pure GNP-coated one (Figure 9c), while a better attachment of GNP particles onto the fiber
surface is expected due to the presence of a polyurethane layer, although it is not visible in
the SEM images. A chemical bond is expected to develop between silane terminal groups
of polyurethane and GNP or carbon fiber surfaces while retaining amine terminal groups,
resulting in the establishment of an intricate interface between the fiber and the matrix to
be introduced.
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Following the ultrasonic spray deposition of each HBPUD-50/GNP, as well as pure
HBPUD-50 and GNP dispersions onto carbon fiber fabrics with 10, 20, and 30 mgsm
GNP depositions from each dispersion, prepreg laminates were fabricated by sandwiching
each carbon fiber fabric in between epoxy resin films with standard gsm values. The
optimized parameters used in the in-house process depicted in Figure 5 ensured the robust
adhesion of the resin to the fiber without resin overflow, while maintaining the fiber fabric’s
integrity without causing damage, ensuring the transformation of the sandwich structure
into prepreg form. The carbon/epoxy prepregs prepared in house were utilized in the
manufacturing of CFRPC test plates by stacking laminates in [0]5s orientation, followed
by autoclave curing in vacuum bags. Fifteen different CFRPC test plates, each formed of
five prepreg layers, with varying GNP amounts or PU:GNP ratios, were manufactured,
along with a reference CFRPC manufactured from TW400 carbon fiber fabric without any
HBPUD-50 and/or GNP deposition.

The fabrication and testing of the CFRPC series with 10, 20, and 30 mgsm GNP
deposition on the carbon fiber surface allowed a systematic investigation of the influence
of varying the content of GNPs and/or solid PU at the fiber–matrix interface on the tensile
properties of CFRPCs. In Figure 10a, representative stress–strain curves of the CFPRC-10
series are shown, while Figure 10b displays the variation of the average tensile strength
at break and the Young’s modulus values of the CFRPC samples with a GNP content of
10 mgsm and varying PU:GNP ratios at the interface. The deposition of 10 mgsm GNPs in
the CFRPC-10-0:1 sample resulted in a slight increase in the tensile strength and modulus;
however, a relatively large standard deviation especially in the modulus value indicated
that GNPs alone may not have been homogeneously distributed at the interface. On
the other hand, by the incorporation of 10 mgsm PU only from HBPUD-50, the CFRPC-
10-1:0 sample showed an approximately 12% increase in the tensile strength reaching
1014.6 MPa, albeit with a slight decrease in the Young’s modulus value. Furthermore, the
CFRPC-10-0.33:1 with both PU and GNPs showed similar tensile properties to those of
the CFRPC-10-1:0 sample, whereas an increased amount of PU in the HBPUD-50/GNP
mixture corresponding to the CFRPC-10-1:1 sample resulted in a slight decrease in the
tensile strength value reaching 982.2 MPa, still remaining above the reference CFRPC. In
conclusion, although a clear trend was not observed as a function of the PU:GNP ratio,
the incorporation of PU only or GNPs in the presence of PU resulted in increased tensile
strength values with no change in the Young’s modulus.

Stress–strain curves of the CFRPC-20 series with 20 mgsm GNPs deposited alone or in
the presence of HBPUD-50 are plotted in Figure 11a, and the variation in tensile properties
as a function of PU:GNP ratios is given in Figure 11b. The increased amount of incorporated
GNPs from 10 mgsm to 20 mgsm resulted in a significantly increased Young’s modulus but
reduced tensile strength compared with the reference CFRPC sample. This suggested that
a certain amount of GNPs at the interface without any attachment purely contributed to
an increase in the modulus values. On the other hand, the incorporation of 20 mgsm PU
only from HBPUD-50 in CFRPC-20-1:0 resulted in a significantly increased tensile strength
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value reaching above 1000 MPa and a slightly decreased Young’s modulus value compared
with both the CFRPC-Ref and CFRPC-20-0:1 samples. Interestingly, the incorporation of
a combination of PU and GNPs at weight ratios of 0.33:1 and 1:1 resulted in a synergistic
effect. In the CFRPC sample having a combination of PU and GNPs at a weight ratio
of 0.33:1 (CFRPC-20-0.33:1), the tensile strength value was moderately increased above
950 MPa, while the Young’s modulus value remained similar to that of the 20 mgsm pure
GNPs incorporated CFRPC sample (CFRPC-20-0:1). In the case of the CFRPC-20-1:1 sample
with increased PU content in combination with GNPs, the tensile strength value further
increased compared with the CFRPC-20-0.33:1 sample, reaching the tensile strength value
of the CFRPC-20-1:0 sample with pure PU, with a Young’s modulus value in between those
of the CFRPC-pure and CFRPC-20-0:1 samples.
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Figure 11. (a) Tensile stress–strain curves of CFRPC-20 series and (b) variation in tensile properties
of CFRPC-20 series as a function of PU:GNP ratio.

Figure 12 shows the tensile properties of CFRPC samples with 30 mgsm GNPs at the
interface alone or in combination with amine and silane functional polyurethane. The
increased content of pure GNPs at the fiber–matrix interface resulted in a drastic decrease in
not only the tensile strength but also the Young’s modulus value, contrary to the 20 mgsm
pure GNPs incorporated CFRPC sample. On the other hand, 30 mgsm incorporation of
only PU at the interface showed a slight improvement in the tensile strength without any
changes in the Young’s modulus compared with the reference CFRPC. The incorporation
of a combination of PU and GNPs at different weight ratios resulted in a visible trend
of improved tensile strength and Young’s modulus behavior such that while the CFRPC-
30-0.33:1 sample was similar to the CFRPC-30-1:0 sample with only PU at the interface,
the CFRPC-30-1:1 sample containing equivalent weights of solid PU and GNPs stood out
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among all samples with a significantly improved average tensile strength value above
1000 MPa and a moderately increased Young’s modulus value around 65 MPa. It should be
noted that our preliminary studies on increasing the incorporated GNP and/or PU content
beyond 30 mgsm did not show any significant changes in the mechanical properties of the
corresponding CFRPC laminates. Yet, the incorporation of high amounts of GNPs or other
nanomaterials onto fiber fabric surfaces by ultrasonic spray deposition can be a promising
approach in improving the thermal or electrical conductivity of FRPCs.
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A comprehensive analysis of the tensile behavior of all samples clearly indicated that
the incorporation of relatively rigid GNPs alone into the interface without any attachment
or chemical interactions solely improved the stiffness of corresponding samples up to
20 mgsm GNP incorporation, above which all tensile properties significantly decreased
presumably due to an agglomeration effect of GNPs. On the other hand, the incorporation
of a chemically functional PU layer alone into the fiber–matrix interface resulted in the
improvement of mechanical properties through the enhancement of interfacial interactions,
which was reflected as a significant increase in the tensile properties and clearly evidenced
in the stress–strain curves of corresponding samples. In the case of the combined use
of GNPs and a functional PU, a stiffening effect with the aid of GNPs and enhancement
of interfacial interactions with the aid of a multi-functional PU layer through chemical
bonding and interactions resulted in the improvement of tensile strength while maintaining
or improving the initial Young’s modulus with the optimum content of PU and GNPs, such
as in the CFRPC-20 series.

The presented enhancement of interfacial interactions with the use of GNPs and
multi-functional PU has been further assessed by SEM analysis of selected CFRPC samples
after fracture. As illustrated in Figure 13, the reference CFRPC sample’s failure occurred
predominantly through progressive interfacial debonding and fiber pullout, leading to
arbitrary fiber breakage at multiple levels along the fiber direction and voids in the matrix.
In contrast, when one of the best performing CFRPC samples’ (CFRPC-20-1:1) fractured sur-
face was analyzed, the interface between the fiber and matrix remained almost intact after
the failure, showing fewer fiber pullouts and more uniform fiber breakage, which provided
evidence of strong interfacial bonding and contribution to improved tensile properties.

Here, we demonstrated a novel approach to enhance the interfacial interactions and
improve the tensile properties of fiber-reinforced polymer composites (FRPCs) by combin-
ing graphene nanoplatelets (GNPs) and a multi-functional polyurethane at the fiber–matrix
interface using ultrasonic spray deposition. This method resulted in significant improve-
ments in the tensile properties of FRPCs with as little as 20 to 30 mg of GNPs and PU/m2

of carbon fiber fabric, corresponding to approximately 0.006 to 0.009 wt% of each compo-
nent in the overall composite structure. Notably, our study achieved these improvements
with much lower amounts of carbon nanomaterials compared with previous studies. For
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instance, a prior study with a similar approach and composition of composite structure
reported a notable increase in the tensile strength of CFRPCs from approximately 700 MPa
to 850 MPa with the interfacial incorporation of 0.3 wt% GNPs, which is over 30 times
higher than the GNP content used in our study [34]. It is important to point out that the
waterborne, multi-functional polyurethane described in our study shows promise as a
chemical compatibilizer and sizing agent, potentially enhancing interfacial interactions
between dissimilar surfaces in composite materials synergistically when combined with
various nanoparticles.
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4. Conclusions

The incorporation of GNPs in the presence of a multi-functional polyurethane via
their deposition onto the carbon fabric surface from an aqueous dispersion using an
ultrasonic spraying deposition technique was systematically investigated. The synthesis
and characterization of HBPUDs possessing only amine or both amine and silane terminal
groups were carried out, aiming to understand the role of silane terminal groups on the
polyurethane backbone. The presence of silane terminal groups on the polyurethane
backbone led to a very high gel content and decent mechanical properties in resulting
films from the HBPUD-50 sample, whereas the solid PU film from the HBPUD-0 sample
with only amine terminal groups did not form a self-standing film. The subsequent
preparation of GNPs with HBPUD-50 at different ratios assisted in keeping a homogeneous
dispersion for the ultrasonic spray deposition of these mixtures onto carbon fiber fabrics
to incorporate both GNPs and multi-functional polyurethane chains at the fiber–matrix
interface of CFRPCs by the preparation of their prepreg laminates, stacking, and autoclave
curing. A systematic study on the relative content of GNPs and the PU:GNP weight
ratio at the fiber–matrix interface showed that a synergistic effect of both stiffening and
enhancement of interfacial interactions was achieved, resulting in the improvement of
the tensile strength values from approximately 908 MPa up to 1022 MPa and Young’s
modulus values from 63 MPa up to 66 MPa. This study underscored the importance of
carefully tuning the GNP content and PU:GNP ratio in tailoring these tensile properties in
high-performance CFRPCs.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/polym16060828/s1: Figure S1: Self-crosslinking mechanism of HBPUD-
50 upon film formation; Figure S2: Particle size analyses of HBPUD-50/GNP dispersion mixtures
(a) freshly prepared and (b) gently shaken after one day of storage (all measurements were performed
at 0.05 wt% concentration); Figure S3: FT-IR spectra of dried HBPUD-50/GNP samples.
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Abstract: Polyurethane (PU) composite is increasingly used as a repair material for civil engineering
infrastructure, including runway, road pavement, and buildings. Evaluation of polyurethane grouting
(PUG) material is critical to achieve a desirable maintenance effect. This study aims to evaluate the
flexural behavior of normal concrete repaired with polyurethane grout (NC-PUG) under a three-point
bending test. A finite element (FE) model was developed to simulate the flexural response of the
NC-PUG specimens. The equivalent principle response of the NC-PUG was analyzed through a
three-dimensional finite element model (3D FEM). The NC and PUG properties were simulated
using stress–strain relations acquired from compressive and tensile tests. The overlaid PUG material
was prepared by mixing PU and quartz sand and overlayed on the either top or bottom surface of
the concrete beam. Two different overlaid thicknesses were adopted, including 5 mm and 10 mm.
The composite NC-PUG specimens were formed by casting a PUG material using different overlaid
thicknesses and configurations. The reference specimen showed the highest average ultimate flexural
stress of 5.56 MPa ± 2.57% at a 95% confidence interval with a corresponding midspan deflection
of 0.49 mm ± 13.60%. However, due to the strengthened effect of the PUG layer, the deflection of
the composite specimen was significantly improved. The concrete specimens retrofitted at the top
surface demonstrated a typical linear pattern from the initial loading stage until the complete failure
of the specimen. Moreover, the concrete specimens retrofitted at the bottom surface exhibit two
deformation regions before the complete failure. The FE analysis showed good agreement between
the numerical model and the experimental test result. The numerical model accurately predicted the
flexural strength of the NC-PUG beam, slightly underestimating Ke by 4% and overestimating the
ultimate flexural stress by 3%.

Keywords: concrete; polyurethane; finite element analysis; polyurethane grout material; flexural strength

1. Introduction

Repair and protective techniques are applied to civil engineering infrastructure, in-
cluding reinforced concrete structures, roads, and runways, by exposing damaged sections
and changing them with cement-based composites [1–5]. Due to the cracking of the re-
placed materials and further penetration of degradation substances into concrete structures,
the functions of the repaired section may deteriorate again [6,7]. Water can be an essential
carrier for aggressive, penetrating substances [6]. Thus, efficient means to restrict water
penetration into repaired areas and underlying concrete structures is critical for preserving
their high resilience and extended lifetimes. Alternative materials of polymeric resins,
including methyl methacrylate (MMA), epoxy resins, furan resins, polyurethane resins,
urea formaldehyde, and unsaturated polyester resins, are available to maintain concrete
structure effectively. Moreover, latex (polymer suspension in water), powder, and resin
(liquid form) are all common types of polymer modifiers. Similarly, there are polymer
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modifiers, which include styrene butadiene rubber (SBR) emulsion, ethylene vinyl acetate
(EVA), polyacrylate (PAE) emulsion, epoxy resin (EP), polyvinyl alcohol vinyl acetate,
ethylene vinyl acetate, and acrylic acid [8–12]. PU is a hard polymer with good wear-
resistance characteristics [13]. The PU-cement-based composite was reportedly employed
in retrofitting structures after a seismic event because of its high bending and low compres-
sive strength reduction [14]. Polyurethane gout materials have been used in several repair
projects, including highway crack treatment, high-speed railway track slab raising, emer-
gency reinforcement of water conservation projects, and repair of rigid pavement [15–18],
as depicted in Figure 1. Similarly, closed-cell one-component hydrophobic polyurethane
foam can be used to stabilize expansive soil [19], whereas polyurethane grouting materials
are employed for repair of road and runway facilities [20].
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The numerical analytical method has been utilized to investigate the performance
of concrete materials under static loadings, which is considered isotropic and homoge-
nous for numerical simulation [21–24]. The numerical analysis was carried out using the
finite element approach, demonstrating that the numerical analysis could be utilized as
an evaluation tool for analyzing the different performance of the polyurethane-concrete
composite [25–28]. Hala et al. [25] conducted an experimental study and numerical analysis
on the ballistic resistance of high-performance fiber-reinforced concrete panels coated with
polyurethane materials. The numerical models adequately predict the ballistic strength of
the panels under independent ballistics tests. Sing et al. [29] evaluated the compression,
tension, and flexural properties of four epoxy grouts and developed a finite element model
to simulate composite repaired pipes. The result showed good agreement between the
FE models and the experimental test result with a margin error of less than 10%. It was
discovered that by modifying the infill parameters in the finite element model to simulate
the usage of different infill materials for the repair, a 4–8% increase in burst pressure can be
produced. Shigang et al. [30] performed numerical simulations of the polyurethane polymer
concrete specimens in compression under different strain rates utilizing explicit numerical
methods based on LS-DYNA codes. The failure factors of polymer concrete at the mesoscale
level were numerically analyzed. The result indicated that the novel dynamic properties of
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the material attributed to the damage and failure mode of the interface and elastic/plastic
properties of the polyurethane polymer composites. Chen et al. [31] conducted a long-term
study and numerical simulation of PU foam insulation on concrete dams under extreme
cold conditions. The FE analysis on the composite profiled sheet deck formed by apply-
ing polyurethane and polyvinyl chloride tubes was studied by [32]. Manjun et al. [28]
established the FE model to simulate the shear failure process of polyurethane–bentonite
composite specimens under variable angle shear test; the results indicated that the FE
model result is consistent with the experimental result. Somarathna et al. [33] studied the
dynamic mechanical properties of concrete retrofitted with polyurethane coating mate-
rial subjected to quasi-static and dynamic loads simulated via a three-point bending test.
The failure mechanism between the PU grout and concrete under the influence of moisture
was investigated using digital image correlation [34]. Huang et al. [35] proposed a calcu-
lation technique to determine the deformation of precast concrete frame assembled with
artificial controllable plastic hinges, and performed seismic analysis. The result showed that
artificial controllable plastic hinges effectively reduced the base shear of the frame structure.
The seismic performance of corrosion-damaged reinforced concrete columns strengthened
with a bonded steel plate (BSP) and a high-performance ferrocement laminate (HPFL) was
evaluated [36]. Zhang et al. [37] developed a numerical model and reliability-based analysis
of the flexural strength of concrete beams reinforced with hybrid basalt fiber-reinforced
polymer and steel rebars.

Studying the performance properties of composite concrete retrofitted with polyurethane
grout under FE simulation requires considerable attention, as most previous studies paid
attention to the experimental investigation, even though experimental studies were an
appropriate means of understanding the structural response. Experimental studies are ex-
pensive, time-consuming, and unviable, especially for comprehensive or parametric studies.
Thus, when accurately calibrated and validated, the FE analysis technique is an alternative
way of investigating the structural responses. This study intends to investigate the effective-
ness and capacity of the PU material prepared by combining bio-based polyurethane (castor
oil) and quartz sand as a coating material for a concrete beam subjected to a three-point
bending test and a developed FE simulation of the concrete–polyurethane grout (NC-PUG)
under a flexural load. The equivalent principle response of the NC-PUG was analyzed
through a three-dimensional finite element model (3D FEM). The NC and PUG properties
were simulated using stress–strain relations acquired from compressive and tensile tests.
The concrete damage plasticity model (CDPM) available in commercially available FE
software ABAQUS 2021 [38] is utilized to model the response of normal concrete and
polyurethane grout material.

2. Materials and Methods
2.1. Materials

Grade 42.5R ordinary Portland cement was used to produce a concrete mixture, and its
chemical compositions are summarized in Table 1. The fine aggregate in this study was
a river sand with 2650 kg/m3 density 2.63 fineness modulus. The coarse aggregate is the
crushed natural stone with 10 mm aggregate size and 2.67 fineness modulus. Figure 2
presents the distribution of the aggregate sizes used. The quartz sand has particles the size
of 0.5–1.0 mm and density of 1430 kg/m3. The desired workability of the concrete was
maintained by adding polycarboxylate-based superplasticizer at 0.15% of the weight of
cement to obtain required workability.

Table 1. Cement chemical composition.

Material
Oxides

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 TiO2 LOI

Cement 23.27 4.41 2.45 62.85 1.42 0.48 0.21 2.57 0.08 1.82
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The PU binder was synthesized through a polymerization reaction between polyaryl
polymethylene, isocyanate (PAPI), and castor oil, mixed at the mix ratio of 6:1, and placed
in a container. A homogenous solution was produced after 2 min of rigorous mixing with
hand mixer set at high speed [17,39,40]. Table 2 shows the physical and performance
indexes of the PU binder.

Table 2. Physical and performance parameter of PU binder.

PU Materials Viscosity (CPS) Appearance
Curing Age (h) Tension Property

(MPa)Initial Final

Castor oil 35,000 Grey/white
sticky - - -

PAPI 250 Brown
transparent - - -

PU binder - - 3.5 72 5.5

2.2. Specimen Preparation

Table 3 shows the mix proportion for the preparation of concrete mixture and PU
grouting materials. The NC mix was poured into beam molds with defined dimensions of
100 × 100 × 400 mm3. To obtain a satisfactory level of compaction, the cast specimens were
put on the vibrating table. They were then left at room temperature for around 24 h before
being removed from the mold. Furthermore, all the specimens were cured for 28 days prior
to the test.

Table 3. NC and PUG design mix.

Mix ID Cement (kg/m3) Sand (kg/m3)
Coarse aggregate
(kg/m3) Water (kg/m3)

NC 425 718 966 170

PU/Quartz sand
(weight ratio)

PU binder (200 g)

Castor oil (g) PAPI (g) Solvent (g)

PU grout 1:0.5 167 33 8.4

After 28 days, all samples were air dried for seven days to make sure that all the
surface moisture was completely dried before PU grouting was overlaid. The prepared PU
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grouting materials were synthesized by mixing quartz sand and PU binder using a mixing
ratio of 1:0.5 in relation to weight. A homogenous mixture of quartz sand and PU binder
was obtained by rigorous mixing of the two components using a hand mixer at high speed.
Table 3 presents the preparation process of the PUG. The synthetic route toward producing
the PUG binder and its microphase structure is shown in Figure 3a,b. Therefore, the PUG
was cast either at the top and bottom or both surfaces of the concrete beam at 5 mm and
10 mm thicknesses, as indicated in Table 4. The NC-PUG composite configuration used to
conduct flexural tests is shown in Table 4. The graphical representation process of preparing
the composite beam and strengthened with PU grouting material is depicted in Figure 4.
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2.3. Test Methodology
2.3.1. NC Compressive Test

The NC cube compression test was conducted following 50081-2002 [41] using 100 cube
specimens. The 20-ton loading capacity (WDW 200E) universal testing machine was used
to test the NC compressive strength. Three samples were tested after 28 days of curation,
and the average was considered as the strength of normal concrete.

2.3.2. The NC-PUG Flexural Test

Figure 5 presents the setup for the flexural strength test. The NC-PUG flexural behavior
was tested according to the Chinese national standard GB/T 50081-2002 [41]. Using a
300 mm clear span loading and a 0.85 size reduction coefficient, a three-point bending
method was used to calculate the flexural stress [41]. The UTM was set at 0.05 mm/min
displacement-controlled loading and the specimens were loaded until complete specimen
failure. The NC-PUG flexural strength was determined based on Equation (1). Moreover,
three LVDTs were attached to the test specimen to monitor the deflection at midspan and
two end supports, as illustrated in Figure 5. To add the load to the test sample, a load
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cell was coupled to the apparatus. The datasets for time, load, and displacement were
simultaneously captured with a static data collecting system.

fy =
Pl
bh2 × 0.85 (1)

where f y is the NC-PUG and the flexural strength (MPa); P represents the maximum applied
load (KN); l represents the distance of the two supports (mm); and h and b represent the
height and width of the beam section (mm), respectively.
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3. Result and Discussion
3.1. Flexural Response of NC-PUG

Table 5 summarizes the response of the NC repaired with the PU grout material under
flexural load. The average of the three samples tested under each testing condition was
computed, and the flexural and deflection response was considered based on the 95%
confidence level. As shown in Table 5, the control sample (NC-PUG0) reveals the high-
est average ultimate flexural stress of 5.56 MPa ± 2.57% against the concrete specimen
retrofitted with the PUG grouting material; furthermore, a minimum mid-span deflec-
tion of 0.49 mm ± 13.60% was recorded for the control sample. However, the ultimate
flexural stress of the specimens retrofitted with the PU grouting materials demonstrated
reduced flexural strength with increasing deflection, as presented in Table 6. The flexural
response is seen in Figure 6, showing the decreasing and increasing pattern of the NC-PUG
composite due to the retrofitting effect of the PU grout material and casting configuration.
The specimen repaired with a 5 mm thick PUG overlaid at the bottom surface (NC-PUGB5)
and top-bottom surface (NC-PUGTB5) showed nearly the same ultimate flexural stress
of 4.30 MPa ± 1.77% and 4.35 MPa ± 3.62%, respectively, which are lower than that of
the reference specimen by 22.66% and 21.76%, respectively. The mid-span deflection of
NC-PUGB5 is 2.19 mm ± 5.26%, and that of NC-PUGB5 is 1.40 mm ± 1.66%. The specimen
retrofitted with 5 mm and 10 mm overlaid the PU grout material at the top surface exhibits
the ultimate flexural stress of 3.39 MPa ± 6.80% and 3.63 MPa ± 3.72%, which are lower
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than the flexural strength of the specimen retrofitted at the bottom surface. This behavior is
attributed to the specimen attaining a maximum carrying load and then failing. The con-
crete section no longer bears the applied load. At this stage, the overlaid PU grout sustained
the applied load to some specific point before the ultimate failure of the NC-PUG compos-
ite, indicating the viscoelastic properties of polyurethane, which tend to make concrete
more ductile and less brittle. Following the experimental research utilizing polyurethane
demonstrates that PU is a very strain rate-sensitive elastomer, with a significant change in
performance from rubbery to leathery in response to increased strain rates [42–45].

Table 5. The flexural response of concrete retrofitted with PU grout material.

Specimen ID Code Flexural Strength
(MPa)

L-Deflection
(mm)

Max Deflection
(mm)

R-Deflection
(mm)

Reference 1 5.478 0.42 0.57 0.42
2 5.746 0.36 0.43 0.34
3 5.478 0.35 0.47 0.38
Confidential level (0.95) 5.56 ± 2.57% 0.38 ± 9.29% 0.49 ± 13.60% 0.38 ± 9.73%

NC-PUGB5 1 4.371 2.07 2.46 2.71
2 4.32 2.2 2.60 2.43
3 4.21 2.32 2.56 2.30
Confidential level (0.95) 4.30 ± 1.77% 2.19 ± 5.26% 2.54 ± 2.62% 2.48 ± 7.81%

NC-PUGT5 1 3.662 2.32 2.46 2.42
2 3.174 1.73 1.81 1.71
3 3.330 2.24 2.22 2.21
Confidential level (0.95) 3.39 ± 6.80% 2.09 ± 14.10% 2.16 ± 14.04% 2.11 ± 15.95%

NC-PUGT10 1 3.723 1.35 1.34 1.24
2 3.702 0.97 1.1 1.04
3 3.46 1.14 1.36 1.21
Confidential level (0.95) 3.63 ± 3.72% 1.15 ± 15.25% 1.27 ± 10.55% 1.16 ± 8.57%

NC-PUGTB5 1 4.440 1.38 1.48 1.27
2 4.155 1.43 1.2 1.28
3 4.67 1.40 1.45 1.39
Confidential level (0.95) 4.35 ± 3.62% 1.40 ± 1.66% 1.38 ± 10.32% 1.31 ± 4.68%

Table 6. Mechanical characteristics of NC and PUG.

Material Compressive
Strength (MPa)

Elastic
Modulus (GPa)

Tensile
Strength (MPa)

Density
(kg/m3)

NC (C50) 48.67 32.29 4.76 2400
PUG 19.89 36.67 14.29 2400

Additionally, deflection due to the applied load was recorded at the two end supports,
as shown in Figure 7. As shown in Figure 7, the deflection at the end support showed
increasing and decreasing behavior according to the overlaid thickness and configura-
tion. Reference specimens exhibit the lowest average deflection of 0.49 mm ± 13.60% and
0.38 mm ± 9.73% at the left and right support, respectively. This deflection is drastically
increased due to the PU grouting effect, as exhibited in NC-PUGB5, which records an
average deflection of 2.54 ± 2.62% and 2.48 ± 7.81% at the left and right support, re-
spectively. The support deflection tends to decrease with a change in the PUG overlaid
thickness and casting position. The support deflection of composite specimens with a
5 mm thick PUG cast at the top surface is reduced by 14.6% compared to the composite
specimen cast with a 5 mm PUG overlaid thickness at the bottom surface. The support
deflection decreased further in the specimen cast with a 10 mm thick PUG overlaid at the
top surface. Hence, the record lowest recorded support deflection of 1.27 mm ± 10.55% and
1.16 mm ± 8.57%, respectively, was obtained. An improvement in the support deflection
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was observed in the NC-PUGBT5 specimen when compared to the NC-PUGT10 composite
specimen. This result indicated that the deflection behavior of concrete can be improved
with PUG grouting materials, and was more pronounced when the PUG overlaid was cast
at the bottom surface. A related study by Somarathna et al. [33] reported that concrete
specimens retrofitted externally reveal a higher strain during ultimate failure due to the
elastomeric coating on the impact face under quasi-static testing.
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3.2. Finite Element Modeling of NC-PUG Beam

The finite element modeling (FEM) and analysis (FEA) of the NC-PUG beam were
carried out using the FE software ABAQUS 2021 [46]. FEM can help evaluate the proper-
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ties of the concrete-to-polyurethane grout composite (NC-PUG). The details of the FEM,
including the geometry, meshing, and boundary conditions, are presented in this section.
This section presents the FE model development to evaluate the flexural responses of the
NC-PUG beam.

3.3. Boundary Conditions, Loading Analysis, and Interaction

The specimens were fixed from the bottom steel support (Figure 8a). Displacement-
controlled type of loading was applied to the simulation system. The NC-PUG contact was
regarded for surface-to-surface relations. The firm contact without penetration was em-
ployed, and the shear characteristic was defined using the “penalty” function. The friction
coefficient 0.4 between the NC substrate and PUG layer interface was considered. The
NS surface was designed as the master surface, while the PUG surface was set as the
slave surface.
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3.4. Element Type and Mesh Size

Figure 8 presents a typical FE model of the NC, PUG, and NC-PUG composite beams.
The NC and PUG were designed as three-dimensional eight-node composites with a
reduced integration point (C3D8R) that was adopted for NC and PUG. The contact surface
between NC and PUG used common mesh seeds to ensure accuracy. A sensitivity analysis
was conducted with various mesh sizes, and the finest mesh with a size of 10 mm was
selected according to the mesh convergence learning process.

3.5. Contact Modeling

The interaction between the NC and PUG grouting material was defined using surface-
to-surface contact obtained in ABAQUS. The contact pair in the FE models consists of NC
and PUG. The contact surface associated with the NC was used for the master surface,
and the PUG contact surface was selected as the slave surface. Similarly, the contact
surface associated with the NC-PUG composite was used as the master surface. A friction
coefficient of 0.4 was used between the two components [47]. The normal contact behavior
was assumed to be hard contact, allowing for the transmission of the surface’s pressure
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and separation when the pressure was zero or negative. The NC was designated as the
host element.

3.6. Material Constitutive Model

The ABAQUS concrete damage plasticity (CDP) model simulated the NC and PUG’s
material behavior. The CDP is a uniaxial compression and uniaxial tension plasticity model
that describes the inelastic and damage behavior of concrete. The yielding criteria defined
by Lee et al. [48] were adopted in this study. The concrete was characterized using the
CDP model. The material properties of grade C50 concrete and PUG grouting material are
summarized in Table 6.

3.7. Material Constitutive Model of NC

The CDP model consisted of concrete compression and tensile damage; Figure 9
presents the stress–strain curves of the NC. The compressive stress–strain curve is clas-
sified into three parts. The first part is the elastic up to 0.4 f mm. The second section
is the ascending parabolic part starting from 0.4 f mm to f mm, which is calculated from
Equation (2)—according to EC2—and the third part linearly descends from f mm to 0.85
f mm.

σc = fcm

[
kn−n2

1+(k−2)n

]

n = εc
εco

, k = Ecεco/ fmm
(2)

where εc represents the compressive strain, σc represents the NSC compressive stress,
fmm represents the ultimate compressive stress, εco represents the strain corresponding to
fmm which is equal to 0.002, and the ultimate strain εcu is equal to 0.0035 [49]. Ec is the
modulus of elasticity. Figure 1b shows the tensile stress–strain curve, in which the stress
rises proportionately to the strain before cracking. The tensile strength (ft) is calculated
using Equation (3) [50], and the equivalent strain (εck) is defined as ft/Ec.

ft = 0.395 f 0.55
cu (3)
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Figure 9. Concrete-damaged plasticity model of NC in (a) stress–strain in compression, (b) stress–
strain in tension, and (c) stress–crack width. 

3.8. Model Validations 
Figures 10–14 compare the flexural load–deflection curves between the experiments 

and the numerical model for each specimen condition. The FE analysis showed good 

(a) (b) (c) 

Figure 9. Concrete-damaged plasticity model of NC in (a) stress–strain in compression, (b) stress–
strain in tension, and (c) stress–crack width.

The relationship between tensile stress and cracking width is calculated using the
fracture energy cracking model to define the tensile behavior of the NSC after cracking.
The fracture was obtained from CEP-FIP [51] using Equation (4).

G f = G f 10

(
fc

10

)0.7
(4)

where parameter Gf represents the fracture energy in Nmm/mm2, and the diameter of the
coarse aggregate is approximately 16 mm. Hence, Gf10 = 0.003 Nmm/mm2. The concrete
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compressive and damage coefficient, i.e., dc and dt, represents the damage behavior of the
concrete. Thus, dc = 1 – fmm/σc and dt = 1 – ft/σt.

3.8. Model Validations

Figures 10–14 compare the flexural load–deflection curves between the experiments
and the numerical model for each specimen condition. The FE analysis showed good agree-
ment between the numerical model and the experimental test result. The initial stiffness (Ke)
of the load–deflection curves between the numerical and experiment were compared for
each specimen. Initial stiffness is explained as the ratio of 45% of the maximum load (P0.45)
to the corresponding deflection (∆0.45) as described by the ACI 318M-05 [52] and given in
Equation (5).

Ke =
P0.45

∆0.45
(5)
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Figure 15. Scatter of test-to-prediction ratios for Ke and Pu. 

Table 7. Comparison of experimental results with FE model predictions. 

No. Specimens Ke 
kN/mm 

KN 
kN/mm  

Pu 
(kN) 

PN 
(kN) 

Ke/KN Pu/PN 

1 NC 22.880 18.511 18.260 18.427 1.230 0.991 
2 NC-PUGB5 3.661 3.963 14.400 15.365 0.924 0.937 
3 NC-PUGT5 7.914 7.585 12.340 12.788 1.048 0.964 
4 NC-PUGT10 3.541 3.275 12.210 12.034 1.081 1.014 
5 NC-PUGBTB5 6.038 6.245 13.850 14.100 0.966 0.982 

Figure 14. Validation of CDPM under flexure. (a) Numerical and experimental stress–strain models;
(b) FEM and stress distribution for NC-PUGTB5.

The relationship between the flexural stress and mid-span deflection showed a linear
pattern at the initial loading stage for the reference, and all the specimens were retrofitted at
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the top surface, as shown in Figures 10–12, regardless of the PUG grout overlaid thickness.
Common behaviors were observed for both the FE model and experimental test results.
Under these conditions, deflection continuously increases with the applied loads until the
specimen reaches the ultimate load and then fails in flexure. Nearly equal ultimate flexural
stress was observed between the FE simulation and experimental test result.

On the other hand, two deformation regions were observed in the NC-PUG composite
specimens strengthened with the PUG overlaid cast at the bottom surface or top-bottom
surface, as revealed in Figures 13 and 14, before complete failure. Under this configuration,
polyurethane grout material was cast at the tension zone of the composite specimen,
and polyurethane exhibited viscoelastic properties in response to the increased deflection
without significance stress. This behavior tends to change the concrete’s brittle nature to a
ductile state; polyurethane is a very strain rate-sensitive elastomer, with a significant change
in performance from rubbery to leathery in response to increased strain rates. As a result,
two deformation regions occurred during testing. Region (i): the initial loading condition;
the relationship between flexural stress and deflection exhibits a flat slop with a drastic
increase in mid-span deflection under continuous loading. The magnitude of the applied
load became noticeable when the deflection reached a significant level, which marked the
second deformation region. Region (ii): under this region, the relationship between the
flexural stress and mid-span deflection exhibits a sharp slope. Both the applied load and
deflection are increased rapidly until the test specimen fails in flexure. The two deformation
regions demonstrated by these test specimens are caused by the viscoelastic behavior of
polyurethane subjected to tensile stress at the tension zone of the composite specimens.

Table 7 presents the observed initial stiffness (Ke) and ultimate flexural stress (Pu)
with numerical values, and the experimental test result-to-predicted value ratio of Ke and
Pu is depicted in Figure 15. Table 7 and Figure 15 show that the FE model had accurately
estimated the flexural responses of the NC-PUG beam and slightly underestimated Ke by
4% and overestimated Pu by 3%. The standard deviation of the flexural strength of the
test specimen-to-prediction ratios of Ke and Pu are 0.1 and 0.02, respectively. The results
indicated that the developed FE model predicts the flexural behavior and elastic stiffness of
the NC-PUG specimens more accurately. It indicates that 80% of the predictions are within
the range of ±10% of the prediction, as shown in Figure 15.

Table 7. Comparison of experimental results with FE model predictions.

No. Specimens Ke kN/mm KN kN/mm Pu
(kN)

PN
(kN) Ke/KN Pu/PN

1 NC 22.880 18.511 18.260 18.427 1.230 0.991
2 NC-PUGB5 3.661 3.963 14.400 15.365 0.924 0.937
3 NC-PUGT5 7.914 7.585 12.340 12.788 1.048 0.964
4 NC-PUGT10 3.541 3.275 12.210 12.034 1.081 1.014
5 NC-PUGBTB5 6.038 6.245 13.850 14.100 0.966 0.982

Standard deviation 7.221 5.519 2.194 2.251 0.106 0.026
Mean 8.807 7.916 14.212 14.543 1.049 0.977
Cov (%) 82 69.7 15.4 15.5 10.1 2.6
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4. Conclusions

This study investigated the flexural behavior of the NC specimens retrofitted with a
polyurethane grouting material of different thicknesses and configurations. The concrete
beam specimens were subjected to a three-point bending test. The composite NC-PUG
specimens were formed by casting the polyurethane grouting material at either top and/or
bottom or both top-bottom surfaces. Moreover, finite element models were developed to
simulate the flexural response of the NC-PUG specimens. The following conclusion can be
drawn to summarize the findings.

The reference specimen (NC-PUG0) showed the highest average ultimate flexural
stress of 5.56 MPa ± 2.57% at a 95% confidence interval with a corresponding mid-span de-
flection of 0.49 mm ± 13.60%. However, due to the strengthened effect of the polyurethane
grout, the deflection of the composite specimen was significantly improved.

1. The configuration and/or position of the PU grout material cast influenced the rela-
tionship between the flexural stress and mid-span deflection. Specimens retrofitted at
the bottom surface exhibit two deformation regions.

2. The effect of the PU grouting material changes the brittle nature of concrete to a more
ductile state due to the viscoelastic behavior of polyurethane. This behavior is more
effective on the specimen retrofitted at the bottom surface.

3. The FE analysis showed good agreement between the numerical model and the
experimental test result. The numerical model accurately predicted the flexural
strength of the NC-PUG beam, slightly underestimating Ke by 4% and overestimating
Pu by 3%.
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Abstract: Waterborne polyurethane-acrylate (WPUA) grafted with polyurethane was prepared to
improve the film-forming ability of hard-type acrylic latex. To balance the film-formation ability and
hardness, the WPUA latex was designed with a hard core (polyacrylate) and soft shell (polyurethane).
The grafting ratio was controlled through varying the content of 2-hydroxyethyl methacrylate (HEMA)
used to cap the ends of the polyurethane prepolymer. The morphologies of the latex particles, film
surface, and fracture surface of the film were characterized through transmission electron microscopy,
atomic force microscopy, and scanning electron microscopy, respectively. An increase in the grafting
ratio resulted in the enhanced miscibility of polyurethane and polyacrylate but reduced adhesion
between particles and increased minimum film formation temperature. In addition, grafting was
essential to obtain transparent WPUA films. Excessive grafting induced defects such as micropores
within the film, leading to the decreased hardness and adhesive strength of the film. The optimal
HEMA content for the preparation of a WPUA coating with excellent film-forming ability and high
hardness in ambient conditions was noted to be 50%. The final WPUA film was prepared without
coalescence agents that generate volatile organic compounds.

Keywords: waterborne polyurethane-acrylate; 2-hydroxyethyl methacrylate; minimum film formation
temperature; grafting; nano-indentation

1. Introduction

Acrylic latexes are widely used in coating formulations to reduce volatile organic
compounds (VOCs) that impact the environment and human health [1]. However, solvent-
based binders are still typically used in certain coating applications with high performance
requirements, such as enhanced hardness, gloss, and scratch resistance [2]. These charac-
teristics of waterborne coatings are inferior to those of solvent-based coatings due to their
suboptimal film-forming ability. In waterborne systems, the latex polymer is dispersed
in the form of nano- or micro-sized individual particles in the water phase. To achieve
a continuous film during film formation, smooth coalescence must be ensured between
these particles and chain diffusion [3]. Hard latexes can be used to achieve strong mechani-
cal properties. However, their high transition glass temperature (Tg) limits intergranular
coalescence [4]. Owing to these aspects, it remains challenging to balance film formation
and mechanical properties. Slow-drying solvents or low-molecular-weight plasticizers
have been incorporated in waterborne coatings to facilitate polymer diffusion in the rigid
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latex [5,6]. However, such additives result in increased VOC emissions and adversely affect
hardness development, chemical resistance, and durability [7].

Various methods based on Tg heterogeneity, such as oligomer integration, the use of
hard/soft latex blends, and the introduction of core–shell latexes, have been developed
to simultaneously achieve low VOC emissions, high hardness, and low minimum film
formation temperature (MFFT) [8–10]. The introduction of an oligomeric plasticizer that
was prepared in situ using a chain transfer agent helped decrease the MFFT of the acrylic
latex and VOC emissions by less than half [8]. In the case of hard/soft latex blends, the hard
phase enhances the film hardness, and the soft phase promotes film formation [9]. Using a
hard core–soft shell latex, a more uniform distribution than that of a blend can be achieved
through incorporating the different phases into one structure. The improved mechanical
and film-forming properties of acrylic core–shell latex depend on various parameters, such
as the shell Tg, shell specific gravity, and particle size [10].

An alternative approach is to introduce polyurethane (PU), known for its excellent
flexibility and hydrogen bonding ability, into acrylic latex [11]. Wang et al. used a PU
dispersion as a polymer coagulant to aid film formation and demonstrated its potential as
an alternative to conventional coalescence aids [12]. However, the thermodynamic immis-
cibility between acrylic polymers and PU may lead to significant phase separation [13]. To
overcome this problem, vinyl-terminated PU can be grafted onto acrylic chains. Grafted
waterborne polyurethane-acrylate (WPUA) latexes have been noted to be superior to con-
ventional blend latexes owing to improved compatibility [14]. However, excessive grafting
can reduce the mobility of the polymer chains, thereby inhibiting interparticle coalescence.

In most of the existing studies, the effect of grafting on WPUA latex has been inter-
preted in terms of the phase separation and crosslinking density, and the film development
process has been rarely considered [15–19]. In particular, no study has been reported on
the design of WPUA latex with a hard core-soft shell structure to prepare hard coatings
without coalescence additives that generate VOCs. Latex formulations that emit low VOCs
and form films under ambient conditions are highly attractive to consumers. Therefore, this
study was aimed at developing a latex coating formulation with excellent mechanical prop-
erties and film-forming ability in ambient conditions through introducing PU with high
coalescing ability. To this end, we attempted to clarify the relationship between the grafting
degree and film-forming ability of WPUA latex with a hard core–soft shell structure.

2. Experiment
2.1. Materials and Methods

Polytetrahydrofuran (PTHF, Mn = 1000 g/mol, Sigma Aldrich, St. Louis, MI, USA)
and dimethylol propionic acid (DMPA, Sigma Aldrich, St. Louis, MI, USA) were dried in a
vacuum oven at 60 ◦C for 24 h before use. Isophorone diisocyanate (IPDI), 2-hydroxyethyl
methacrylate (HEMA), methyl methacrylate (MMA), and n-butyl acrylate (BA) were pur-
chased from Sigma Aldrich, St. Louis, MI, USA. Dibutyltin dilaurate (DBTDL, Sigma
Aldrich, St. Louis, MI, USA) was used as the catalyst for the urethane reaction. Triethy-
lamine (TEA), ethylene diamine (EDA), ammonium persulfate (APS), and 1-methyl-2-
pyrrolidinone (NMP) were purchased from Alfa Aesar, Ward Hill, MA, USA, and used
as received.

2.2. Preparation of WPUA Samples

Figure 1 shows the synthesis process of WPUA latex. PTHF and IPDI were added
to a 500 mL four-necked reactor and heated to 70 ◦C. The mixture was stirred with a
mechanical stirrer under a nitrogen atmosphere. DMPA dissolved in NMP was added
dropwise to the mixture and then stirred at 80 ◦C for 30 min. Subsequently, DBTDL was
added, and the reaction was sustained until the NCO content reached the theoretical value.
The resulting NCO-terminated PU prepolymer was cooled to 60 ◦C, and the viscosity was
lowered through adding MMA and BA. Next, HEMA was added and allowed to react at the
same temperature for 3 h to synthesize the acrylic terminal PU. The system was cooled to
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40 ◦C, and TEA was added to neutralize the –COOH groups of DMPA for 1 h. The reactor
was then immersed in an ice bath, and a mixture of distilled water and EDA was slowly
introduced into the dropping funnel under high-speed agitation (600–700 rpm). After the
completion of water dispersion and chain extension, the reactor was heated to 80 ◦C, and
APS was added to polymerize the acrylic monomers. Finally, a WPUA dispersion with a
solid content of 30 wt% was obtained.
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The HEMA content was calculated using the theoretical molar number of the NCO
groups in the PU prepolymer. The synthesized samples were labeled as WPUA_H0.00,
WPUA_H0.25, WPUA_H0.50, WPUA_H0.75, and WPUA_H1.00, depending on the molar
ratio of NCOPU prepolymer/OHHEMA (Table 1).
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Table 1. WPUA samples with different HEMA contents.

Sample HEMA
(mmol)

EDA
(mmol)

OHHEMA/NCOPUpre
(mol Ratio)

WPUA_H0.00 0 30 0
WPUA_H0.25 15 22.5 0.25
WPUA_H0.50 30 15 0.50
WPUA_H0.75 45 7.5 0.75
WPUA_H1.00 60 0 1.00

PU prepolymer composition: PTHF = 0.02 mol, IPDI = 0.09 mol, DMPA = 0.04 mol, TEA = 0.04 mol; Acrylic
composition: MMA = 61.2 g, BA = 6.8 g.

2.3. Preparation of WPUA Films

The WPUA film was prepared through casting the dispersion onto a Teflon mold or
glass plate and drying for 48 h at 25 ◦C and 24 h in a vacuum oven at 40 ◦C.

2.4. Characterization
2.4.1. Particle Size Distribution and Zeta Potential

The particle size and zeta potential of the dispersions were measured using a particle
size analyzer (SZ-100, HORIBA, Kyoto, Japan) after diluting the samples with distilled
water. The measurements were conducted in triplicate at 25 ◦C, and the average values of
the three trials were used as the final results.

2.4.2. Transmission Electron Microscopy (TEM)

The morphology of the WPUA particles was observed using a Tecnai F20 G2 (FEI,
Hillsboro, OR, USA) instrument operating at an accelerating voltage of 100 kV. The latex
was diluted to a solids content of 0.1 wt% and dyed with 3 wt% phosphotungstic acid
solution [20]. The mixture was adjusted to pH 7.5 using aqueous ammonia to stabilize
the latex particles. A drop of the sample solution was deposited onto a copper mesh and
allowed to dry at room temperature.

2.4.3. Gel Fraction

To measure the gel content of the WPUA films, 1 cm × 1 cm samples were immersed
in acetone for 48 h (initial weight, W0). Subsequently, the samples were dried in a 60 ◦C
vacuum oven for 24 h to eliminate any residual acetone (dried weight, W). The gel content
(G) was calculated as

G = W/W0 × 100 (%) (1)

2.4.4. XPS

XPS measurements were performed using an X-ray photoelectron spectrometer (NEXSA,
Thermo Fisher Scientific, Waltham, MA, USA) equipped with an Al Kα X-ray source
(1486.6 eV) to determine the elemental composition of the latex surface. Latex samples for
XPS were prepared in powder form via lyophilization for 72 h.

2.4.5. Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR spectroscopy (Cary 630, Agilent Technologies, Santa Clara, CA, USA) was
performed to analyze the chemical structure of the WPUA. The spectra were recorded
in the range of 650–4000 cm−1 at a resolution of 4 cm−1 with a scan count of 64. All
measurements were obtained at room temperature in the attenuated total reflectance mode.

2.4.6. MFFT

The MFFT measurements were obtained in the temperature range of 0–90 ◦C, following
the ASTM D2354 standard [21], using custom-made MFFT equipment.
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2.4.7. Dynamic Mechanical Analysis (DMA)

The dynamic mechanical properties of the prepared films were characterized through
a DMA (242C, Netzsch, Selb, Germany). Each film was heated from −80 ◦C to 120 ◦C at a
rate of 0.66 K min−1 under a N2 atmosphere, with a frequency of 1 Hz.

2.4.8. Atomic Force Microscopy (AFM)

The surface morphology of the WPUA film was investigated through tapping-mode
AFM (XE-100, Park systems, Suwon, Republic of Korea). Topographic and phase images
were observed in the 2 µm2 range at a scan rate of 1 Hz using a silicon probe.

2.4.9. Scanning Electron Microscopy (SEM)

SEM (SU8000, Hitachi, Tokyo, Japan) was performed to observe the fracture surface
morphology of the film. Observations were made at an accelerating voltage of 10 kV. Before
the test, the film was frozen in liquid nitrogen and then fractured.

2.4.10. Nano-Indentation Test

To evaluate the surface hardness and elastic modulus of the WPUA film, a load–
indentation depth curve was obtained using a nanoindenter (ZHN, Zwick Roell, Ulm,
Germany). Tests for each sample were conducted 10 times, and the average value was
obtained according to ASTM D1474 [22].

2.4.11. Cross-Cut Test

The adhesion of the WPUA coating to the substrate was evaluated using a cross-cutter,
and the measurements were recorded according to the ISO 2409 standard [23].

2.4.12. Transparency Evaluation

Transmittance was recorded on a UV–vis spectrophotometer (Lambda 35, Perkin
Elmer, Waltham, MA, USA) in the visible range. Transmittance values were averaged after
five measurements.

3. Results
3.1. FT-IR Analysis

Figure 2 shows the FT-IR spectra for the WPUA prepolymers, attained through the
dibutylamine back titration method at the theoretical NCO content of the prepolymer.
The peaks for all samples were similar, except for the peak corresponding to –NCO at
2270 cm−1 [20]. The disappearance of the peak associated with the –OH group at 3300 cm−1

confirmed the complete reaction of IPDI, PTHF, DMPA, and HEMA [24]. A broad peak
pertaining to urethane N–H was observed at 3320 cm−1 [25]. The peak intensity associated
with –NCO at 2270 cm−1 reduced with increasing HEMA content. Peaks corresponding
to the symmetric and asymmetric stretching vibrations of –CH3 and –CH2 were observed
at 2855–2955 cm−1 [26]. The peak associated with PTHF C–O–C stretching vibrations
appeared at 1110 cm−1, whereas those for free C=O and hydrogen-bonded C=O appeared
at approximately 1719 cm−1 [27]. The C=C peak for HEMA appeared at 1650 cm−1,
indicating that no polymerization occurred during the 3 h reaction period [28]. At the end
of all of the reactions, the residual –NCO and C=C peaks disappeared in the FT-IR spectra
for the prepared WPUA_H0.50 dispersion and film (Figure 2c).
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Figure 2. FT-IR spectra for the (a) overall frequency; (b) –NCO stretching region of the WPUA_H0.00,
WPUA_H0.25, WPUA_H0.50, WPUA_H0.75, and WPUA_H1.00 prepolymers; and (c) WPUA_H0.50

dispersion and film.

3.2. Particle Size and Gel Fraction of WPUA Latex

The average particle size, zeta potential, and gel fraction of the WPUA latex samples
with different degrees of grafting are summarized in Table 2. Increasing the HEMA content
resulted in an increase in the average particle size of the WPUA latex and decrease in the
absolute zeta potential. During the synthesis of WPUA, a higher HEMA content facilitated
the generation of additional grafting points between the acrylic polymer (PA, core) and PU
polymer (shell). Consequently, the mobility of PU polymers with hydrophilic functional
groups was reduced, which limited the localization of COO– ions to the particle surface.
This phenomenon reduced the number of ionic groups exposed on the WPUA latex surface,
weakening the electrostatic repulsion between latex particles. As a result, agglomeration
between WPUA latex occurred and particle size increased [29].

Table 2. Gel fraction, particle size, and zeta potential for WPUA latex.

Sample Gel Fraction (%) Particle Size (nm) Zeta Potential (mV)

WPUA_H0.00 0 64.2 −72.4
WPUA_H0.25 5.8 70.5 −52.3
WPUA_H0.50 27.7 77.1 −42.9
WPUA_H0.75 53.1 84.5 −38.4
WPUA_H1.00 86.2 92.9 −35.2

The gel fraction measurement results indicated that the acrylic terminal PU facilitated
the crosslinking of the WPUA latex particles. As the HEMA content increased, the gel
fraction of the latex rapidly increased. Theoretically, the PU chain is chain-extended with
EDA to have a diacrylate structure, which can act as a crosslinking agent. The highest gel
fraction (86.2%) corresponded to the WPUA_H1.00 sample, and highly crosslinked particles
were formed.
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3.3. Characterization of Core-Shell Structure

The particle morphology of WPUA_H0.50 latex was visualized in negative-stain TEM
images as shown in Figure 3. The diameter of the particles was approximately 82 nm,
which is similar to the results measured using the particle size analyzer. The latex particles
exhibited a distinct core–shell structure, where the dark domains in the outer layer were
PU and the relatively bright domains in the core were PA. The PU moiety is more polar
than the PA moiety [30]. Therefore, shell regions with higher electron cloud density were
observed to be darker.
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The core–shell structure of WPUA was further characterized through comparing the
surface elemental composition of WPUA and acryl-free WPU particles through XPS [31–33].
Here, WPU consists only of PU components in WPUA. WPUA_H0.50 and WPU latex were
lyophilized prior to analysis to maintain the shape and morphology of the particles. Figure 4
shows the XPS spectra of WPUA_H0.50 and WPU particles. Although the WPUA_H0.50
sample contained approximately 58% acrylic component, it was almost identical to the
surface component composition of the WPU particles. In addition, the contents of nitrogen
elements associated with urethane and urea groups in WPUA_H0.50 (4.6%) and WPU (4.7%)
were almost similar. These results proved that the hydrophobic acrylic component in
WPUA is almost completely covered by the hydrophilic PU.
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3.4. Viscoelastic and Thermal Characterization of WPUA Films

Figure 5a shows the changes in the storage modulus of the WPUA films with increasing
temperature. The storage modulus of the WPUA films increased as the HEMA content in the
vitreous region increased, attributable to the higher degree of grafting and crosslinking. The
storage modulus of WPUA_H0.00 at −70 ◦C was 2480 MPa, which increased to 5020 MPa
at the same temperature. As the temperature increased, the molecular chain activity
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intensified, and the storage modulus gradually decreased. Notably, the storage moduli of
the WPUA_H0.00 and WPUA_H0.25 rapidly decreased near 0 ◦C.
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The crosslink density, the number of moles of elastically effective network chains per
cubic centimeter of sample (υe), can be determined through measuring the modulus in
the rubbery region [34,35]. The network crosslink density of WPUA films with different
HEMA contents was calculated from rubber elasticity theory using Equation (2) and is
summarized in Table 3.

υe = E′/3RT (2)

where υe, E′, R, and T are the crosslink density, elastic storage modulus, ideal gas constant,
and temperature at which E′ is obtained, respectively. The elastic storage modulus of the
film was obtained at 393.15 K (>Tg). The calculated υe of WPUA films increased with
increasing HEMA content.

Table 3. Tg, υe, and MFFT for WPUA films.

Sample Tg, PU (◦C) Tg, PA (◦C) υe × 103 (mol/cm3) MFFT (◦C)

WPUA_H0.00 −6.6 88.7 0.16 8.4
WPUA_H0.25 2.9 77.2 0.23 11.6
WPUA_H0.50 7.7 71.5 0.83 19.2
WPUA_H0.75 8.0 68.5 1.09 29.7
WPUA_H1.00 53.4 1.35 42.2

Figure 5b shows the relationship between the loss factor (tan δ) and temperature, which
can reflect the thermal behavior and degree of phase separation of the hybrid polymer film.
All samples, except for WPUA_H1.00, exhibited two tan δ peaks, indicating the presence of
two phases in the internal structure of the WPUA film [36]. The first phase transition, which
occurred between −50 and 25 ◦C, was attributed to the chain activity of PU. The second
phase transition, which occurred between 50 and 100 ◦C, was associated with the activity
of the acrylic chain. The difference between the two peak temperatures decreased with
increasing HEMA content, indicating improved miscibility between the PU and acrylic.
WPUA_H1.00 exhibited the best phase miscibility, with a broad single peak curve between
0 and 90 ◦C.

Table 3 summarizes the Tg and MFFT values of the WPUA samples obtained from
DMA. The results indicate the clear dependence of the MFFT on the first Tg. In general,
a lower Tg of the latex corresponds to superior interfacial adhesion and chain diffusion,
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resulting in a lower MFFT. The Tg of the core acrylic polymer, calculated through the Fox
equation for the prepared WPUA latexes, was 86 ◦C, which highlights that film forma-
tion is challenging in ambient conditions. In contrast, the MFFT values of WPUA_H0.00,
WPUA_H0.25, and WPUA_H0.50 were lower than 25 ◦C, owing to the high adhesion ca-
pacity of the PU placed on the shell. PU is composed of soft segments, ionic groups, and
urethane groups, and thus, it can be plasticized by water [37]. Consequently, the gaps
between particles are filled, and chain entanglement is strengthened. Notably, the MFFT
of WPUA_H0.75 and WPUA_H1.00 was significantly high, potentially because of the high
degree of grafting and crosslinking. The covalent bonds between PU and acrylic polymer
reduce the mobility of flexible PU chains, rendering it challenging to fill the voids between
particles. Consequently, film cracking occurs, and a higher drying temperature is required
to obtain a smooth film. Thus, although high-level grafting improves the compatibility of
WPUA, it considerably limits its film-forming ability.

Figure 6 shows the TGA results for the WPUA samples. The initial weight loss values
for the WPUA films with HEMA mol ratios of 0.25, 0.50, 0.75, and 1.00 were recorded at 240,
252, 262, and 264 ◦C, respectively, signifying the onset of the first decomposition tempera-
ture in the derivative thermogravimetry (DTG) graph. The temperatures corresponding to
the first maximum degradation peaks were 310, 315, 315, 326, and 330 ◦C, associated with
the decomposition of the hard segments of the PU [38]. The temperatures at which 50%
weight loss was observed were 373, 381, 384, and 385 ◦C. The second maximum decom-
position temperatures in the DTG analysis were 395, 396, 405, 408, and 409 ◦C, indicating
the decomposition temperature of the soft segments and PA components [38]. Thus, as
the HEMA content increased, the degradation temperature and maximum degradation
temperature of the hard and soft segments increased by 20 °C and 14 °C, respectively. This
phenomenon was attributable to the grafting and crosslinking of WPUA, which resulted in
improved heat resistance [39].
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3.5. Morphological Characteristics of WPUA Films

To evaluate the coalescence and film-forming ability of the WPUA latex, the surface of
the dried film was imaged via AFM. Figure 7 shows the height images and surface profile
roughness values (Rq) of the WPUA films with different HEMA contents. As predicted from
the MFFT results, the increase in the HEMA content prevented the collapse of the particles
and increased the surface roughness. The WPUA_H0.25 and WPUA_H0.50 samples, with a
low degree of grafting, exhibited highly deformed surface morphologies. In contrast, most
particles of the WPUA_H0.75 and WPUA_H1.00 samples, characterized by a high degree of
grafting and crosslinking, did not collapse and maintained a spherical shape. Interestingly,
smaller particles could be distinctly identified in the surface image of WPUA_H0.00. A
potential reason for this phenomenon is that the shell polymer, free from the core, easily

101



Polymers 2023, 15, 3765

migrated to fill the voids between the particles, and undeformed core particles appeared on
the surface [3]. Consequently, the WPUA_H0.00 film exhibited the lowest surface roughness.
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Figure 8 shows the fracture surface SEM images of the WPUA samples. The results
were consistent with those derived from AFM phase images. As the grafting ratio of WPUA
increased, distinct latex particles and rough fracture surfaces were observed. Specifically,
the WPUA_H1.00 film with the highest MFFT exhibited numerous micro-voids inside, at-
tributable to its low particle-to-particle coalescence ability. Such discontinuous films may be
characterized by several limitations, such as low barrier properties and mechanical strength.
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3.6. Mechanical and Optical Properties

The effect of the grafting ratio on the mechanical properties of WPUA coatings was
investigated through nano-indentation and cross-cut tests. Figure 9 shows the load–
indentation depth curve reflecting the mechanical surface behavior of WPUA coatings
with different grafting ratios. Table 4 lists the average values of the indentation hardness
(HIT) and modulus of elasticity (EIT). As the grafting ratio increased from 0 to 0.75, the
indentation depth decreased at the same pressure. HIT gradually increased from 67.50 MPa
to 89.53 MPa, and EIT increased from 2.87 GPa to 3.84 GPa. These trends were attributable
to the strengthening effect induced by the high degree of grafting and crosslinking. Notably,
the HIT and EIT of WPUA_H1.00 were 67.5 MPa and 2.87 GPa, respectively. The voids in the
WPUA_H1.00 coating, as observed in the SEM images, resulted in decreased hardness and
elastic modulus [40].
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Table 4. Hardness, elastic modulus, and light transmittance of WPUA films.

Sample HIT
a (MPa) EIT

a (GPa) Adhesion b Transmittance c (%)

WPUA_H0.00 63.0 ± 2.2 3.1 ± 0.1 5B 74 ± 2
WPUA_H0.25 84.9 ± 2.4 3.5 ± 0.1 5B 88 ± 2
WPUA_H0.50 86.4 ±3.2 3.5 ± 0.2 4B 90 ± 3
WPUA_H0.75 89.5 ± 4.7 3.8 ± 0.3 3B 91 ± 3
WPUA_H1.00 67.5 ± 5.1 2.9 ± 0.4 2B 87 ± 5

a Results obtained from nano-indentation test; b results obtained from cross-cut test; c light transmittance in the
visible range.

According to the cross-cut test results, the adhesion of the WPUA coatings decreased
as the grafting ratio increased (Table 4), likely because of the film-forming ability of WPUA.
In general, a greater deformability of the particles is associated with superior adhesion with
the substrate. In the case of the WPUA latex particles with a low degree of grafting, the
soft-shell PU polymer is expected to move freely and completely cover the substrate. These
characteristics are associated with enhanced film-forming ability and superior adhesion of
the WPUA coating.

In general, the transparency of composite polymers is closely related to the par-
ticle size, crystallinity of the polymer matrix, phase separation, and refractive index
differences [41,42]. The grafted and crosslinked WPUA films exhibited excellent light
transmittance in the visible range (Table 4). However, the WPUA_H0.00 film exhibited haze
and recorded a 74% lower light transmittance. This is consistent with Desai’s report that
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the transparency of PU/poly(MMA) latex films without HEMA was reduced [43]. This is
due to the difference in the refractive index between the highly separated PU and acrylic
domains, as in the results obtained with DMA [14]. In particular, WPUA with a hard
core-soft shell structure may have intensified phase separation due to the heterogeneity
of Tg. On the other hand, comparing WPUA_H0.25 and WPUA_H0.75, light transmittance
increased even though the particle size increased from 70.5 to 84.5 nm. This may be because
the improved compatibility had a greater impact on the transparency of the WPUA film
than the particle size change in the 14 nm range. Therefore, improving the compatibility
of the two phases is essential to obtain a transparent film. The reduced transparency of
WPUA_H1.00 is attributed to the formation of voids.

4. Conclusions

This study was aimed at preparing coatings with excellent film-forming ability and
high hardness at room temperature without the use of coalescence agents. To this end,
PU was introduced into acrylic latex as a coalescence aid, and the effect of the grafting
ratio of the core (PA) and shell (PU) on the properties and film-forming ability of WPUA
was systematically investigated. Increasing the grafting ratio resulted in the crosslinking
of the WPUA latex particles and an increase in their size. The grafted WPUA coating
exhibited improved hardness, modulus, thermal stability, and compatibility. However,
excessive grafting reduced the chain mobility of the soft shell, which limited the collapse
and coalescence of the latex particles during film formation. Therefore, the MFFT of
WPUA increased, resulting in the formation of a discontinuous film with reduced hard-
ness and adhesion. These results highlight that the grafting ratio must be optimized to
ensure a balance between the film-forming ability and mechanical properties of WPUA
latex. In follow-up studies, we plan to prepare various series of PUs and investigate their
coalescence-supporting abilities in more detail.
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Abstract: Urethane acrylate (UA) was synthesized from various di-polyols, such as poly(tetrahydrofuran)
(PTMG, Mn = 1000), poly(ethylene glycol) (PEG, Mn = 1000), and poly(propylene glycol) (PPG,
Mn = 1000), for use as a polymer binder for paint. Polymethyl methacrylate (PMMA) and UA were
blended to form an acrylic resin with high transmittance and stress-strain curve. When PMMA was
blended with UA, a network structure was formed due to physical entanglement between the two
polymers, increasing the mechanical properties. UA was synthesized by forming a prepolymer using
di-polyol and hexamethylene diisocyanate, which were chain structure monomers, and capping them
with 2-hydroxyethyl methacrylate to provide an acryl group. Fourier transform infrared spectroscopy
was used to observe the changes in functional groups, and gel permeation chromatography was used
to confirm that the three series showed similar molecular weight and PDI values. The yellowing
phenomenon that appears mainly in the curing reaction of the polymer binder was solved, and the
mechanical properties according to the effects of the polyol used in the main chain were compared.
The content of the blended UA was quantified using ultravioletvisible spectroscopy at a wavelength
of 370 nm based on 5, 10, 15, and 20 wt%, and the shear strength and tensile strength were evaluated
using specimens in a suitable mode. The ratio for producing the polymer binder was optimized. The
mechanical properties of the polymer binder with 5–10 wt% UA were improved in all series.

Keywords: urethane acrylate; polymer binder; photopolymer; curable polymer

1. Introduction

External stimulus response technology using smart materials is emerging as an at-
tractive research field. To reduce automobile accidents that occur at night, there is a need
for research on smart materials that can be applied to road surfaces. External stimulus
response technology is an important skill for securing driving stability for traffic weak-
nesses and drivers, and it is a technology that makes it possible to recognize real time road
information [1–8]. Photo stimulation-sensitive technology can be used in various fields
by mixing a photo-stimulated material and various polymer resins with the property of
emitting light. A representative photo stimulation-sensitive (sunlight, street lighting, car
headlights, etc.) technology is a luminescent paint binder used in road and automobile
lines. The polymer binders used in luminescent paints show high efficiency and stability
in dark spaces where there is no light. Continuously illuminated painted lanes create
a safe traffic environment that provides information to drivers and prevents accidents.
Therefore, polymer binder manufacturing technology that mixes with phosphorescent
pigments to safely protect the pigments and can be used in the next lane is a technol-
ogy that is attracting attention. The synthesis of binders that can protect pigments has
become an important research goal. A photo-stimulated binder that exhibits excellent
luminous properties requires the following mechanical properties: transmittance that does
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not reduce the luminous properties of the phosphorescent paint, adhesion to the road
surface, weather resistance to withstand weather changes, and toughness to withstand
external shocks [9–23]. Therefore, polymethyl methacrylate (PMMA) is a representative
polymer used in paint manufacturing, but it has the disadvantage of inappropriate physical
properties when used independently. To solve these problems, this study used PMMA
and a composite series added with various acrylates. Among numerous acrylates, UA
has excellent mechanical properties such as weather resistance, abrasion resistance, and
alkali resistance, and structurally exhibits a network or linear structure depending on
the type of polyol (diol, triol, etc.). Urethane has the advantage of varying mechanical
properties (impact resistance, friction resistance, wear resistance, etc.) depending on the
type of polyol and isocyanate. The use of diol and isocyanate with a linear structure can
be applied to paints with excellent performance. Therefore, the UA synthesized in this
study exhibits improved toughness and optical properties when blended with PMMA
to produce a binder. In addition, polymer binders for road surfaces must exhibit high
abrasion resistance to withstand external forces such as vehicle weight and speed, and UA
is suitable because it provides the properties necessary for the purpose of use in paint. To
successfully blend UA with PMMA, it is essential to synthesize them as oligomers. Their
high molecular weight has the disadvantage of poor processability due to viscosity. Also,
insufficient urethane bonding will cause phase separation from PMMA, so it is essential to
take care. Therefore, in this study, a blend process of UA and PMMA was performed after
synthesizing oligomeric UA [24–31]. PMMA is synthesized through a copolymerization
process using a butyl acrylate monomer and a methyl methacrylate (MMA) monomer
and has excellent optical properties, high weather resistance, and adhesive strength [32].
Urethane prepolymer is formed through a urethane bond by reacting the hydroxyl group of
polyols with an NCO group of isocyanates. UA was synthesized by adding an acrylic group
and capping the ends, resulting in high chemical resistance and tensile strength values.
Representative polyols for synthesizing UA include polyester and polyether polyols, as
well as PPG, PEG, and PTMG. Polyether polyols with the same molecular weight were
used in the range of this study. Various types of isocyanates, such as methylene diphenyl
diisocyanate (MDI) and toluene diisocyanate (TDI), which are used industrially, as well as
HDI and 4,4′-diisocyanatodicyclohexylmethane (H12MDI), were used. Urethane prepoly-
mers were synthesized using chain structured HDI to maximize the optical properties MDI
and TDI with phenyl groups were not used because of the yellowing phenomenon. As the
acrylate, 2-HEMA, the most widely applied industrially, was used to react with the NCO
group at the end of the urethane prepolymer [33–39].

Three series of UA were synthesized to observe changes in the physical properties of
UA according to polyols. By controlling the added catalyst, reaction time, and temperature,
UA having a similar molecular weight was prepared and blended with PMMA. Curing
of acrylates currently used industrially proceeds with crosslinking using heat or light. In
this study, however, polymeric binders made by blending PMMA and UA can crosslink
only with the reaction heat at room temperature [40–43]. Benzoyl peroxide (BPO) was used
as an initiator for the curing reaction at room temperature, and N,N-bis(2-hydroxyethyl)-
p-toluidine (PTE) was added as a catalyst to initiate the reaction of BPO. In this study,
three series of UA according to the type of polyol were synthesized, and their mechanical
properties were evaluated after blending with PMMA. As a result, the highest permeability,
shear strength, and tensile strength were exhibited at a UA content of 5 to 10 wt%. An
optimized polymer binder was prepared by adjusting the PMMA to UA ratio while the
content of the initiator and reaction promoting catalyst was fixed. In future studies, it
will be mixed with luminescent paint and used as a promising photo-stimulation smart,
sensitive material [44–58].

2. Material and Methods

The urethane binder was synthesized using polypropylene glycol (PPG, Mn = 1000 g/mol,
Merck KGaA, Darmstadt, Germany), polyethylene glycol (PEG, Mn = 1000 g/mol, Merck
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KGaA, Darmstadt, Germany), polytetrahydrofuran (PTMG, Mn = 1000 g/mol, Merck
KGaA, Darmstadt, Germany) as the polyol of UA, and hexamethylene diisocyanate (HDI,
Mn = 168.2 g/mol, Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) as the isocyanate of the
main chain. PMMA (Mn = 28,000, Jungseok Chemical Co., Ltd., Jeonju, Republic of Korea)
was used to form a polymer binder by complexing with UA. MMA (Mn = 100.121 g/mol,
Merck KGaA, Darmstadt, Germany) was used as a diluent to control the viscosity of
the synthesized UA. Dibutyltin dilaurate (DBTDL, Mn = 631.56 g/mol, Merck KGaA,
Darmstadt, Germany) was used as an organometallic catalyst to promote the urethane
reaction between the –OH group of the polyol and the isocyanate –NCO group. N,N-bis(2-
hydroxyethyl)-p-toluidine (PTE, Mn = 195.26 g/mol, Jungseok Chemical Co., Ltd., Jeonju,
Republic of Korea) and BPO (Mn = 242.23 g/mol, Jungseok Chemical Co., Ltd., Jeonju,
Republic of Korea) were used as catalysts and initiators to cure the polymer binder blended
with PMMA and UA, respectively.

3. Results and Discussion

In the case of synthesized UA, the changes in mechanical properties according to the
type of polyether polyol with the same molecular weight were compared. PPG/PEG/PTMG
and HDI were added at a 1:2.2 molar ratio to a 250 mL four-necked flask. The urethane
prepolymer manufacturing process was set to 50–60 ◦C under the condition of adding
0.1 wt% tin catalyst and stirred at 100 rpm using a mechanical stirrer. The synthesis process
was analyzed by Fourier transform infrared (FT-IR) spectroscopy and shown in Figure 1.
The OH stretching vibration around 3700 cm−1 and the NCO peak around 2250 cm−1

decreased because of the reaction between polyol and isocyanate, and a new urethane
bond reaction was generated at 1725 cm−1, as shown in (a), (b). UA was synthesized by
reacting the NCO group at the terminal of the urethane prepolymer with the OH group
of acrylates. In the case of 2-HEMA with an acryl group, a 2.2 molar ratio was added to
react and remove the isocyanate. The C=O peak at 1725 cm−1 and C=C peak at 810 cm−1

generated by the addition of an acryl group were confirmed, as shown in (c), (d). High
viscosity UA was difficult to blend with PMMA. Therefore, the reaction temperature was
lowered to 30 ◦C, and 30 wt% of MMA was added as a diluent and mixed.

Polymers 2024, 16, x FOR PEER REVIEW  5  of  13 
 

 

 

Figure 1. FT-IR spectra of the urethane acrylate according to the type of polyol. The (a) shows the 

hydroxyl group of the synthesized urethane acrylate, (b) representatives the isocyanate group, and 

(c) and (d) show the C=O and C=C bond peaks, respectively. 

Table 1. Formulations of the acrylic binder series. 

Functionality  Components 
Content (wt%) 

0 wt%  5 wt%  10 wt%  15 wt%  20 wt% 

Base acrylate 
PMMA  89  84  79  74  69 

2-HEMA  10  10  10  10  10 

Di-acrylate  URETHANE  0  5  10  15  20 

Catalyst  PTE  1  1  1  1  1 

Initiator  BPO  2  2  2  1  2 

The molecular weight of the synthesized UA series was measured by gel permeation 

chromatography  (GPC). Tetrahydrofuran  (THF) was  used  as  the GPC  solvent  for  the 

measurement. In a 20 mL vial, 0.05 g of the synthesized UA and 1 mL of THF solvent were 

added and dissolved by ultrasound from a sonicator for 6 h. The residue was then filtered 

off using a 0.5μm pore-size filter. The filtered sample was introduced into the GPC using 

a 1 mL needle. A target molecular weight of Mn 7–8000 was achieved, and a polydispersity 

index (PDI) of 1.95–2.00 was confirmed, as shown in Figure 2 and Table 2. 

Table 2. Molecular weights and PDI of the urethane acrylate. 

  Mn  Mw  PDI 

PPG-UA  7780  15,152  1.95 

PEG-UA  7053  12,904  1.90 

PTMG-UA  7874  15,434  2.00 

Figure 1. FT-IR spectra of the urethane acrylate according to the type of polyol. The (a) shows the
hydroxyl group of the synthesized urethane acrylate, (b) representatives the isocyanate group, and
(c,d) show the C=O and C=C bond peaks, respectively.
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Scheme 1 shows the synthesis of UA through three polyols and the curing mechanism
after blending with PMMA. Three series of polyols (PPG, PEG, and PTMG) were reacted
with HDI to form urethane prepolymers, respectively. The isocyanate group of the pre-
polymer reacted with additionally added 2-HEMA to produce Di-UA with acrylate capped
end groups. It was blended with the prepared PMMA to form a polymeric binder support.
2-HEMA added during the blending process helps improve the shear strength and tensile
strength through intermolecular hydrogen bonding. PTE was added as a catalyst and
blended for three hours in an ultrasonic homogenizer. BPO as an initiator was added to
the successfully mixed polymer binder and sufficient friction energy was applied using a
vortex mixer. The PTE promotes the initiation of the BPO, and as a result, the polymeric
binder was cured by self-heating at room temperature. Typical initiation reactions occur by
externally applied light and heat. It is important to note that no additional external energy
is required for the synthesis of polymeric binders in this paper. The formulation of the
polymer binder is shown in Table 1.

The molecular weight of the synthesized UA series was measured by gel permeation
chromatography (GPC). Tetrahydrofuran (THF) was used as the GPC solvent for the
measurement. In a 20 mL vial, 0.05 g of the synthesized UA and 1 mL of THF solvent were
added and dissolved by ultrasound from a sonicator for 6 h. The residue was then filtered
off using a 0.5µm pore-size filter. The filtered sample was introduced into the GPC using a
1 mL needle. A target molecular weight of Mn 7–8000 was achieved, and a polydispersity
index (PDI) of 1.95–2.00 was confirmed, as shown in Figure 2 and Table 2.

Table 1. Formulations of the acrylic binder series.

Functionality Components
Content (wt%)

0 wt% 5 wt% 10 wt% 15 wt% 20 wt%

Base acrylate
PMMA 89 84 79 74 69

2-HEMA 10 10 10 10 10

Di-acrylate URETHANE 0 5 10 15 20

Catalyst PTE 1 1 1 1 1

Initiator BPO 2 2 2 1 2
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Table 2. Molecular weights and PDI of the urethane acrylate.

Mn Mw PDI

PPG-UA 7780 15,152 1.95

PEG-UA 7053 12,904 1.90

PTMG-UA 7874 15,434 2.00

Adding low molecular weight UA reduces the mechanical properties of the binder,
which has the disadvantage of a weak structure due to the low molecular weight UA
chains between PMMA polymer chains. By contrast, high molecular weight acrylates have
problems with the curing time and rate at room temperature owing to their high viscosity,
resulting in extremely low efficiency. In addition, the processability of the binder is very
important for spraying on the road surface. When forming UA with a molecular weight
of 10,000 or more, the viscosity due to the high molecular weight reduces workability.
Therefore, UA with an appropriate molecular weight of 5–8000 for use in road paints was
synthesized. Polymeric binders were prepared by varying the content ratio of UA in the
synthesized oligomeric form and PMMA. To determine the difference in binder properties
according to changes in acrylate content, the mechanical properties of a polymer binder
blended with UA and PMMA were evaluated while fixing the type and content of the
catalyst and initiator. All tests were conducted more than five times depending on the
type of sample. The average value of the results excluding the maximum and minimum
values is shown. The shear strength of the SUS specimens was measured in accordance
with ASTM D1002 standard [59]. Apply one drop of the prepared binder to the end of the
SUS specimen (width 25.4 mm, height 12.7 mm). Using another SUS specimen, overlap to
the same size and confirm that curing occurs at room temperature. Curing is completed,
and the measurement is performed using UTM. The shear strength according to the UA
content was measured, as shown in Figure 3. UA synthesized using three different types of
polyols was blended with PMMA at 5–10 wt% it showed the highest value and decreased
gradually. In this experiment, it was possible to confirm the critical content of UA blended
with PMMA. The polymers were physically entangled, resulting in a network structure and
high shear strength. It was conducted according to the difference in the polyol type and UA
content. The mixture of 5 wt% of UA using PPG as a polyol showed the highest value of
14.6 MPa, as shown in Figure 3 and Table 3. The methyl groups of the main chain were not
packed in a linear structure and had a free volume. Therefore, PPG-UA was blended with
PMMA because of its good compatibility. Compared to PTMG-UA, in the case of PPG-UA,
relatively high results were obtained due to the short molecular unit chain length, that is,
many acrylate functional groups. As a result, to obtain PMMA-based polymer binders with
high mechanical properties, optimal design of the appropriate molecular chain structure
length is required.

Table 3. Shear strength according to the urethane acrylate content.

(MPa) Ref. UA 5 wt% UA 10 wt% UA 15 wt% UA 20 wt%

PMMA/
2.5 14.6 11.1 10.5 9.4PPG-UA

PMMA/
2.5 6.6 7.7 5.5 5.2PEG-UA

PMMA/
2.5 3.6 5.3 3.5 3.3PTMG-UA
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Figure 3. Shear strength test according to the type and content of urethane acrylate.

Figure 4 shows the UV-vis data of the three series of polymeric binders at a wavelength
of 370 nm, which has the highest energy in the visible light region. The prepared binder for
UV-vis measurement was formed to a thickness of 175 µm on a glass slide using a Baker
applicator. As with other physical property tests, measurements were completed more than
five times. It was confirmed as the average value of the results excluding the maximum and
minimum values. The transmittance is especially important to improve the characteristics
of polymer binders for road marking when mixed with phosphorescent pigments and
mechanical strength. The low transmittance makes it impossible to control the luminous
effect when the phosphorescent pigment and the polymer binder are mixed. PMMA is a
representative polymer with high transmittance and showed similar or improved transmit-
tance at 370 nm when 5 wt% of PPG/PEG/PTMG-UA was used. PPG-UA measured the
highest light transmittance at 89.5%, as shown in Table 4. PEG and PTMG-UA showed low
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transmittance because of the lack of space for light to pass through due to the structural
characteristics of the linear stack. On the other hand, the transmittance decreased gradually
for binders in which the UA content exceeded 10 wt%. Curing the binder with the addition
of diol UA resulted in lower transmittance because it turns hazy as the content increases.
Compared to PTMG and PPG, as the content of PEG-based polymer binder increases, UV
transmittance rapidly decreased. Structurally, the PEG chain forms a more linear structure
than other comparative products. The linear structure is packed and makes it difficult for
light to pass through. As a result, the polymer binder containing 5 wt% of UA showed an
optimized value.
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Figure 4. UV-vis transmittance according to the difference in the content of urethane acrylate.

Table 4. Transmittance at 370 nm according to urethane acrylate content.

Transmittance (%) Ref. UA 5 wt% UA 10 wt% UA 15 wt% UA 20 wt%

PMMA/
88.7 89.5 87.3 82.7 80.6PPG-UA

PMMA/
88.7 86.2 79.3 63.1 55.5PEG-UA

PMMA/
88.7 88.5 87.6 83.8 81.8PTMG-UA

The curing process of the synthesized binder was performed in a mold manufactured
according to the ASTM D638 standard and is shown in Figure 5 [60,61]. In this study, a
Teflon mold was used to produce dog-bone specimens under ASTM D638 Type IV condi-
tions because a release agent spraying process is necessary to separate the manufactured
specimens when performing binder curing in an iron mold. Figure 6 presents the tensile
strength of the polymer binder according to the UA content. The prepared specimen
was measured at a speed of 10 mm/min using UTM. In the case of the polymer binder
cured with the PMMA resin, the stress was 7.1 MPa, whereas the binder containing 5 wt%
PPG-UA showed a stress of 9.7 MPa. PMMA/PEG-UA and PMMA/PTMG-UA showed
5.2 MPa and 3.5 MPa, respectively, at a 10 wt% content. Table 5 lists the stress values
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for each content of the UA series. PMMA/PEG-UA was expected to show high tensile
strength because of the high intermolecular attraction through hydrogen bonding, but the
miscibility between PEG-UA and PMMA was poor. PMMA/PTMG-UA affects the strain
rather than stress because the chain length of PTMG-based UA is long. The polymer binder
prepared with 5 wt% of PMMA/PPG-UA showed approximately 30% improvement in the
mechanical properties compared to the polymer binder made using PMMA resin.
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Table 5. Tensile strength at 5 wt% according to urethane acrylate using different types of polyols.

(MPa) Ref. UA 5 wt% UA 10 wt% UA 15 wt% UA 20 wt%

PMMA/
7.1 9.7 9.2 8.5 7.1PPG-UA

PMMA/
7.1 2.8 3.5 3.4 3.1PEG-UA

PMMA/
7.1 2.9 4.3 4.2 3.5PTMG-UA

4. Conclusions

In this study, a room temperature curing type binder series was designed as the most
important element technology in externally stimulated polymer binder materials, and
the limitations of commercialization were overcome by improving the low mechanical
properties of PMMA based binders. In the design of a binder composed of a blend of PMMA
and UA, UA using various types of polyols (PPG, PEG, PTMG) was synthesized to have
the same or similar molecular weight to compare its performance evaluation. The proposed
UA series was synthesized to have a molecular weight of 5–8000. Low molecular weights
of 2–3000 showed very low mechanical properties for application to binders, and high
molecular weights of 10,000 or more were difficult to apply due to processing problems.
The optimal mixing ratio was suggested through various content splits so that the designed
binder shows excellent mechanical properties. The prepared polymer binder showed
improvement in transmittance, shear strength, and tensile strength at UA 5–10 wt%, and
an improved polymer binder could be made with structural effects using PPG-UA. PMMA
based binders blended with UA using other types of polyols (PEG, PTMG) also showed
slightly improved mechanical properties. In this study, the designed PMMA/UA binder
can be cured at room temperature without external energy (light, heat, etc.) due to the heat
generated from the reaction with the initiator (BPO) and catalyst (PTE). A binder design that
can be cured at room temperature is the most important element technology in externally
stimulated polymer binders. In addition, in this study, to overcome the mechanical property
limitations of PMMA based binders, UA was designed using various polyols and improved
physical properties were confirmed. The proposed PMMA/UA binder material could be a
promising candidate for future road marking polymer binders.
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Abstract: Vinyl-capped cationic waterborne polyurethane (CWPU) was prepared using isophorone
diisocyanate (IPDI), polycarbonate diol (PCDL), N-methyldiethanolamine (MDEA), and trimethylol-
propane (TMP) as raw materials and hydroxyethyl methacrylate (HEMA) as a capping agent. Then, a
crosslinked FPUA composite emulsion with polyurethane (PU) as the shell and fluorinated acrylate
(PA) as the core was prepared by core-shell emulsion polymerization with CWPU as the seed emul-
sion, together with dodecafluoroheptyl methacrylate (DFMA), diacetone acrylamide (DAAM), and
methyl methacrylate (MMA). The effects of the core-shell ratio of PA/PU on the surface properties,
mechanical properties, and heat resistance of FPUA emulsions and films were investigated. The
results showed that when w(PA) = 30~50%, the stability of FPUA emulsion was the highest, and
the particles showed a core-shell structure with bright and dark intersections under TEM. When
w(PA) = 30%, the tensile strength reached 23.35 ± 0.08 MPa. When w(PA) = 50%, the fluorine content
on the surface of the coating film was 14.75% and the contact angle was as high as 98.5◦, which
showed good hydrophobicity; the surface flatness of the film was observed under AFM. It is found
that the tensile strength of the film increases and then decreases with the increase in the core-shell
ratio and the heat resistance of the FPUA film is gradually increased. The FPUA film has excellent
properties such as good impact resistance, high flexibility, high adhesion, and corrosion resistance.

Keywords: cationic waterborne polyurethane; core-shell structure; isocyanate reactivity; tensile
strength; acrylate-based composites

1. Introduction

The substantial environmental degradation that has been occurring in recent years
has focused a lot of emphasis on the study and development of environmentally friendly
materials [1–3]. Waterborne polymers have been employed extensively in recent decades
due to their low toxicity and environmental friendliness [4–6]. Waterborne resins have
hydrophilic groups with high surface energy but low water and solvent resistance; water-
borne polyurethanes are an important family of ecologically benign waterborne resins with
good mechanical and physical properties [7,8]. However, cationic aqueous polyurethanes
with sulfur or ammonium ions in the side chain or main chain have a strong hygroscopicity
and bactericidal activity and they are frequently used to treat surfaces made of paper,
leather, cloth, and glass [9]. Acrylates have good water resistance and double bonding
aids in the formation of a crosslinked structure; therefore, combining them with aqueous
polyurethanes can result in composite emulsions with outstanding overall performance [10].
On the other hand, the mechanical properties of single polyurethane aqueous dispersions
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are poor, with poor self-thickening and low solid content. Some of the promising ap-
plications of aqueous polyurethanes formed using isocyanate chemistry are electrode
functionalization for electrochemical measurements [11], plant-based cellulose polymers
for single-molecule studies [12], or metal oxide surface conjugation as a suitable chemical
platform [13].

As a result of their strong electronegativity and low polarization, fluorine atoms
can effectively lower the surface tension of polymers, allowing them to display a variety
of benefits like stability, good weathering, and resistance to heat [14]. Perfluoroalkyl
acrylic acid copolymers, for example, have an extremely low critical surface tension in the
range of 10–11 mN/m [15]. This is because fluorocarbon side-chain-containing polymers
have a high abundance of CF3 groups on the surface. When fluorine atoms are added to
polyurethane acrylate systems, they can effectively reduce their surface energy and improve
their thermal stability and excellent water resistance [16–20]. Fluorine atoms have unique
properties, which makes fluorinated polymers outstanding and unique [21]. Nevertheless,
fluorinated monomers are not very compatible and come at a hefty price [22]. Copolymer
compatibility and emulsion stability are known to diminish with higher incorporation of
fluorinated monomers in copolymers [23]. Consequently, it is important to optimize the
polymerization process to minimize the number of fluorinated monomers while preserving
a suitable surface tension (oil/water repellency).

Due to their general benefits in film production, core-shell fluorinated copolymer
emulsions have drawn a lot of interest when compared to regular emulsions without
unique features [24–27]. The construction of the core-shell structure allows the acquisition
of final polymer properties that are difficult to obtain by blending or random copolymer-
ization of the two polymers [28–30]. It also improves the copolymer properties such as
impact resistance, abrasion resistance, and water resistance because of the ionic bonding,
grafting, or interpenetrating networks between the core-shell layers [31,32]. Typically,
semi-continuous or seeded emulsion polymerization is used to create core-shell fluorinated
copolymers [33]. This process involves polymerizing a mixture of monomers to form a
nucleus and then post-polymerizing a different mixture of monomers on the nucleus seed
to generate a shell [34]. The core-shell technique can be categorized as either copolymerized
or non-copolymerized depending on how the PU and FPA chain breaks are connected.

By employing a monomer pre-emulsification synthesis technique, Zhong added hex-
afluorobutyl methacrylate (HFMA) to waterborne polyurethane dispersion and created
crosslinked fluorinated polyurethane resin (FWPU) with a uniform particle size by using
dihydrazide adipate as a chain extender [35]. By esterifying perfluorooctane chloride
(PFOC) and hydroxypropyl methacrylate (HPMA), Bai created the fluorine-containing
acrylate monomer PFMA [36]. Potassium persulfate (KPS) and sodium bicarbonate were
then utilized as an initiator/buffer system, while sodium dodecyl sulfate (SDS)/Tween
80 was used as a mixed emulsifier. Semi-continuous core-shell polymerization was used
to create the fluorinated acrylate emulsions MMA/BA/St and PFMA/MMA/BA. Ting
used methyl methacrylate (MMA), butyl acrylate (BA), dodecafluoroheptyl methacrylate
(DFMA), and 3-(Trimethoxysilyl)propyl methacrylate (MPS) as raw materials to create
a series of self-crosslinked fluorinated polyacrylate emulsion particles with core-shell
structure [37]. Investigations were performed into how the MPS dose affected the char-
acteristics of latex film. By using the core-shell polymerization process, Hirose created a
polyurethane/polyacrylate composite emulsion with an interpenetrating polymer network
(IPN) [38]. By combining vinyl end-sealed polyurethane prepolymer and a combination of
acrylate and perfluoroalkyl acrylate as raw ingredients, Park created a water-based fluori-
nated polyurethane-acrylate emulsion [14]. It was investigated as to how much PA/FPA
affected the surface, thermal, and mechanical characteristics of polymer antifouling coat-
ings. In their study, Chakrabarty prepared polystyrene nuclear emulsion particles with
perfluoroalkyl acrylate as the shell layer [39]. They demonstrated that, when compared to
random copolymers or emulsion blends of styrene and perfluoroalkyl acrylate, coil-shell
particles are the most effective particles for lowering the surface energy of emulsion film.
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Certain desired features of polyacrylate coatings can be introduced by adding fluorine-
containing groups to copolymers in polyurethane acrylics [40]. Consequently, high-end self-
cleaning coatings and water-/oil-repellent surface coatings for textiles, papers, and leathers
have been using more and more fluorinated polyurethane-acrylate (FPUA) [41]. It has
also progressively developed into a focal point for domestic and international research on
fluorine-modified waterborne polyurethanes [42]. On the other hand, cationic fluorinated
waterborne polyurethanes have not been the subject of as many national and international
investigations. In addition, there are many accessible fluorinated monomers but their
utilization rate is low, the polymerization process is hard to manage, and the reaction
process is complicated.

In this study, cationic FPUA that self-emulsifies was created by adding unsaturated
monomer to partially seal the PU chain break that contains an NCO end group. By
combining this process with monomer pre-emulsification, hydrophobic PA/FPA monomer
was expanded from the outside to the inside of PU micellar for polymerization. The
polymerization process was straightforward and simple to manage. Transmission electron
microscopy (TEM), a contact angle measurement device, infrared spectroscopy, and XPS
were used to describe and compare the structure and surface hydrophobic characteristics
of PU and modified FPUA.

2. Materials and Methods
2.1. Materials

Polycarbonate diol (PCDL, purity > 95%, Mn ~ 1000) was procured from Shanghai Hui-
hua Industrial Co., Ltd., Shanghai, China. Isophorone diisocyanate (IPDI, purity > 99.5%,
NCO% ≥ 37.5%) was supplied by Bayer Chemicals (Leverkusen, Germany). Dodecaflu-
oroheptyl methacrylate was purchased from Shangfu Technology Co., Ltd., Shanghai,
China. N-methyldiethanolamine (MDEA, ≥99.5%), 1,4-butanediol (BDO, ≥99.5%), methyl
methacrylate (MMA, ≥99.5%), hydroxyethyl methacrylate (HEMA, ≥96%), trimethylol-
propane (TMP, ≥99.5%), and dibutyltin dilaurate (DBTDL, ≥99.5%) were purchased from
Macklin Inc., Shanghai, China. Dihydrazide adipate (ADH, ≥98%) and 2,6-tert-butyl-
p-cresol (BHT, ≥99.5%) was supplied by Aladdin Reagent Co., Ltd., Shanghai, China.
Glacial acetic acid (HAc, ≥90%) and ammonium persulfate (APS, ≥99%) were purchased
from Shanghai Lingfeng Chemical Reagent Co., Ltd., Shanghai, China. Deionization is
homemade in the laboratory. All the other reagents underwent further purification.

2.2. Preparation of Cationic Polyurethane Aqueous Dispersion (CWPU)

Pre-add PCDL and IPDI in a three-necked flask with a stirrer, raise the temperature
to 80~85 ◦C, drop in catalyst DBTDL for 1~2 h, and then add TMP and BDO to keep the
reaction for 2 h. When the viscosity of the system rises, inject an appropriate amount of
acetone to adjust the viscosity of the system. After the system is stabilized, the temperature
of the reaction system is lowered to 60 ◦C, and then MDEA is added. In order to reduce
the viscosity of the system and to reduce the foam in the synthesis, the system is diluted
by adding an appropriate amount of acetone and the acceleration of the drop is adjusted
so that it is all added within one hour. The heating is then continued for two to three
hours. HEMA is added to the system, the ends are blocked with double bonds, held for
two hours, and then completely neutralized with glacial acetic acid. Finally, an amount
of deionized water is gradually added to the prepolymer and emulsified with rapid shear.
This resulted in a cationic partially double-bonded aqueous polyurethane dispersion. The
crude reaction mixture was at a 75% yield. Scheme 1 is shown in the figure below, with the
detailed dosages shown in Table S1.
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Scheme 1. Synthesis of the CWPU. (a) Isocyanate-terminated prepolymers; (b) Cationic polyurethane
aqueous dispersion.

2.3. Preparation of Fluorinated Waterborne Polyurethane-Acrylate Core-Shell Emulsion (FPUA)

As one of the reaction monomers, the above-obtained polyurethane dispersion was
added together with MMA, DAAM, and DFMA, each of which accounted for 30% and 50%
of the total weight. DFMA made up 10% of the total weight. To create FPUA, cored shell
emulsions with cored shells of 30/70 and 50/50 were used as well as 0.2 g APS initiator,
which was introduced for the emulsion polymerization reaction after an even mixing step
at 80 ◦C. The temperature was then maintained for 4 h. The crude reaction mixture was
at 86% yield. In Table S1, the typical formulations are displayed. The synthetic circuit is
shown in Scheme 2.
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Scheme 2. Preparation of FPUA.

2.4. Preparation of FPUA Film

Place the emulsion in a Teflon mold and allow it to cure for a week at room temperature
before putting it in a vacuum drying oven at 60 ◦C for 72 h to produce a light-yellow film
with a thickness of around 1 mm.
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2.5. Characterization

A Fourier transform infrared spectrometer (PERKIN ELMER 1730, Waltham, MA,
USA) was used to conduct FTIR tests using the potassium bromide tablet method. The
range of wave numbers is 400–4000 cm−1. The membranes were prepared using a Fourier
Transform Attenuated Total Reflectance Infrared Spectrometer (ATR-FTIR) manufactured
by Nicolet Company, Madison, WI, USA, with a wave number range of 4000–525 cm−1

and 32 scans with a resolution of 4 cm−1. At room temperature, the emulsion was diluted
1000 times and then the particle size and distribution of the emulsion were measured
by Zetasizer Nano-ZS (Malvern, UK). The UJC-2000C1 static contact angle measuring
instrument (Shanghai Zhongchen Digital Equipment Co., Ltd., Shanghai, China) measured
the contact angles of the surface layer of the coating film and the air medium at room
temperature with distilled water, dichloroethane, and hexadecane. The emulsion was
diluted 200 times with deionized water and then thoroughly mixed using a sonicator. It
was then dripped onto a conductive copper mesh and stained with 2% phosphotungstic
acid and, after drying, the morphology of the stained emulsion particles was examined
using a transmission electron microscope (TEM, Hitachi, Tokyo, Japan, model H-7650)
with an operating voltage of 60 kV. The samples to be tested were uniformly coated on
the surface of monocrystalline silicon, their surfaces were sprayed with gold after drying,
and they were then characterized in a scanning electron microscope (SEM) model SU-8220
of Hitachi, Japan. The samples were uniformly coated on the monocrystalline silicon
surface before testing and the samples were tested with a SPA-400 knockdown atomic force
microscope (AFM) with a scanning range of 5 × 5 µm and a viewing scale of 10 nm. Each
sample was finally presented in the form of a two-dimensional planar image as well as a
three-dimensional image. A Hitachi GENESYS 180 UV–visible spectrometer was used to
analyze the transmittance of the coatings. A blank slide served as the test backdrop, while a
slide served as the substrate. After testing each sample group three times in parallel at three
separate test sites, the average transmittance at 500 nm for the three groups was determined.

The film was heated at 80 ◦C for 2 h and then the surface elements of the film were
analyzed qualitatively or quantitatively by using an X-ray photoelectron spectrometer
(ESCALAB 250XI, Thermo Scientific, Waltham, MA, USA). The heat loss of the samples
was measured using a thermogravimetric differential thermal integrated analyzer (Labsys
Evo) from Setaram, Caluire-et-Cuire, France, with temperatures ranging from ambient
temperature to 600 ◦C with an increasing rate of 10 ◦C/min. A dynamic thermo-mechanical
analyzer model DMA 242C3 from NETZSCH, Selb, Germany, was used to test the thermo-
mechanical properties of the coatings. The following parameters were used: maximum
amplitude of 10 µm, maximum dynamic force of 2 N, static force of 0.5 N, temperature
scanning range of −50~100 ◦C, temperature rise rate of 5.0 K/min, test frequencies of
1.0 Hz, 3.333 Hz, and 5.0 Hz. A multifunctional electronic tensile testing machine EKT-
TS2000 (Ektron Tek Co., Ltd., Taiwan, China) was used to measure the mechanical behavior
of the sample. The tensile test speed was 10 mm/min. Specimens with specifications of
80 mm × 10 mm (length × width) were used for the evaluation. The samples were cut
into tensile test strips of 0.5–1.0 mm thickness. The test was repeated three times to ensure
the accuracy of the measurement results. To test the corrosion resistance of the coated
film, four different solutions were used: 5.0 wt% NaCl solution, 0.5 mol/L CuSO4 solution,
H2SO4 solution (pH = 0, using methyl orange staining), and NaOH solution (pH = 14,
using rhodamine staining). Then, 0.5 mL droplets were taken and added to the coated and
uncoated areas, respectively, and the corrosion of the respective surfaces was observed
after 24 h. The corrosion of the coated and uncoated surfaces was observed after 24 h.

3. Results and Discussion

The stretching vibration absorption peak of –NH– and –OH is at 3343 cm−1 in Figure 1.
The characteristic absorption peak of –CH3 and –CH2– is at 2946 cm−1, the stretching
vibration absorption peak of carbonyl group is at 1739 cm−1, and the absorption peak of
C=C is at 1651 cm−1. It was established that to maximize the degree of crosslinking, the
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chemical bonding between HEMA and prepolymer was crucial to the synthesis of CWPU.
Additionally, there is no absorption peak between 2000 and 2500 cm−1, which further
suggests that the –NCO reaction is complete and results in the formation of the carbamate
structure. The distinctive absorption peak of N–H in –CONH has a wave number at
1532 cm−1.
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Figure 1. FT-IR spectrum of CWPU.

The curves (a) and (b) of Figure 2 depict the stretching vibration peaks of –NH– and
–OH at 3340 cm−1, the methyl-methyl absorption peak at about 2910 cm−1 and 2864 cm−1,
and the absence of any absorption peaks between 2000 and 2500 cm−1. It was demonstrated
that throughout the synthesis process, –NCO underwent complete reactivity and changed
into a carbamate structure. The carbonyl group has a stretching vibration peak at 1738 cm−1,
a double bond has a characteristic absorption peak at 1645 cm−1, and N–H in –CONH
has a characteristic absorption peak at 1532 cm−1, 1462 cm−1, and 1245 cm−1. The curve
also reveals the deformation absorption peak of CF2 at 696 cm−1, the stretching vibration
absorption peak of C–F at 1143 cm−1, the stretching vibration absorption peak of CF3 at
846 cm−1, and the absorption peak of CF3 at 794 cm−1, all of which signify the inclusion
of fluorine in fluorinated polyurethane. Additionally, it can be seen from a comparison of
curves (a) and (b) in Figure 2 that there is a variation in the strength of the same band peak
when the PA/PU ratio is 50/50 and 30/70. The height of the 30/70 peak can be clearly seen
to be higher than the 50/50 peak among them at 1738 cm−1 and 1532 cm−1, demonstrating
that when PA/PU is 30/70, the absorption peak of the carbonyl group and carbamate bond
is rather strong. Moreover, the absorption peak of 50/50 is stronger than that of 30/70
at 1143 cm−1 and 794 cm−1, further supporting the idea that when PA/PU is 50/50, the
proportion of fluorine-containing acrylate increases, increasing the strength of the C–F and
CF3 stretching vibration peak. This also further confirms the core-shell structure of the
self-encapsulation behavior.

Figure 3 shows that the particle size distributions of the CWPU and 30 wt% and
50 wt% FPUA emulsions are unimodal, indicating that the physicochemical distributions of
the emulsions are fairly uniform. Among all the emulsions, PU has the smallest particle size
and the narrowest particle size distribution, which indicates that the latex particles have
good storage stability. Secondly, the modified 30 wt% FPUA emulsion had smaller particles
and a narrower distribution compared to the 50 wt% FPUA emulsion. The amphiphilic
CWPUs were self-assembled to form aggregates, which were surrounded by ionizable
groups produced by the MDEA units. Relatively large aggregates were observed in FWPU-
Seed solutions containing CWPU and one-third of the monomer. Considering the lack of
hydrophilic portion of MMA and DFMA, it is assumed that these monomers migrate into
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the CWPU aggregates to reach a steady state and thus are responsible for the formation
of larger aggregates. Water-soluble crosslinked DAAMs are dispersed on the surface of
the polymer particles after polymerization to form chemical bonds and are susceptible to
crosslinking during curing. In FWPU solutions containing CWPU and all monomers, the
particle diameter further increases to nearly 100 nm.
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Figure 4a,c depicts TEM images of FPUA emulsion particles demonstrating a core-
to-shell ratio of 30/70 at particle sizes of 2 µm and 500 nm, respectively. For 500 nm
sizes, Figure 4b portrays TEM images of FPUA emulsion particles with a core-to-shell
ratio of 50/50. Initially, the TEM image exhibited a black-and-white pattern linked to
light and dark upon negative staining of the emulsion with phosphotungstic acid. The
polymeric particles were distinctly visible as spherical white spots on the dark background.
An apparent core-shell architecture was discernible amongst them, with the hydrophilic
PU chain segment functioning as the spherical shell of the particles and the hydrophobic
fluoroacrylate monomer enveloped by PU forming the nucleus of particle. After comparison
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of TEM photographs of varied core-shell ratios, it was observed that in the 50/50 ratio
of FPUA emulsion, numerous PA particles did not swell into PU for polymerization but
copolymerized externally due to the incompatibility between the hydrophilic shell PU and
hydrophobic PA. Consequently, the size of the core-shell’s internal and external halves was
once diminished, simplifying the formation of a wrapped core-shell structure. However,
a more uniform and distinguishable transtypic core-shell structure can be generated by
FPUA emulsions exhibiting a core-to-shell ratio of 30/70.
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Figure 5 provides a graphical representation of how the core-shell ratio impacts the
mechanical properties of latex film. For a more detailed insight into the data, refer to Table
S2. The introduction of fluorine into the film increases its hardness, as is evident in the
table. This is primarily due to the strong polar bond C–F in the fluorine-containing side
chain of the hard segment of the polyurethane chain, which can generate NH. . .F hydrogen
bonds. As the core-shell ratio increases, the tensile strength of the film initially increases
before eventually decreasing. From 6.3 ± 0.05 to 23.35 ± 0.08 MPa, the tensile strength of
FPUA rises. However, Young’s modulus and elongation at the break of the film gradually
decline, indicating that as the core-shell ratio increases, the flexibility of the film decreases,
making it more brittle. This observation highlights two key aspects. Firstly, fluorinated
waterborne polyurethane has significantly higher hardness compared to unfluorinated
polyurethane. However, it is less tough and flexible. Secondly, excessive fluorine content
also impacts the mechanical properties of the film. When the core-shell ratio is increased to
50/50, the tensile strength of the film decreases from 23.35 ± 0.08 MPa to 18.61 ± 0.04 MPa.
Alongside this, Young’s modulus reduces by 17.2%, while the elongation at break decreases
by 86.5%. These findings indicate that as the proportion of fluorinated polyurethane
adhesive (FPA) increases, the polarity of the composite emulsion gradually increases,
leading to low compatibility between the hydrophilic group and the hydrophobic FPA
segment. Consequently, the movement of the segment is inhibited, resulting in a significant
reduction in flexibility and elongation at the break of FPUA and a softer more brittle film.

The fluorine-containing acrylate modification of FPUA film yields notable enhance-
ments in adhesion, impact resistance, hardness, and flexibility, as seen in Figure 6 and
Table S3. This implies that the acrylate monomer addition raises the FPUA film’s crosslink-
ing density, assisting in the formation of a dense network structure and improving the
mechanical characteristics of the film.
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Figure 6. Adhesion (a–c), impact (d–f), and flexibility (g–i) tests of FPUA film.

Figure 7 demonstrates the relationship between mechanical loss (tan δ), energy stor-
age modulus, and temperature for a cured FPUA film. Tan δ is a measure of the energy
dissipation in a material under cyclic loading and its maximum value corresponds to the
glass transition temperature (Tg) of the polymer. Tg represents the temperature at which
the polymer transitions from a glassy state to a rubbery or viscous state. The modulus at
Tg + 60 ◦C provides information about the cross-linking density of the film. Cross-linking
density refers to the number of chemical bonds formed between polymer chains, which
affects the stiffness and rigidity of the material. In this case, the cross-linking density
and stiffness are directly related to both Tg and the modulus of the cross-linked polymer.
Table S4 presents crucial data obtained from these calculations, specifically comparing the
cross-linking densities of two different FPUA films: 50/50FPUA and 30/70FPUA. The
results indicate that the cross-linking density of the 30/70FPUA film is significantly higher
than that of the 50/50FPUA film, suggesting that the former film is more rigid. However, it
is interesting to note that there are no significant differences in Tg and modulus between
the 50/50FPUA and 30/70FPUA films in the glassy state. This implies that while the
cross-linking density influences the rigidity of the films, it does not have a significant
impact on their glass transition behavior. Therefore, the core-shell structure in this case
manifests through variations in cross-linking density, which in turn affects the mechan-
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ical properties such as stiffness. The glass transition temperature and modulus serve as
important parameters for understanding the behavior of these cross-linked polymer films.
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Before and after wearing, the surface elements of the polished FPUA films with two
core-shell ratios were investigated. As illustrated in Figure 8, the primary constituents
on the surface of films are C, N, O, and F. Fluorine elements are more likely to migrate
and enrich at the film/air surface following high-temperature heat treatment because their
signal intensity is higher before grinding than after. Since the surface of the film is destroyed
during grinding, the fluorine content decreases. Furthermore, comparing Figure 8, it can
be shown that the enrichment of fluorine on the surface of the FPUA film is lower when
the PA/PU ratio is 30/70 than when the PA/PU ratio is 50/50. Table S5 illustrates this
quantitative growth more clearly.
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The surface tension of the film is directly correlated with the magnitude of the contact
angle. Typically, the lesser the contact angle and the lower the surface tension, the coarser
the surface of film. Figure 9 and Table S6 demonstrate that, when specimens are moistened
with identical solvent, the surface contact angle escalates in relation to fluoride content
of samples. Owing to the strong electronegativity and diminished polarity of fluorine
atoms, the structure of the backbone is cloaked in fluoro-bearing groups, which shield the
interior hydrophilic groups of polymer molecules, thereby endowing the surface of the
FPUA film with superior hydrophobic and oleophobic properties. The penetration capacity
of various solvents into the surface of identical specimens also varies. Different solvents
have different capacities for penetrating the surfaces of similar specimens. Hexadecane
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efficiently impregnates the sample’s surface more heavily than diiodomethane and water
because of hexadecane’s lower polarity than water and its ability to deposit on the specimen
surface at a moderate contact angle.
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Figure 9. Images of droplets and the contact angles of water (a1–a3), diiodomethane (b1–b3), and
hexadecane (c1–c3) on the coating.

Figure S1 shows the SEM of the coated film with a homogeneous surface without
significant phase separation. Figure 10 shows the top view of the AFM plane of the coated
film surface and its three-dimensional (3D) morphology image. From the figure, it can
be observed that the phase region of the CWPU adhesive film in Figure 10A,a is small,
relatively uniform, fluctuates within the range of 3 nm, and the surface flatness is high.
On the other hand, the surface of fluorine-modified polyurethane is relatively high in
roughness because of the incompatibility of the soft and hard segments, which will cause
the phenomenon of micro-phase separation. Figure 10B,b,C,c shows the height map and
3D stereogram of FPUA gel film when the addition of FPA monomer is 30 wt% and 50 wt%,
respectively. At 30 wt% FPA, the surface of the film is relatively flat and the roughness
fluctuates around 7 nm, while at 50 wt% FPA, the surface of the film is the roughest and the
fluctuation range is around 20 nm. This indicates that the fluorine content increases with
the increase in the core-shell ratio and that the fluorine chain segments have the tendency
to migrate to the air-adhesive film interface spontaneously during high-temperature curing,
at this time, due to the low surface energy of fluorine; to reduce the surface area of the
fluorine, it will form the bumps, which leads to the increase in surface roughness.
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The TGA curves of FPUA-coated films in nitrogen and their thermogravimetric analy-
ses (DTG) are shown in Figure 11, respectively. The residual carbon content (Yc) and the
temperature of maximum loss rate (Tmax) of the samples after 600 ◦C are shown in Table
S7. The thermal decomposition temperatures of the polymers do not differ significantly
at the initial stage and at 20% weight loss, the decomposition temperatures of the two are
comparable, even the decomposition temperature of 50/50FPUA is slightly lower than
that of 30/70FPUA, which may be attributed to the poor thermal stability of the MMA
chain segments. The subsequent decomposition process can be divided into two main
stages, corresponding to the thermal decomposition of the soft and hard phases of the
polymer. The decomposition temperature of the hard phase of 50/50FPUA is 254 ◦C (the
C–N bonding energy of the hard phase is low) and the decomposition end temperature
is 393 ◦C, with the maximum decomposition rate occurring at 320.1 ◦C, while the initial
decomposition temperature of the soft phase is 410 ◦C and the decomposition end tem-
perature is 475 ◦C. The decomposition stages of the soft and hard phases of 30/70 are
not much different from those of 50/50FPUA but the maximum decomposition rate is
greater than that of 30/70FPUA and the maximum decomposition rate is higher than that
of 50/70FPUA, which is more obvious. The decomposition stage of the 30/70 soft and hard
phases is similar to that of the 30/70 phase but the maximum decomposition rate is greater
than that of the 50/50 FPUA, which shows that the heat resistance of FPUA increases with
the increase in the proportion of FPA. This is because the addition of fluorinated monomers
further improves the heat resistance of the coating film due to the larger bond energy and
higher stability of the C–F bond. The higher the DFMA content in the shell layer in the
core-shell structure, the higher the C–F bond binding energy, the more stable the structure,
and the better the heat resistance.
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The bulk of the uncoated tinplates have corroded to discoloration because of a chemical
reaction between the solution on their surface and the iron sheet substrate, as seen in
Figure 12. The tinplate surface coated with FPUA emulsion, however, still maintains
high surface integrity and very little corrosion after 15 h of acid–alkali salt corrosion. This
demonstrates that the modified FPUA film has good corrosion resistance and can withstand
the interference of a harsh external environment.

The transmittance curves for different light wavelengths are shown in Figure 13 after
the glass plate has been coated. As the wavelength of the incoming light increases, the
transmittance of the film shows a trend of slight rise at first, followed by a reduction, as
seen in Figure 13a. Under the two ratios, the transmittance of film in the visible spec-
trum (380–780 nm) is greater than 93%. The quantity of light passing through the slide
film displaying the clear and transparent text before and after coating was found to be
negligible to nonexistent in natural light, as shown in Figure 13b. This reveals that the
system is extremely stable and that the particle size of the emulsion is consistent. It also
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shows that the produced FPUA emulsion has a high degree of transparency and a smooth
granular-free film. It is crucial for electrical and film goods that have to adhere to stringent
transparency standards.
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4. Conclusions

In summary, a core-shell fluorinated polyurethane-acrylate composite emulsion was
prepared by using synthetic cationic waterborne polyurethane as the seed emulsion and
pre-emulsions were made by solubilizing with acrylic monomers, such as DFMA, MMA,
and DMMA, to prepare a core-shell fluorinated polyurethane-acrylate composite emulsion;
then, ADH was introduced as the post-crosslinking agent and keto hydrazine cross-linking
was used to make the polymer form a chemically crosslinked film between the core-shell
and the core-shell. The experiments mainly investigated the effects of fluorinated acrylate
modification before and after the modification as well as the effects of two different core-
shell ratios, 30/70 and 50/50, on the properties of FPUA emulsions and adhesive films.
The results showed that the emulsion storage stability was better when the addition of
fluorinated acrylic acid (PA) was in the range of 30–50 wt%. It was observed by TEM that
the polymer particles showed a clearly visible core-shell structure, with the hydrophilic PU
chain segments as the shell and the hydrophobic PA chain segments as the core. After high
temperature heat treatment, the fluorine content on the surface of FPUA film increases with
the increase in the core-shell ratio, up to 14.75%, which is also verified by the AFM test of
the film. The contact angle test on the surface of the film shows that when w(PA) is 50%, the
surface contact angle reaches 98.5◦, which is hydrophobic to a certain extent. The tensile
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strength of the films was found to increase and then decrease with the increase in the core-
shell ratio and the maximum was 23.35 ± 0.08 MPa at a core-shell ratio of 30/70; however,
with the increase in the core-shell ratio to 50/50, the number of fluorine-containing chain
segments increased and the density of the polar groups became larger and larger, which
impeded the free movement of the chain segments and thus made the FPUA films hard
and brittle. With the increase in the core-shell ratio, the heat resistance of FPUA films
gradually increased. The fluorinated acrylate-modified FPUA film has excellent adhesion,
impact resistance, hardness, flexibility, and chemical resistance. The light transmittance
of the prepared films is above 93%, which has high application value. In the future, we
will conduct in-depth research on the process of fluorinated acrylate-modified cationic
waterborne polyurethanes, including the effective promotion of the compatibility of the
two phases of PU and PA, the enhancement of the conversion rate of fluorinated chain
segments, and the reduction in process costs.
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and Young’s modulus of FPUA; Table S3: The adhesion, impact resistance and flexibility of FPUA;
Table S4: The Tg, modulus and crosslink density of FPUA; Table S5: Atomic percentage of FPUA
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Abstract: Improvement techniques aimed at enhancing the dielectric strength and minimizing the
dielectric loss of insulation materials have piqued the interest of many researchers. It is worth noting
that the electrical breakdown traits of insulation material are determined by their electrochemical
and mechanical performance. Possible good mechanical, electrical, and chemical properties of new
materials are considered during the generation process. Thermoplastic polyurethane (TPU) is often
used as a high-voltage insulator due to its favorable mechanical properties, high insulation resistance,
lightweight qualities, recovery, large actuation strain, and cost-effectiveness. The elastomer structure
of thermoplastic polyurethane (TPU) enables its application in a broad range of high-voltage (HV)
insulation systems. This study aims to evaluate the feasibility of using TPU on transformer windings
as a solid insulator instead of pressboards. The investigation conducted through experiments sheds
light on the potential of TPU in expanding the range of insulating materials for HV transformers.
Transformers play a crucial role in HV systems, hence the selection of suitable materials like cellulose
and polyurethane is of utmost importance. This study involved the preparation of an experimental
setup in the laboratory. Breakdown tests were conducted by generating a non-uniform electric
field using a needle–plane electrode configuration in a test chamber filled with mineral oil. Various
voltages ranging from 14.4 kV to 25.2 kV were applied to induce electric field stress with a step rise of
3.6 kV. The partial discharges and peak numbers were measured based on the predetermined
threshold values. The study investigated and compared the behaviors of two solid insulating
materials under differing non-electric field stress conditions. Harmonic component analysis was
utilized to observe the differences between the two materials. Notably, at 21.6 kV and 25.2 kV,
polyurethane demonstrated superior performance compared to pressboard with regards to the
threshold value of leakage current.

Keywords: pressboard; polyurethane; harmonics; transformers mineral oil; breakdown

1. Introduction

The maintenance of dielectric strengths for solid insulators used in transformers is
crucial in ensuring the continuity of energy supply. Solid insulators operate in the same en-
vironment as mineral oil, a petroleum-based liquid dielectric, but may experience a decrease
in insulation performance over time [1,2]. Despite periodic maintenance being of great
importance, the deterioration of solid insulators is considered an irreversible condition [3].
Hence, ensuring healthy operation of the transformer mainly relies on appropriate solid
insulator selection and testing. Pressboard materials based on cellulose are typically used
as solid insulators [4,5] in oil-type transformers [6]. Nevertheless, transformer stability can
be achieved by utilizing insulators with high dielectric strength like polyurethane. There-
fore, it is advisable to consider conducting appropriate tests on polyurethane materials to
enhance insulation resistance.
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In their studies, Aruna et al. investigated several options for paper insulators. They
compared the electrical properties of cellulose film with those of bacterial cellulose and also
examined their advantages, disadvantages, and nuclear magnetic resonances. Moreover,
they found that electrical loading, operating temperatures, and water level in oil have a
significant impact on the deterioration of cellulose insulation [7]. The study analyzed the
heat behavior of different papers in oil-impregnated paper insulators under heat-induced
aging. Morooka et al. determined that kraft paper’s flexibility decreases over time and its
modulus of elasticity reduces, which jeopardizes the insulation system [8].

The insulation characteristic of a transformer can be evaluated using impulse, direct
current (DC) or alternative current (AC) voltages. Nedjar carried out a reliability analysis
of paper insulators using both AC and DC voltages by applying step voltage. The results
showed that discharges occur when the electric field applied to the pressboards exceeds the
critical value, and these discharges occur between oil and pressboard. A conductive path is
formed in the process, which has been observed to degrade the insulation system. It has
been reported that the resistance of oil-impregnated pressboards to DC voltage is superior
to that of AC voltage, according to a reliability analysis based on step voltage practices [9].
The modelling of lightning strikes in transformers was undertaken by Florkowski and et al.
They discovered that the strength of the windings is influenced by the waveform of the
applied voltage and the standard voltage pulse used. It has been established that overvolt-
age mainly impacts the insulation system windings and ground electrode. According to
reports, overvoltage has reached its maximum value. The insulator has been found to be
adversely affected by this situation at standard impulse voltage. However, there were no
observed effects on the insulator interface at discrete impulse voltages [10].

The investigation into the exterior design of transformers is ongoing. Chaw et al.
conducted a comparison between the rectangular and circular winding distribution trans-
formers at the 1000 kVA level. Consequently, models were created for 1000 kVA 50 Hz
11/0.4 kV three-phase, two-winding, triangular star-connected core distribution transform-
ers. It is predicted that efficiency will improve as transformer losses decrease. The magnetic
voltage is anticipated to differ between the proposed transformers and the target design, as
the losses in the transformers are reduced [11].

It is crucial to consider the variability of experimental methods when assessing the
condition of a transformer, along with the significance of the recommended oils and
insulation materials used in transformer insulation. The condition of the oil plays a
critical role, as demonstrated in research conducted by Malik Yadav, Mishra, and Mehto,
investigating transformer breakdown and maintenance scenarios. The study compared
traditional methods against the neuro-fuzzy technique [12].

Pradhan and Yew conducted a frequency field analysis of data obtained from their
experimental study and evaluated it using harmonic values [13]. Sun et al. examined the
efficacy of fiber coating materials in power transformers and demonstrated the superiority
of ethylene tetrafluoroethylene (ETFE), polytetrafluoroethylene (PTFE), and polyamide 12
(PA 12) over greaseproof paper [14]. Substitutions in electromagnetic field distribution,
particularly in windings, are currently intensively studied in high voltage transformers
and distribution transformers. Sun et al.’s modelling study indicated that the increase in
pressboard thickness from 5 mm to 10 mm could result in a change of up to 30% in electric
field decrease [15].

This study compares the effectiveness of pressboard, a cellulose derivative, and
polyurethane, a common material in the electrical industry, as a transformer insulator.
We measured the peaks of leakage currents flowing from the earth electrode after applying
voltage to the prepared insulating plates, and we calculated the harmonics as well. In our
study, we have experimentally researched and provided data on the breakdown behavior
when using polyurethane and polymers as alternatives to paper insulators. To accurately
analyze surface catastrophic events, we used scanning electron microscopy (SEM) images
of each case and identified the superior cases of TPU.
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2. Measurement Methodology

The study measured leakage currents on the earth electrode using the Fluke ScopeMe-
ter 199C series oscilloscope, which belongs to the Fluke brand and is rated as CAT IV
Class. These oscilloscopes have a sampling rate of 2.5 GS/s (giga samples/second) and
a bandwidth of 200 MHz. Measurements were recorded graphically and evaluated for a
6 s duration, with a total of 30,000 data points. The FlukeView® SW160 software, with a
multi-function counter interface, was purchased and used to process the data in MATLAB
2022b software.

Various assessment techniques and norms are available to evaluate the partition
between solid and liquid media within transformers as well as to comprehend the partial
discharge that may arise. Specific tests have to be executed, predominantly in the case
of cellulose-based pressboards. A test mechanism was established in this investigation,
making use of pertinent standards as a basis [16,17]. The pressboard is of 100 × 100 mm
dimension and it has fiber density of 1.2 g/cm3, a relative dielectric constant of εr = 4.1
and the loss factor is 0.0057. The relative dielectric constant of mineral oil is εr = 2.2. Also,
the PU has same dimension of pressboard. Its relative dielectric constant of εr = 12.25
and the loss factor is 0.0021. The investigation involved the initial recording of leakage
current signals. Disturbance points in the leakage current signal waveform are attributed
to partial discharge. The study analyzed and interpreted the peak values at these points.
The testing equipment and measurement system used in this study are identical to those
employed in our earlier research [18]. The main objective of the present study is to compare
two dissimilar types of solid insulating materials. The electrode system setup, used for
testing the proposed PU and pressboard, is displayed in Figure 1. The thicknesses of the
dielectric materials examined in the investigation are 1 mm, 2 mm, and 3 mm. In addition,
the mineral oil level remained unvaried throughout the research. The voltage levels were
varied, though. Four voltage levels ranging from 14.4 kV to 25.2 kV were applied to the
insulators. Accordingly, the leakage current threshold values during partial discharge were
determined. The peaks of the measured values that exceeded this threshold value for the
applied voltage level indicate the commencement of partial discharge and result in signal
deterioration [19–22].
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Figure 1. Electrode system for surface electric discharges, with solid dielectric made of pressboard
and polyurethane.

3. Results and Discussion
3.1. Leakage Current and Harmonic Analysis

The number of current peaks and values were calculated at all voltage levels for
the pressboard of 3 different thicknesses. Values for these data are given in Tables 1–3,
respectively, for 1 mm, 2 mm, and 3 mm thicknesses.
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Table 1. Pressboard and Polyurethane Threshold and Peak Values (1 mm).

Material Voltage (kV) Peak Value
Positive (A)

Peak Count
Positive

Threshold
Value (A)

Pressboard 14.4 0.44 55 0.42
Polyurethane 14.4 0.46 36 0.44

Pressboard 18 0.54 8 0.52
Polyurethane 18 0.56 8 0.54

Pressboard 21.6 0.68 0 0.68
Polyurethane 21.6 1.04 29 0.68

Pressboard 25.2 2.04 16 0.96
Polyurethane 25.2 1.44 70 1.2

Table 2. Pressboard and Polyurethane Threshold and Peak Values (2 mm).

Material Voltage (kV) Peak Value
Positive (A)

Peak Count
Positive

Threshold
Value (A)

Pressboard 14.4 0.58 14 0.56
Polyurethane 14.4 0.64 15 0.62

Pressboard 18 0.54 0 0.54
Polyurethane 18 0.54 8 0.52

Pressboard 21.6 0.86 31 0.84
Polyurethane 21.6 1.08 14 0.96

Pressboard 25.2 1.76 40 0.96
Polyurethane 25.2 1.52 92 1.2

Table 3. Pressboard and Polyurethane Threshold and Peak Values (3 mm).

Material Voltage
(kV)

Peak Value
Positive (A)

Peak Count
Positive

Threshold
Value (A)

Pressboard 14.4 0.44 7 0.42
Polyurethane 14.4 0.44 3 0.42

Pressboard 18 0.58 89 0.54
Polyurethane 18 0.54 76 0.52

Pressboard 21.6 0.72 25 0.68
Polyurethane 21.6 0.68 0 0.68

Pressboard 25.2 0.96 2 0.88
Polyurethane 25.2 0.88 0 0.88

Threshold values of flowing currents are selected with similar values for each solid
insulator. As can be seen in Table 1, pressboard has more peak points even though its
threshold is slightly less than polyurethane at the applied lowest voltage level. When it
comes to the situation at the highest voltage level, polyurethane shows worse insulation
performance. It can be concluded from this point that pressboard can be selected for higher
voltage levels at the smallest electrode gap. However, polyurethane has more strength
when the voltage level is 14.4 kV. So, new investigations are needed to clarify interpretation
with new electrode gaps. Table 2 consists of the data of two solid insulators at the thickness
of 2 mm.

As shown in Table 2, there is no significant difference between two solid insulators at
the voltage level of 14.4 kV and 18 kV. PU has higher peak current value at 21.6 kV. At this
voltage level, PU is more advantageous to select as an insulator. However, at the highest
voltage level, even though pressboard has higher peak current value, its peak points are less
than PU. So, we have to select a new electrode gap to make more reasonable comparison
for selecting between PU and pressboard. Table 3 shows the same manner of data of PU
and pressboard at the thickness of 3 mm.

As can be seen from Table 3, there is no significant difference between the two insula-
tors at the 14.4 kV voltage level. At this level, only at the point where the current signal is
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disturbed, the peak number of signs with partial discharge is higher in the pressboard. This
makes the polyurethane material a step above the pressboard. When the 18 kV and 21.6 kV
voltage levels are examined, it is seen that the pressboard leakage current is 40 mA more
than that of the polyurethane. There are also serious differences between the discharge
peak points for these levels. At 25.2 kV voltage level, there is 80 mA difference between the
leakage currents measured from PU and pressboard.

The peak values and number of these points of leakage current are not enough to
make a more comprehensive evaluation in terms of the dielectric strength behavior of PU
and pressboard. So, in this study, harmonic current values between 50–1000 Hz frequency
band are calculated for every special situation. Another purpose of harmonic current
performance is to determine the dominant harmonic component of current signal. With
the help of this method, there is an opportunity to make a clearer evaluation in dielectric
behavior differences. The harmonic current values of PU and pressboard at the 1 mm
electrode gap are summarized in Table 4.

Table 4. Harmonic values of leakage current at 1 mm material thickness.

Harmonic Values (A)

Polyurethane Pressboard

Frequency
14.4 kV 18 kV 21.6 kV 25.2 kV 14.4 kV 18 kV 21.6 kV 25.2 kV(Hz)

50 0.0193 0.0049 0.0484 0.1654 0.0074 0.0040 0.0468 0.0429
100 0.1920 0.2385 0.2874 0.4649 0.1877 0.2324 0.2843 0.4316
150 0.0009 0.0015 0.0013 0.0216 0.0007 0.0010 0.0011 0.0226
200 0.0028 0.0031 0.0046 0.0081 0.0024 0.0026 0.0042 0.0059
250 0.0008 0.0012 0.0021 0.0019 0.0007 0.0011 0.0022 0.0049
300 0.0136 0.0181 0.0221 0.0308 0.0133 0.0175 0.0213 0.0316
350 0.0010 0.0016 0.0014 0.0029 0.0010 0.0012 0.0019 0.0039
400 0.0099 0.0130 0.0125 0.0229 0.0101 0.0116 0.0142 0.0186
450 0.0007 0.0008 0.0019 0.0028 0.0010 0.0008 0.0015 0.0020
500 0.0073 0.0107 0.0131 0.0216 0.0091 0.0107 0.0151 0.0198
550 0.0015 0.0017 0.0014 0.0038 0.0016 0.0011 0.0016 0.0022
600 0.0058 0.0059 0.0085 0.0124 0.0051 0.0058 0.0080 0.0108
650 0.0004 0.0008 0.0016 0.0035 0.0003 0.0011 0.0012 0.0023
700 0.0056 0.0060 0.0062 0.0178 0.0058 0.0051 0.0088 0.0102
750 0.0012 0.0011 0.0009 0.0035 0.0010 0.0008 0.0015 0.0028
800 0.0056 0.0071 0.0089 0.0128 0.0048 0.0060 0.0060 0.0121
850 0.0005 0.0009 0.0007 0.0037 0.0009 0.0007 0.0012 0.0038
900 0.0033 0.0048 0.0071 0.0096 0.0033 0.0044 0.0045 0.0108
950 0.0007 0.0011 0.0020 0.0024 0.0009 0.0010 0.0014 0.0026
1000 0.0014 0.0006 0.0028 0.0033 0.0003 0.0011 0.0019 0.0083

There is an interesting common situation for both solid insulators in terms of dominant
harmonic values. It can be clearly seen in Table 4 that 2nd and 6th harmonic values have
higher values than the others at the all-voltage levels for PU and pressboard. These values
were calculated very close to each other for both materials. Therefore, it can be said that
the leakage currents for 1 mm thickness are similar for both insulators. In this case, it is
necessary to examine the harmonic values for 2 mm thick materials, as given in Table 5.

From Table 5, it is seen that there is similar behavior in terms of dominant harmonic
values with 1 mm material thickness. So, it can be said that the electric field creates similar
stresses on the materials of both 1 mm and 2 mm thickness. However, at the voltage levels
of 21.6 kV and 25.2 kV, the fundamental components (50 Hz) values of PU are higher than
the counterpart of pressboard. It can be said that harmonics, except from the fundamental
component, are seen more intensely on pressboard. So, when the 2 mm thickness material
is used at higher voltage levels, the PU selection is more reasonable than pressboard. This
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situation is supported by higher peak current value of pressboard at the highest voltage
level, as seen in the Table 2 data.

Table 5. Harmonic values of leakage current at 2 mm material thickness.

Harmonic Values (A)

Polyurethane Pressboard

Frequency
14.4 kV 18 kV 21.6 kV 25.2 kV 14.4 kV 18 kV 21.6 kV 25.2 kV(Hz)

50 0.0392 0.0046 0.1137 0.1759 0.0151 0.0040 0.0329 0.0510
100 0.2707 0.2324 0.4049 0.4777 0.2548 0.2338 0.3791 0.4364
150 0.0038 0.0015 0.0125 0.0205 0.0043 0.0012 0.0182 0.0285
200 0.0034 0.0030 0.0069 0.0072 0.0015 0.0030 0.0057 0.0071
250 0.0018 0.0005 0.0034 0.0018 0.0017 0.0014 0.0048 0.0060
300 0.0188 0.0172 0.0262 0.0309 0.0198 0.0170 0.0286 0.0344
350 0.0026 0.0014 0.0042 0.0040 0.0035 0.0012 0.0046 0.0064
400 0.0123 0.0122 0.0193 0.0214 0.0112 0.0141 0.0160 0.0164
450 0.0016 0.0008 0.0018 0.0024 0.0005 0.0012 0.0035 0.0026
500 0.0125 0.0113 0.0168 0.0211 0.0106 0.0114 0.0149 0.0164
550 0.0032 0.0011 0.0048 0.0030 0.0021 0.0016 0.0028 0.0033
600 0.0062 0.0045 0.0099 0.0122 0.0059 0.0092 0.0057 0.0081
650 0.0019 0.0011 0.0018 0.0029 0.0003 0.0014 0.0011 0.0019
700 0.0085 0.0061 0.0095 0.0147 0.0066 0.0086 0.0084 0.0090
750 0.0024 0.0010 0.0024 0.0029 0.0008 0.0018 0.0014 0.0023
800 0.0071 0.0063 0.0108 0.0140 0.0068 0.0056 0.0089 0.0092
850 0.0015 0.0011 0.0032 0.0035 0.0019 0.0009 0.0024 0.0021
900 0.0064 0.0053 0.0107 0.0137 0.0068 0.0029 0.0113 0.0135
950 0.0012 0.0013 0.0017 0.0030 0.0008 0.0007 0.0021 0.0037
1000 0.0020 0.0003 0.0035 0.0034 0.0042 0.0007 0.0063 0.0051

Harmonic values at the 3 mm thickness are summarized in Table 6. At the voltage
level of 14.4 kV, the 3rd and 7th harmonics were measured as 23 mA and 10.93 mA for
pressboard. No double harmonics have been observed in the leakage current components.
The number of peaks exceeding the peak value threshold is higher in the pressboard than
in polyurethane. While examining harmonics for 18 kV voltage level, 3rd harmonics are
measured as 3.1 mA for both pressboard and PU. The calculated 5th harmonic component
is 17.9 mA for pressboard and 15.7 mA for polyurethane; pressboard’s 5th harmonics are
higher than polyurethane. The 13th harmonic value is similarly higher on the pressboard;
this level is 9 mA for pressboard and 3.6 mA for polyurethane. The leakage current values
for the 15th and 17th harmonics were measured as 5 mA and 2.8 mA, respectively, for the
polyurethane, and 8.9 mA and 5.6 mA, respectively, for the pressboard. At these levels, the
15th and 17th harmonic components are higher than PU.

No comparable 3rd harmonic component was observed for the voltage level of 21.6 kV.
The 5th harmonic value was measured as 21.8 mA on the pressboard and 21.4 mA on the
polyurethane. This apparent difference offers the possibility of evaluation and comparison
in terms of partial discharge.

The surface condition of insulators is shown in Figure 2 at the thickness of 3 mm. It
can be clearly seen that the diameter of the surface carbonization pattern of pressboard is
wider than the polyurethane. This situation can be a determinant of the dielectric strength
of these solid insulators in the oil. PU has more durability against the formation of surface
tracking formation. There is no comparable surface condition for 1 mm and 2 mm material
thickness. It will be given a detailed surface morphology examination in the following
SEM section.
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Table 6. Harmonic values of leakage current at 3 mm material thickness.

Harmonic Values (A)

Polyurethane Pressboard

Frequency
14.4 kV 18 kV 21.6 kV 25.2 kV 14.4 kV 18 kV 21.6 kV 25.2 kV(Hz)

50 0.1876 0.2322 0.281 0.3301 0.1871 0.233 0.2844 0.3304
100 0.001 0.001 0.0017 0.0025 0.0008 0.0009 0.0009 0.0022
150 0.0026 0.0031 0.005 0.0064 0.0023 0.003 0.0045 0.0072
200 0.0011 0.0008 0.002 0.0011 0.0011 0.0012 0.0021 0.0014
250 0.0139 0.0157 0.0214 0.0243 0.0132 0.0179 0.0218 0.023
300 0.001 0.0016 0.0014 0.0016 0.0009 0.0012 0.0014 0.002
350 0.0096 0.0114 0.0134 0.0153 0.0109 0.0136 0.016 0.0204
400 0.0008 0.0008 0.0016 0.0016 0.0008 0.0011 0.0015 0.0019
450 0.008 0.0113 0.0142 0.0154 0.0096 0.0118 0.0156 0.0161
500 0.0016 0.0014 0.0016 0.0011 0.0014 0.0013 0.0016 0.0025
550 0.0066 0.0087 0.008 0.0089 0.0067 0.0082 0.0093 0.0121
600 0.0008 0.001 0.0011 0.0013 0.0006 0.0014 0.0011 0.0008
650 0.0064 0.0036 0.0096 0.0106 0.0077 0.009 0.0114 0.0119
700 0.0012 0.0009 0.0025 0.0009 0.0013 0.0018 0.002 0.0012
750 0.005 0.0089 0.0063 0.0078 0.0037 0.005 0.0071 0.0099
800 0.0005 0.0014 0.0007 0.001 0.0005 0.0013 0.0017 0.0017
850 0.0033 0.0056 0.0046 0.0047 0.0021 0.0028 0.0036 0.0045
900 0.0005 0.001 0.001 0.0009 0.0005 0.0006 0.0012 0.0009
950 0.0013 0.0013 0.0024 0.0026 0.0009 0.0012 0.0007 0.0022
1000 0.0008 0.0004 0.0009 0.0018 0.0008 0.0008 0.0011 0.0008

Polymers 2023, 15, x FOR PEER REVIEW 7 of 14 
 

 

Table 6. Harmonic values of leakage current at 3 mm material thickness. 

 Harmonic Values (A) 
 Polyurethane Pressboard 

Frequency 
14.4 kV 18 kV 21.6 kV 25.2 kV 14.4 kV 18 kV 21.6 kV 25.2 kV 

(Hz) 
50 0.1876 0.2322 0.281 0.3301 0.1871 0.233 0.2844 0.3304 

100 0.001 0.001 0.0017 0.0025 0.0008 0.0009 0.0009 0.0022 
150 0.0026 0.0031 0.005 0.0064 0.0023 0.003 0.0045 0.0072 
200 0.0011 0.0008 0.002 0.0011 0.0011 0.0012 0.0021 0.0014 
250 0.0139 0.0157 0.0214 0.0243 0.0132 0.0179 0.0218 0.023 
300 0.001 0.0016 0.0014 0.0016 0.0009 0.0012 0.0014 0.002 
350 0.0096 0.0114 0.0134 0.0153 0.0109 0.0136 0.016 0.0204 
400 0.0008 0.0008 0.0016 0.0016 0.0008 0.0011 0.0015 0.0019 
450 0.008 0.0113 0.0142 0.0154 0.0096 0.0118 0.0156 0.0161 
500 0.0016 0.0014 0.0016 0.0011 0.0014 0.0013 0.0016 0.0025 
550 0.0066 0.0087 0.008 0.0089 0.0067 0.0082 0.0093 0.0121 
600 0.0008 0.001 0.0011 0.0013 0.0006 0.0014 0.0011 0.0008 
650 0.0064 0.0036 0.0096 0.0106 0.0077 0.009 0.0114 0.0119 
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950 0.0013 0.0013 0.0024 0.0026 0.0009 0.0012 0.0007 0.0022 
1000 0.0008 0.0004 0.0009 0.0018 0.0008 0.0008 0.0011 0.0008 

No comparable 3rd harmonic component was observed for the voltage level of 21.6 
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the polyurethane. This apparent difference offers the possibility of evaluation and com-
parison in terms of partial discharge. 
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Figure 2. Surface breakdown points at 25.2 kV ((a) pressboard and (b) polyurethane). Figure 2. Surface breakdown points at 25.2 kV ((a) pressboard and (b) polyurethane).

3.2. Scanning Electron Microscopy (SEM) Analysis

Initially, we applied breakdown stresses on materials with similar thickness in the
experimental setup and compared the outcomes. Subsequently, we analyzed and inter-
preted size variations of the same materials along with the reactions and behavior patterns
of different materials with similar sizes through SEM photos of the resultant material.

When examining the 1 mm pressboard material with a 1 mm electrode gap, as Figure 3a
illustrates, we see a drilled hole running through the center of the pressboard, which
constitutes a compressed paper structure. The point of breakdown indicates darkening,
though no layered structure distortion was noted. Furthermore, it was observed that a
400-micron hole had been drilled in the pressboard’s interior. The burn does not progress
through infiltration, as evident from these findings. The carbonized path was anticipated to
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move inward, but it has yet to materialize, as evidenced by its current location. The expected
structure has not been formed as a result. The experiment was promptly terminated after
the breakdown occurred.
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Figure 3. 1 mm pressboard breakdown in 25.2 kV SEM photos (scales are (a) = 300 µm-50×,
(b) = 100 µm-250×, (c) = 200 µm-50×, and (d) = 100 µm-250×).

As demonstrated in Figure 3b, a 400-micron hole was created in the 1 mm pressboard
insulator following a breakdown at the specified voltage. The carbonized path did not
propagate throughout the pressboard, leading to immediate termination of the experiment
upon breakdown. In addition, a weak spot in the pressboard caused an explosion after the
breakdown test. The dielectric behavior observed did not disrupt other layers since the
pressboard (Figure 3c), which possesses a cellulosic structure, lacks deceleration between
layers due to its fibrous structure. Consequently, no significant structural changes occurred.

The cross-section obtained through the pressboard reveals explosion-shaped zones
indicating micro-level physical deformation formed on the paper after electrical breakdown.
However, the deformation did not exceed the layers found in the fibrous structure of the
pressboard, and, as such, no significant structural changes occurred.

It is clearly seen in Figure 4a that polyurethane is a structurally hollow material.
The hollow state of the structure is remarkable in the tests carried out with polyurethane
samples, which are also used as insulators in cable headers commercially. It is obvious
that it will show an effective behavior in the face of volumetric stresses in polyurethane
material just like in the same thickness pressboard.
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Figure 4. 1 mm polyurethane breakdown in 25.2 kV SEM photo (scales are (a) = 200 µm-50×,
(b) = 20 µm-500×, (c) = 200 µm-50×, and (d) = 20 µm-500×).

Pressure is formed on the pressboard, which is located inside the oil. It is not easy to
see that the transformer has bombed due to this pressure. This is due to the fact that the
paper absorbs pressure. In the same case, it is also seen that, due to the convex structure
found in polyurethane, it works as actively as the pressboard in absorbing this pressure
and its availability instead of the pressboard is observed.

When the polyurethane material was approached and examined with a 20 µm scale,
the carbonized region of the structure in the polyurethane material was not disturbed. Just
like in the pressboard material, it seems that the breakdown ends with a regional burn.

There are no gaps or traces of carbon along the channel. The breakdown is limited
to this area, as in the case of a 1 mm pressboard, so, in the case of a 1 mm polyurethane
insulator, the material is structurally very thin. Therefore, if we interpret the breakdown,
it is seen both more quickly and as a point distortion. If the structure of the material was
thicker, the possibility that the breakdown would progress and form a carbonized path
could have been considered, but this did not happen for a 1 mm structure.

The 200 µm scaled cross-section shows that the breakdown occurred at a single point,
and the convex structure of the polyurethane material absorbed the resulting pressure,
preventing the sudden expansion and progression of the breakdown. As can be seen in
Figure 4d, when 20 µm was approached to the polyurethane from a different cross-section,
it was seen that the progress after the breakdown did not lead to a carbonization.

As can be seen from Figure 5a, the inner part of the 2 mm pressboard structure is
chipped. After the breakdown, a burn was formed. As a result of combustion, a duct was
formed. There is progress along this channel; why did combustion occur along a channel
for a 2 mm material when there is only a point discharge for a 1 mm pressboard material?
The answer to this question is as follows. This material will not break down immediately
and will not tear. As can be seen from Figure 5b, the structure is carbonized from the traces
formed on the 2 mm pressboard compared to the 1 mm pressboard.

144



Polymers 2023, 15, 4671

Polymers 2023, 15, x FOR PEER REVIEW 10 of 14 
 

 

formed. There is progress along this channel; why did combustion occur along a channel 
for a 2 mm material when there is only a point discharge for a 1 mm pressboard material? 
The answer to this question is as follows. This material will not break down immediately 
and will not tear. As can be seen from Figure 5b, the structure is carbonized from the traces 
formed on the 2 mm pressboard compared to the 1 mm pressboard. 

 
Figure 5. 2 mm pressboard breakdown in 25.2 kV SEM photo (scales are (a) = 200 µm-50×, (b) = 100 
µm-250×, (c) = 200 µm-50×, and (d) = 100 µm-250×). 

In Figure 5c, when a different cross-section of the pressboard formed after the break-
down voltage is examined, the fibrous structure of the paper formation and cellulosic ma-
terial is clearly seen. The combustion caused by the breakdown inside the pressboard and 
the carbonized path formed at the end of it have been clearly revealed. As can be seen in 
(Figure 5d), the burns that occur in the cellulosic structure are soon clearly visible. The 
deterioration of the structure as a result of carbonization gives us an observation idea 
about the resistance of the material to breakdown. 

2 mm polyurethane 200 µm cross-section is presented in Figure 6a. A similar progres-
sion that occurs on a 2 mm pressboard is also observed on polyurethane. As a result of the 
breakdown, the burn formed a carbonized path, but its difference from the pressboard is 
clearly visible. Structurally, there is a wider distortion of the pressboard. In polyurethane, 
the channel is much thinner. When 2 mm pressboard and polyurethane material are com-
pared, it is seen that the structural deterioration of cellulosic paper is worse than polyure-
thane. 

After the applied voltage is terminated, it is seen that polyurethane is structurally 
more robust when we enlarge it according to the 20 µm scale to examine the structure. 
Unlike the pressboard, it seems that polyurethane with the same mm scale does not have 
a hole channel as large as the one on the paper. In addition, there are no structural break-
downs. Structural bubbles contained in polyurethane help to preserve their structure due 
to the fact that they are trapped under pressure and become old again in a free state. When 
the scale is reduced (Figure 6c), the burns and channels on the polyurethane are more 

Figure 5. 2 mm pressboard breakdown in 25.2 kV SEM photo (scales are (a) = 200 µm-50×,
(b) = 100 µm-250×, (c) = 200 µm-50×, and (d) = 100 µm-250×).

In Figure 5c, when a different cross-section of the pressboard formed after the break-
down voltage is examined, the fibrous structure of the paper formation and cellulosic
material is clearly seen. The combustion caused by the breakdown inside the pressboard
and the carbonized path formed at the end of it have been clearly revealed. As can be seen
in (Figure 5d), the burns that occur in the cellulosic structure are soon clearly visible. The
deterioration of the structure as a result of carbonization gives us an observation idea about
the resistance of the material to breakdown.

2 mm polyurethane 200 µm cross-section is presented in Figure 6a. A similar pro-
gression that occurs on a 2 mm pressboard is also observed on polyurethane. As a result
of the breakdown, the burn formed a carbonized path, but its difference from the press-
board is clearly visible. Structurally, there is a wider distortion of the pressboard. In
polyurethane, the channel is much thinner. When 2 mm pressboard and polyurethane
material are compared, it is seen that the structural deterioration of cellulosic paper is
worse than polyurethane.

After the applied voltage is terminated, it is seen that polyurethane is structurally more
robust when we enlarge it according to the 20 µm scale to examine the structure. Unlike
the pressboard, it seems that polyurethane with the same mm scale does not have a hole
channel as large as the one on the paper. In addition, there are no structural breakdowns.
Structural bubbles contained in polyurethane help to preserve their structure due to the
fact that they are trapped under pressure and become old again in a free state. When the
scale is reduced (Figure 6c), the burns and channels on the polyurethane are more clearly
visible. But it seems that it is not as large as the channels located on the pressboard of the
same thickness. Despite this, the carbonized structure formed by burns is more clearly
present here.

When 2 mm polyurethane taken from a different cross-section of the material is
examined (Figure 6d), it is seen that the structural integrity is maintained and it is better
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than the pressboard. But, at the same time, the carbonized breakdown formed as a result of
combustion can be seen in this section.
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As can be seen from Figure 7a, there is no breakdown on the outside of the pressboard,
but there is burning on the inside. Disturbances have occurred in the internal structure.
Due to the increase in thickness of the pressboard, partial discharges are observed on
the inside.
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In (Figure 7b), it is seen that combustion occurs when the cross-sectional scale for the
pressboard is enlarged, but the cellulosic structure is not as deteriorated as in the 1 mm
and 2 mm pressboards. The fibers of the paper structure are most degraded on the 1 mm
pressboard; for a 2 mm pressboard, less distortion is visible. The conclusion that can be
drawn from this is that as the thickness of the pressboard is increased, the cellulosic fiber
structure is less impaired in breakdown resistance.

It can be said that although the breakdown is not observed from the outside in the
section examined for the 3 mm pressboard (Figure 7c), holes are formed as a result of
burning on the inside, and, as a result, a breakdown may be present from the inside out. It
has been found that while there is no breakdown outside the cellulosic fibrous structure on
the pressboard, the high voltage that causes the breakdown inside can penetrate through
the hole in the smallest cellulosic structure and cause explosions inside.

When the cross-section of the area (Figure 7d) is examined, it is seen that combustion
disrupts the cellulosic structure inside. It has been determined that the reason for this
formation is that the breakdown tension does not proceed from a single point by damaging
the fibrous structure, but creates combustion at multiple points independent of each other.

As can be seen when the polyurethane material is approached by scaling 20 µm
in Figure 8a, large holes formed as a result of combustion are not visible as in 2 mm
polyurethane, as the material thickness increases. But it can be said that fragmentary small
discharges are formed and are independent of each other, and the breakdown voltage
causes more than one distortion in the weak places of the material.

When the size of the scale is reduced to 200 µm (Figure 8b), there is an opportunity
to study the structure of the material from a broader point of view. At the end of this,
we see that the structure remains more stable overall. It can be said that the bubbles of
polyurethane are permanently damaged by breakdown, but large holes are not formed.
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The SEM photo of 3 mm polyurethane is shown in (Figure 8c). This is better to see that
the structure’s domes are broken here. It is expected that the dome structure will better repel
the pressure created by the breakdown voltage created as the material thickness increases
and protects the dome structure. But, as can be seen from the figure, the convex structure is
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best in 1 mm polyurethane, while 2 mm is slightly more distorted in polyurethane; on the
other hand, the most distorted state has appeared in 3 mm polyurethane.

4. Conclusions

The effective dielectric performance of the solid insulator in mineral oil is critical for
ensuring transformers operate safely and without interruption. A high level of insulation
resistance is necessary to prevent any potential short circuits and protect the transformer
windings. This study investigates the electrical properties of PU and pressboard dielectric
materials at thicknesses of 1 mm, 2 mm, and 3 mm. The experiments were conducted
using a needle–plane electrode configuration in oil, under a non-uniform electric field. The
harmonic values, peak points, and current values were measured at material thicknesses of
1 mm and 2 mm, but no clear selection criteria were identified for choosing between PU and
pressboard. Even though these thicknesses lack precise interpretation, their consideration
within the philosophy of science marks a new contribution to the literature. At a thickness
of 3 mm, it can be stated that polyurethane (PU) offers superior insulation resistance
in comparison to pressboard. As the thickness of the material increases, the dielectric
performance of pressboard decreased. Although cellulose structure provides an advantage
in the absorption of transformer oil, it can be said that the discharges occurring within the
structure rapidly propagate and separate into channels. In this case, the leakage current
flows faster in these channels and reduces the strength of the material. For thicker samples,
the area in which electrons can move and form channels increases. The experimental study
shows that this situation leads to more destructive effects on the pressboard. Experimental
studies have shown that pressboard exhibits higher harmonic components at the same
voltage levels for a 3 mm thickness. It is currently not possible to conclude that the use of
polyurethane is definitively better than pressboard. Nevertheless, it is important to consider
the interpretation of harmonics in the calculation of material lifespan. Although pressboard
effectively removes dirt from oil due to its cellulosic structure, laboratory experiments have
demonstrated that its electrical performance is inferior to that of polyurethane.
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Unit with the project code FBA-2023-37284.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study can be shared by the
corresponding author when there is a demand from researchers.

Acknowledgments: The authors would like to thank the Istanbul University-Cerrahpaşa Scientific
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Abstract: Aqueous polyurethane is an environmentally friendly, low-cost, high-performance resin
with good abrasion resistance and strong adhesion. Cationic aqueous polyurethane is limited in
cathodic electrophoretic coatings due to its complicated preparation process and its poor stability
and single performance after emulsification and dispersion. The introduction of perfluoropolyether
alcohol (PFPE-OH) and light curing technology can effectively improve the stability of aqueous
polyurethane emulsions, and thus enhance the functionality of coating films. In this paper, a new
UV-curable fluorinated polyurethane-based cathodic electrophoretic coating was prepared using
cationic polyurethane as a precursor, introducing PFPE-OH capping, and grafting hydroxyethyl
methacrylate (HEMA). The results showed that the presence of perfluoropolyether alcohol in the
structure affected the variation of the moisture content of the paint film after flash evaporation. Based
on the emulsion particle size and morphology tests, it can be assumed that the fluorinated cationic
polyurethane emulsion is a core–shell structure with hydrophobic ends encapsulated in the polymer
and hydrophilic ends on the outer surface. After abrasion testing and baking, the fluorine atoms of
the coating were found to increase from 8.89% to 27.34%. The static contact angle of the coating to
water was 104.6 ± 3◦, and the water droplets rolled off without traces, indicating that the coating
is hydrophobic. The coating has excellent thermal stability and tensile properties. The coating also
passed the tests of impact resistance, flexibility, adhesion, and resistance to chemical corrosion in
extreme environments. This study provides a new idea for the construction of a new and efficient
cathodic electrophoretic coating system, and also provides more areas for the promotion of cationic
polyurethane to practical applications.

Keywords: cationic polyurethane; UV-curable; perfluoropolyether alcohol; cathodic electrodeposition
coatings

1. Introduction

Due to the unique microstructure produced between the hard and soft segments,
polyurethane (PU) offers exceptional mechanical qualities. Nevertheless, the typical ap-
plications of solvent-based PU are constrained by environmental laws regarding the use
of volatile organic compounds (VOCs) [1]. Traditional solvent-based PU is rapidly being
replaced by environmentally friendly water-based PU as demand for environmentally
friendly materials rises. A high-performance resin, known as waterborne polyurethane,
utilizes water as a solvent in its formulation. In comparison to traditional solvent-based
polyurethane, it offers superior properties such high hardness, wear resistance, strong
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adhesion, non-flammability, and low cost. It may also significantly lower the content of
volatile organic compounds (VOCs) [2–7]. The textile, leather, furniture, paint, and con-
struction industries all utilize it extensively [7–11]. Based on the nature of the ionization of
hydrophilic groups in water, waterborne polyurethanes are classed as anionic, cationic, and
nonionic. Ionic aqueous polyurethanes have been extensively investigated, and the anionic
variety is now being produced commercially [12–17]. Cationic aqueous polyurethanes are
typically synthesized by utilizing diols containing tertiary amine groups as chain extenders
and quaternizing with alkylating agents or appropriate acids to produce water-soluble ionic
groups. The mechanical properties of cationic aqueous polyurethanes that are not apparent
in anionic materials are due to the capacity of the polar groups to form intermolecular
hydrogen bonds with high intermolecular contact forces [18,19]. And cationic aqueous
polyurethanes can be used for quaternary amination of the opposing ions contribute to
hydrogen bonding and other ionic effects, but due to the complicated preparation process
and poor stability after emulsification and dispersion, quaternary ammonium salt-based
cationic aqueous polyurethanes are currently only sparingly studied [18,20–24].

Colloids known as cathodic electrophoretic coatings (EPD) are formed when charged
particles and molecules that are suspended in a solvent move under the influence of
an electric field and ultimately deposit on electrodes with opposing charges to create a
dense surface film [25]. Cathodic electrophoretic coatings provide several advantages over
traditional solvent-based coatings, including a straightforward procedure, high control-
lability, low cost, high permeability, electrochemical activity, and effective anti-corrosion
properties [26–28]. Epoxy and acrylic cathodic electrophoretic coatings are actively be-
ing investigated. Through electrophoretic deposition of SH-SiO2 nanoparticles and resin
binders, Zhang et al. created durable superhydrophobic SiO2 epoxy coatings with strong
corrosion resistance but low weathering resistance [29].

Gong et al. created a cathodic electrophoretic solution utilizing cationic acrylate and
EPD technology in order to create a conductive coating with high density and features that
are hydrophobic and oleophobic [30]. The coating made using polyurethane electrophoresis
solution in the traditional sense has relatively poor overall performance, such as corrosion
and heat resistance, due to the introduction of hydrophilic groups, and further modification
is needed for practical application in electrophoretic paints [31].

Fluorinated compounds are an excellent material for modifying. Liu et al. created a
series of fluorinated aqueous polyurethane coatings by altering the content of fluorinated
polymers to give them low surface energy and significant hydrophobic and oleophobic
properties. The incorporation of C-F bonds can also augment the thermal stability and
tensile properties of the coatings [32–36]. Unsaturated double bonds are added by the
grafting of hydroxyethyl methacrylate (HEMA), which increases their thermal stability
and offers active sites for light curing [37]. Finally, Liu et al. used a simple mixture of
cationic aqueous polyurethanes and other UV-curing materials to prepare a new coating
that improves its curing rate, reduces energy consumption, VOC emissions and reduces
reactive diluents, and improves the overall physical properties of the coating, which can be
applied to a variety of substrates, particularly heat-sensitive substrates [38–43].

In this experiment, cationic aqueous polyurethane was used as the electrophoresis
fluid to introduce fluorinated polyether polyol (PFPE-OH) to provide low surface energy
while grafting HEMA to provide a method to control the degree of cross-linking of the
coating and improve the thermal stability of the coating. Finally, a novel UV-curable
fluorinated cationic polyurethane-based cathodic electrophoretic coating was innovatively
prepared using electrophoresis and UV curing technology. This study aims to investigate
and evaluate the particle size, contact angle, water absorption rate, corrosion resistance,
thermomechanical properties, and fundamental physical characteristics of the coating.
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2. Experimental
2.1. Materials

Perfluoropolyether alcohol (PFPE-OH) was supplied by Hunan Nonferrous Chenzhou
Fluorine Chemical Co. Ltd., Chenzhou, China. Isophorone diisocyanate (IPDI, >99.5%,
NCO% ≥ 37.5%) was purchased from Bayer Chemicals (Leverkusen, Germany). Polycar-
bonate diol (PCDL, Mn = 1000), N-methyldiethanolamine (MDEA), trimethylolpropane
(TMP), 1,4-butanediol (BDO), hydroxyethyl methacrylate (HEMA), 2-hydroxy-2-methyl-1-
phenyl-1-propanone (Darocur 1173), glacial acetic acid (HAc), dibutyltin dilaurate (DBTDL)
and 2,6-di-tert-butyl-p-cresol (DBHT) were purchased from Aladdin Reagent Co. Ltd.,
Shanghai, China. All organic solvents will be de-watered using 4 A◦ molecular sieve before
use. All alcohols used were heated 120 ◦C in advance and de-watered under reduced
pressure for about 2 h.

2.2. Cationic Aqueous Fluorinated Polyurethane Emulsion Preparation (WCFPU)

Fluorinated polyurethane polymer was synthesized via step-growth addition poly-
merization displayed in Figure 1. In a three-neck flask equipped with stirring paddle,
thermometer, and nitrogen protection, PCDL and TMP were added after dehydration
treatment, and then the temperature was increased to 80~85 ◦C. The temperature was then
decreased to 60 ◦C after adding IPDI and DBTDL. BDO and MDEA butanone solution
(40 wt%) were progressively added to extend the chain length and maintain the reaction for
two hours. The molar functional group ratio of NCO/OH of the system at this stage was
controlled to be 1.4. The system was adjusted with the proper quantity of butanone dilution
when the viscosity became too high. The reaction was held for two hours to complete after
the temperature was increased to 80 ◦C and PFPE-OH was introduced. The viscosity of
the system was monitored at all times during the reaction, and butanone was added at
any time. The temperature was then reduced to 60 ◦C. Butanone solution dissolved with
HEMA and DBHT was slowly added dropwise, the remaining system NCO was capped
with double bonding, and the prepolymer of CFPU was made by continuing the insulation
for 2 h. The temperature was then reduced to 40 ◦C, and a small amount of HAc was added
to neutralize the system for 30 min. Lastly, a small amount of deionized water was gently
added to the prepolymer while the system was reverse-phase-emulsified at high speed for
30 min. Decompression at a negative pressure of −0.1 KPa and a temperature of 40 ◦C was
used to remove the butanone solvent from the system. The final creamy white WCFPU
emulsion with a solid content of 30 wt% was created.

2.3. UV-Cured Cathodic Electrodeposition Coating Preparation

A total of 30 wt% WCFPU emulsion was mixed with 5 wt% photoinitiator before being
diluted in deionized water into a UV electrophoresis solution with a solid content of 15%
and injected into the electrophoresis tank of the electrophoresis equipment. The tinplate
was covered with the negative electrode, the pole plate was treated with phosphate, the
tinplate was submerged in the electrophoresis tank, and there was a 10 cm space between
the pole plates. The applied DC voltage was 60 V, and the electrophoresis period was 45 s.
The cathode plate surface was then cleaned with a substantial volume of deionized water
before being placed in an oven with a flash time of 3 min at 80 ◦C to eliminate the water. To
achieve a uniform and smooth electrophoretic coating, the electrode plate was subjected to
100 mW/cm2 UV curing for a duration of 60 s.

2.4. Characterization

Fourier transform infrared spectra (FT-IR) were acquired using the KBr press method
on a Bruker model VERTEX 70 spectrometer (Waltham, MA, USA), covering the wavelength
range of 400–4000 cm−1. The hydrogen spectra (1H-NMR) of the compounds were obtained
on a Bruker model AVANCE III HD 400 spectrometer with CDCl3 as solvents.
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Figure 1. Waterborne cationic fluorinated polyurethane synthetic approaches (WCFPU). (a) The
structural formula of perfluoropolyether alcohol (PFPE-OH); (b) the procedure for synthesis of
modified polyurethane.

A volume of 0.1 mL of the sample was diluted with deionized water to a final volume
of 50 mL and subjected to sonication for 30 min. The particle size distribution of the
electrophoretic dispersion was determined by dynamic light scattering (DLS, Zetasizer
Nano-ZS90, Malvern Instruments Ltd., Malvern, UK). A suitable amount of WCFPU
emulsion was diluted 1000 times and sonicated for 30 min before a few drops of the
dispersion were added onto a copper mesh using a pipette. The copper mesh was then
dried in an infrared oven, followed by staining with a 5 wt% phosphotungstic acid solution
for 5 min. Finally, the particle size morphology of the emulsion was examined using a
transmission electron microscope (model JEM-100CX II from Japan Electronics, Beijing,
China). The sample was coated with sputtered gold powder prior to examination under a
scanning electron microscope (model SU-8220) capable of magnification ranging from 35 to
10,000 times.

153



Polymers 2023, 15, 3725

Thermo Instruments ESCALAB 250 with XR-4 double anodes (Al/Mg) was used to
perform X-ray photoelectron spectroscopy (XPS) studies under vacuum. The treated coated
films were mounted on stainless steel with Cu tape on both sides and put in a sealed
chamber at 10–8 mbar pressure overnight before being moved to the analytical chamber
(pressure of 10–9 mbar) [2]. The XPS spectra of all materials were evaluated at a sampling
depth of 6.6 nm and an electron emission angle of 45◦, with the C1s line calibrated at
285.0 eV. A JC 2000C contact angle meter was used to measure the static contact angle of the
coating, where the test droplets were water, diiodomethane, and hexadecane, respectively,
and the volume of the droplets was 5 µL, and each sample was tested five times to take the
average value. A homemade right-angled triangular test platform was designed so that the
angle of the acute angle could be adjusted by lifting. The coated sample was placed on the
hypotenuse of the right triangle, then the test droplet was placed on the sample, the angle
was adjusted, and the slope angle when the droplet just started to move was observed
and recorded as the rolling contact angle. The test droplets are water, diiodomethane and
hexadecane, and the volume of the droplets is 30 µL, and each sample is tested three times
to take the average value.

Differential scanning calorimetry (DSC) was used to evaluate the samples using a DSC
200F3 from Netzsch, Selb, Germany. In an aluminum sample tray, 10 mg of dried sample
was sealed. To erase thermal history, the thermal cycle was conducted from 25–150 ◦C
at a rate of 10 ◦C min−1 and maintained for 2 min. The glass transition temperature (Tg)
and melting point (Tm) of polymers were then measured using a new thermal cycle that
went from −70 to 250 ◦C at a rate of 10 ◦C min−1. A NETZSCH model TG209 was used to
determine the thermal stability of UV-cured electrodeposited films. The test atmosphere
was nitrogen and the thermal scan temperature range was 25 to 600 ◦C with a heating rate
of 10 ◦C/ min. The thermomechanical characteristics of the coatings were tested using a
dynamic thermomechanical analyzer model DMA 242C3 from NETZSCH, Germany. The
greatest dynamic force was 2 N, the maximum static force was 0.5 N, and the maximum
amplitude was 10 m. The test frequencies were 1.0 Hz, 3.333 Hz, and 5.0 Hz, with the
temperature range being −50~100 ◦C. The temperature ramping rate was 5.0 K/min.

The tensile properties were assessed using a multifunctional electronic strength tester
TS2000 (Beijing Chuangcheng Zijia Technology Co., Ltd., Beijing, China) at 10 mm/min,
with test bars measuring 80 × 10 mm (length × width) and thicknesses ranging from 0.5 to
1.0 mm. Each measurement was repeated at least three times.

Three coated films with dimensions of 120 mm in length, 10 mm in width, and 0.5 mm
in height were submerged in deionized water and kept at 25 ◦C room temperature for 72 h.
Before weighing the samples, absorbent cotton paper was employed to remove the water
from their surfaces. The equation below may be used to calculate how much water the
samples absorbed [44]:

Absorption percentage =
W2 − W1

W1
× 100%

where W2 and W1 are the weight of the sample at 72 h water solubility and the weight of
the original dry film, respectively.

The German QNIX 4200 (QNix, Koln, Germany) was used to gauge the coating’s
thickness. The gloss of the coating at 60◦ was measured using an ETB-0686 gloss meter
in accordance with the national standard GB 9754-88 [45]. The test was performed three
times. Using a Faber Castell 9000 pencil, the hardness of the coating surface was evaluated
in accordance with national standard GB/T6739-1996 [46]. QFH-HG600 was used to assess
the adherence of the coating to the substrate in accordance with GB/T1720-1989 [47]. The
impact resistance of the paint film surface was assessed using the impact tester QCJ-50
in line with national standard GB/T 1732-93 [48], the impact tester QCJ-50 was used
to evaluate the impact resistance of the paint film surface. A Shanghai QTX tester was
used to measure the painted board’s coating flexibility in line with GB/T 1731-93 [49].
The corrosion resistance of the electrophoretic coating was evaluated using four different
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solutions: 5.0 wt% NaCl, 0.5 mol/L CuSO4, H2SO4 (pH = 0, methyl orange staining), and
NaOH (pH = 14, rhodamine staining). After 24 h, corrosion of the corresponding surfaces
was seen after the addition of 0.5 mL drops to the coated and untreated areas, respectively.

3. Results and Discussion

The IR spectrum of PFPE-OH is seen in Figure S1. The distinctive absorption of the
alcohol hydroxyl group was shown by the wide peak at 3412.31 cm−1, while the C-O-C
and C-F characteristic absorption peaks were located between 1000 and 1400 cm−1. Among
these, the distinctive absorption peak of -CF3 was 1232.62 cm−1, whereas that of -CF2 was
1123.58 cm−1. The nuclear magnetogram of CFPU, which had a prior pretreatment to get rid
of the organic solvent, is shown in Figure 2. The -C=C- bond was represented by the faint
peak at 6.11 ppm, while the -CH3 on the double bond side group was represented by the
sharp peak at 2.01 ppm. To verify the success of double bond grafting and the presence of
fluorinated monomers in the system, the IR spectra of CFPU are shown in Figure 3, and it is
evident that it has a faint peak at 1635.4 cm−1 that is indicative of unsaturated double bond
stretching vibration absorption. Also visible are the distinctive absorption peaks of C-O-C
and C-F at 1100–1350 cm−1. The medium broad peak at 3321 cm−1 is the N-H stretching
vibration. The splitting peaks at 2939 cm−1 and 2864 cm−1 correspond to the stretching
vibrations of -CH3 and -CH2-, respectively, which are mainly the methylene absorption
peaks on the cationic chain extender (MDEA) and polyester structure. A strong and sharp
characteristic peak at 1729 cm−1 is the stretching vibration of C=O. The characteristic
carbamate N-H bending vibration absorption peak at was 1541 cm−1. The FPU prepolymer
was effectively produced, as seen by the IR and NMR pictures, and the unsaturated double
bond serves as the active site for light curing. As a result, the ATR measurement of the
coated film following UV electrophoresis demonstrated in Figure S2 that the unsaturated
double bond at 1635.4 cm−1 vanishes, indicating that WCFPU has fully cured.
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Figure 3. FT-IR spectrum of pure CFPU.

Figure 4a shows the average particle size distribution of WCFPU emulsions, which is
around 91.3 nm smaller than that of the usual WCPU non-fluorinated emulsion. This indi-
cates that the particle size of polyurethane emulsions modified with fluorinated polyether
alcohols increased, and their hydrophobic ends were encapsulated within the polymer,
while the hydrophilic chain segments of cationic tertiary amine groups were dispersed on
the surface of the macromolecule, forming a core–shell-like structure, so their particle size
became larger.
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The analysis of the WCFPU latex particle morphology is shown in Figure 5 and is
enlarged to a viewing distance of 2 µm. The photos show that the grain size determined
in Figure 6 is equivalent to the WCFPU latex grains, which are rather homogenous round
spheres with a grain diameter of around 200 nm. The outside dark half was most likely
a chain segment of an aqueous cationic chain extender, whereas the inner brilliant piece
was most likely the fluorinated polyurethane chain segment with a low electron cloud
density [50]. The thickness of the shell layer is about 19 nm. The photographs also
further illustrate the nucleoshell structure with hydrophilic as the shell and hydrophobic as
the nucleus.
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Figure S3 show the results of an investigation into the surface morphology of the elec-
trophoretic coating. Each area had a uniform shape and a smooth surface. It demonstrated
that the system was evenly distributed, that there was no macroscopic phase separation,
and that during UV curing, a highly cross-linked network formed.

To understand the fluorine chain segment movement, the XPS test was utilized to
examine the surface chemistry of the UV-curable electrophoresis film. The films were
polished with 500 g weights for 50 cycles, and then baked in an oven at 140 ◦C for 30 min.
The XPS spectra before and after the coating rubbing are shown in Figure 6. It showed
that the electrophoretic coating was mostly composed of C, N, O, and F as the main four
elements. The fluorine atom signal intensity of the sanded and baked adhesive coating was
greater than that of the unpolished one, indicating that fluorine-containing chain segments
with low surface energy were more likely to migrate to and enrich the surface of the film/air.
This resulted in a flat coating with a specified amount of hydrophobicity and decreased
the interfacial energy on the surface of electrophoretic coating. Table S1 displays the mass
percentages of each atom as determined by XPS measurements.

The Table S1 demonstrated that the fluorine atom content increased from 9.89% before
sanding to 27.34% after sanding and baking, whereas the predicted average fluorine atom
concentration is 4.82%. It implied that fluorine-containing chain segments with low surface
energies moved to the surface of coating preferentially and were enriched during UV curing
film production. The moderate amount of heat facilitated polymer chain segment migration
and hydrophobic properties.
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We examined the static and rolling contact angles of water, diiodomethane, and
hexadecane droplets on the surface of the coating to assess the wettability of the fluorinated
cationic polyurethane electrodeposition coating. The corresponding surface tensions of
droplets were found to be 72 mN·m−1, 50 mN·m−1, and 27 mN·m−1 [51]. As shown in
Figure 7, the static contact angles of droplets in 5 mL on the coating and the instantaneous
contact angles of these droplets on the coated surface are 104.6 ± 3◦, 83.6 ± 2◦, and
61.3 ± 1◦, respectively. This resulted from UV-curing the fluorine-containing long-chain
segments, which improved the resistance of coating to water and solvents as well as the
formation of regular, low-surface-energy liquid crystal forms on the surface of the latex film.
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Figure 7. Images of droplets and the contact angles of water, diiodomethane, and hexadecane on
the coating.

Droplets of water, diiodomethane, and cetane rolling on the coating in a volume of
50 mL are shown in Table 1, as well as their contact angles. Water droplets rolled off
the surface neatly; although they had a smaller rolling angle, dii-odomethane and cetane
tended to leave traces and did poorly as anti-fouling agents against oil-based pens. This
was mainly due to the poor compatibility of the fluorine-containing chain segments in the
coating resin structure, resulting in reduced film denseness, and the relatively insufficient
content of CF3 groups on the coating surface. The electrophoretic coating film appeared to
have excellent hydrophobicity, which was consistent with the XPS test results. The average
water absorption of our test coating was 2.82%, and the surface layer was enriched with
many fluorine-containing chain segments, which lowered its surface energy.

Table 1. Sliding angle of water, diiodomethane, and hexadecane droplets for different volumes on
the coating.

Test Droplets Sliding Angle (50 µL)

Water 37.8 ± 1.5◦

Diiodomethane 11.2 ± 0.5◦

Hexadecane 9.7 ± 0.4◦

Because of the higher organofluorine polymer content and the addition of C-F polar
groups, as well as the increasing relative molecular mass of the polymer (Figure 8 show the
DSC curves of UV cured electrodeposition coatings), the glass transition temperature of the
soft segment of polyurethane in WCFPU was 53.9 ◦C. The figure indicated that the higher
glass transition temperature, which was between 89 and 120 ◦C [52], which caused by the
carbamate group of the hard chain section. It can be clearly observed from the figure that,
as with the Tg of the soft segment, the Tg and hydrogen-bonding interactions of the hard
segment decreased with the increasing length of the (-CH2-CH2-O-)n chain segment, and
there was no significant phase separation.
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Figure 8. DSC curves of UV-curable EPD coatings.

The thermogravimetric curves of UV-cured electrophoretic coatings are shown in
Figure 9. At a temperature of about 143 ◦C, the coating started to break down, as seen in
the photograph, which was probably the result of minute molecules dissolving within the
system. The carbamate structure in the structure gradually disintegrated during the second
breakdown stage, which took place between 250 and 380 ◦C [53,54]. Between 428 and
452 ◦C, the breakdown entered its third stage. The improvement in the thermal stability
of the UV-cured electrophoretic coating was due to the inclusion of C-F with higher bond
energies, the creation of shielding protection for the interior of the polymer, and the rise in
cross-link density following double bond curing.
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The stress–strain curve for the UV electrodeposition coating is shown in Figure 10.
According to this curve, the fluorinated polyurethane-coated film had a tensile strength of
6.59 MPa and an elongation at break of 61.11%. The tensile strength of the original fluorine-
free polyurethane coating sample was 5.68 MPa and the elongation at break was 20.14%.
PCDL was used as polyester in the WCFPU structure because it provided good tensile
properties. If a smaller amount of PFPE-OH was added, it led to an increase in the number
of fluorinated groups introduced into the hard chain segments of the polymer, which further
affected the increase in tensile strength and decrease in elongation at the break of the coated
film. Furthermore, the strain-hardening phenomenon became more pronounced when
fluorinated groups were introduced, which enhanced the tensile strength and reduced
the flexibility of the electrophoretic film. The perfluorinated long-chain structure of PFPE-
OH imparted a high degree of hydrophobicity to the membrane, increasing the content
of fluorinated groups and the ratio of hydrophobic to hydrophilic chain segments, thus
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increasing the particle size of the emulsion and decreasing the density variation of the
surface. The increase in emulsion particle size would lead to a decrease in the denseness of
the emulsion after film formation, and therefore a decrease in mechanical properties [55].
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Figure 10. Stress–strain curves of UV-curable EPD coatings.

The thermomechanical behavior of the UV-curable EPD coatings is depicted in Fig-
ure 11, and the figure illustrates the great compatibility of the polyurethane system. If there
was no splitting, one tan δ appeared on the graph, and conversely, two tan δ appeared if the
structure was split. It can be observed from the graph that the energy storage modulus of
the coating decreased with increasing temperature. The glass transition temperature (Tg) of
the soft section corresponded to 64.7 ◦C, while the glass transition temperature of the hard
section was less pronounced. Generally, the higher the glass transition temperature, the
more easily molecular chain movement was hindered and the more rigid the polymer. The
internal trifunctional TMP cross-linking site that restricted the mobility of the molecular
chain, along with hydrogen bonding and the formation of a cross-linked network in the
structure, was most likely to blame for the 2.84 damping factor.

Polymers 2023, 15, x FOR PEER REVIEW 12 of 15 
 

 

modulus of the coating decreased with increasing temperature. The glass transition tem-

perature (Tg) of the soft section corresponded to 64.7 °C, while the glass transition tem-

perature of the hard section was less pronounced. Generally, the higher the glass transi-

tion temperature, the more easily molecular chain movement was hindered and the more 

rigid the polymer. The internal trifunctional TMP cross-linking site that restricted the mo-

bility of the molecular chain, along with hydrogen bonding and the formation of a cross-

linked network in the structure, was most likely to blame for the 2.84 damping factor. 

 

Figure 11. Temperature dependence of storage modulus (a) and tan δ (b) for UV-curable EPD films. 

The UV electrodeposition coating offered high physical qualities as well as good hy-

drophobicity and thermal stability. As seen in Figure 12a, when the coated tinplate was 

struck with a 1000 g impact hammer from a height of 50 cm in both the forward and back-

ward directions, the surface did not break or peel off. In Figure 12b, the test plate was bent 

180° with a rod of 1 mm in diameter, and the coated surface did not crack at any point. 

Figure 12c shows the results of the adhesion test. The adhesion test uses the scratch tech-

nique described in GB/T 9286-1998 [56]. There are six degrees of adhesion, with level 5 

being the worst. From level 0 to level 5, coating adherence diminishes. According to Figure 

12c, the modified coating has a 0–1 level of adherence. The scribed section did not come 

off when the 3M tape was removed, suggesting strong adherence. This was due to the use 

of polycarbonate diol (PCDL) as an excellent polyester raw material for polyurethane 

light-curing coatings, providing excellent flexibility, adhesion, abrasion resistance, and 

chemical resistance to the coating. 

 

Figure 12. Impact resistance (a), flexibility (b), and adhesion (c) test on the UV-curable EPD coatings. 

Figure 13 shows the chemical corrosion of the electrophoretic coating surface using 

different 5.0 wt% NaCl solution, 0.5 mol/L CuSO4 solution, H2SO4 solution (pH = 0, stained 

with methyl orange), and NaOH solution (pH = 14, stained with rhodamine) for different 

times. The droplets shrunk on the coated surface, while on the uncoated surface, they were 

spread flat. We found that when the polished uncoated tinplate came into touch with the 

Figure 11. Temperature dependence of storage modulus (a) and tan δ (b) for UV-curable EPD films.

The UV electrodeposition coating offered high physical qualities as well as good
hydrophobicity and thermal stability. As seen in Figure 12a, when the coated tinplate
was struck with a 1000 g impact hammer from a height of 50 cm in both the forward and
backward directions, the surface did not break or peel off. In Figure 12b, the test plate
was bent 180◦ with a rod of 1 mm in diameter, and the coated surface did not crack at any
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point. Figure 12c shows the results of the adhesion test. The adhesion test uses the scratch
technique described in GB/T 9286-1998 [56]. There are six degrees of adhesion, with level
5 being the worst. From level 0 to level 5, coating adherence diminishes. According to
Figure 12c, the modified coating has a 0–1 level of adherence. The scribed section did not
come off when the 3M tape was removed, suggesting strong adherence. This was due to the
use of polycarbonate diol (PCDL) as an excellent polyester raw material for polyurethane
light-curing coatings, providing excellent flexibility, adhesion, abrasion resistance, and
chemical resistance to the coating.
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Figure 12. Impact resistance (a), flexibility (b), and adhesion (c) test on the UV-curable EPD coatings.

Figure 13 shows the chemical corrosion of the electrophoretic coating surface using
different 5.0 wt% NaCl solution, 0.5 mol/L CuSO4 solution, H2SO4 solution (pH = 0,
stained with methyl orange), and NaOH solution (pH = 14, stained with rhodamine) for
different times. The droplets shrunk on the coated surface, while on the uncoated surface,
they were spread flat. We found that when the polished uncoated tinplate came into touch
with the copper sulfate solution, it immediately became covered in copper due to primary
cell corrosion. After 4 h, due to partial evaporation of water, the volume of liquid was
reduced and the surface of the coating appeared without corrosion or damage, but these
liquids had caused varying degrees of corrosion to the uncoated tinplate. After 24 h, the
water evaporated completely and the surface of the coating remained intact, while the
uncoated surface showed severe chemical corrosion. It was indicated that the coating
had good corrosion resistance and great potential for application in various corrosion-
resistant industries.
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4. Conclusions

In this study, a terminal fluoroalkyl cationic unsaturated polyurethane emulsion
(WCFPU) was made by introducing fluorinated polyether polyol (PFPE-OH) as a side chain
and grafting hydroxyethyl methacrylate (HEMA) to provide unsaturated double bonds
to IPDI and polyol, and then dispersed and prepared into UV electrophoretic coatings
with a solid content of 15%. The average particle size of the WCFPU emulsion was
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found to be about 190 nm, while the particle size of the normal non-fluorinated WCPU
was 91.3 nm. Observing the TEM of the emulsion particles, we could speculate that the
fluorinated cationic polyurethane emulsion was a core–shell structure with hydrophobic
ends encapsulated within the polymer and hydrophilic ends on the outer surface. After
wear testing and baking, it was found that the fluorine atom content of the coating increased
abruptly from 8.89 to 27.34%. The static contact angle of the coating to water was 104.6 ± 3◦,
and the water droplets rolled off without traces, indicating that the coating had very
good hydrophobicity. This UV electrophoretic coating had excellent thermal stability and
tensile properties, and its thermomechanical behavior indicated a high polymer crosslink
density. The coating also underwent the tests of impact resistance, flexibility, adhesion, and
resistance to chemical corrosion in extreme environments.

Supplementary Materials: The following supporting information can be downloaded at:
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Abstract: The inability of wounds to heal effectively through normal repair has become a burden that
seriously affects socio-economic development and human health. The therapy of acute and chronic
skin wounds still poses great clinical difficulty due to the lack of suitable functional wound dressings.
It has been found that dressings made of polyurethane exhibit excellent and diverse biological
properties, but lack the functionality of clinical needs, and most dressings are unable to dynamically
adapt to microenvironmental changes during the healing process at different stages of chronic
wounds. Therefore, the development of multifunctional polyurethane composite materials has
become a hot topic of research. This review describes the changes in physicochemical and biological
properties caused by the incorporation of different polymers and fillers into polyurethane dressings
and describes their applications in wound repair and regeneration. We listed several polymers,
mainly including natural-based polymers (e.g., collagen, chitosan, and hyaluronic acid), synthetic-
based polymers (e.g., polyethylene glycol, polyvinyl alcohol, and polyacrylamide), and some other
active ingredients (e.g., LL37 peptide, platelet lysate, and exosomes). In addition to an introduction
to the design and application of polyurethane-related dressings, we discuss the conversion and
use of advanced functional dressings for applications, as well as future directions for development,
providing reference for the development and new applications of novel polyurethane dressings.

Keywords: polyurethane; wound dressing; natural polymers; synthetic polymers; composite material

1. Introduction

The skin is the body’s largest organ, and it is not only the first line of physiological
defense, but also essential for survival. In addition, the skin has a complex self-regulatory
function [1]. In response to harmful stress, such as pathogens, thermal, mechanical, and
chemical hazards, the skin responds to regulate local and systemic homeostasis. The
structure of the skin consists of three layers: superficial epidermis, deeper dermis, and
subcutaneous hypodermis. The epidermis is mainly composed of keratinocytes and under-
goes constant renewal where basal epidermal stem cells with high proliferation potential
produce new daughter cells or translocation expansion cells [2]. Skin can regulate water
and permeate oxygen and carbon dioxide, and its sensory properties can affect thermoregu-
lation and immune function [3]. Wound healing refers to a series of physiological processes
in which damaged tissues are repaired through various cells and interstitial tissue after skin
injury (Figure 1) [4], and it mainly occurs in skin tissues after traumatic injury, infectious
ulcers, or burns. Rapid wound healing and rapid regeneration of damaged skin are essen-
tial to restore barrier function. Chronic wounds are also known clinically as hard-to-heal
wounds because they are more difficult to heal and take a long time to treat, such as in
people with diabetes or those who are chronically bedridden [5]. Chronic wounds occur
when the normal healing process stalls, which can seriously affect patient quality of life
and place a heavy burden on healthcare systems [6].
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Figure 1. Typical stages of wound healing [4].

Recovery of skin wounds requires optimal temperature, humidity, pH, and oxygen.
A moist environment and appropriate pH can maintain the activity of cells and enzymes,
which is conducive to wound healing, as well as resistance to infection and protection from
harmful external factors. As a result of a moist wound environment, autolysis debridement
occurs, pain is reduced, scarring is reduced, collagen deposition occurs, blood vessels form,
and migration of keratinocytes is enhanced [7]. To achieve an ideal wound environment,
dressings may be selectively applied outside the wound to promote repair or to reduce
the risk of infection and relieve or reduce pain. Local treatment requires choosing the
right wound dressing based on the wound’s characteristics, location, depth, area, level of
exudation, presence of infection, stage of healing, and skin type [8]. The ideal dressing
should fulfill the following requirements (Figure 2): ensure physical continuity of the
wound; have ideal fluid handling capacity; have good antimicrobial activity against a wide
range of bacteria and fungi; provide optimal thermoregulation, humidity, and pH; exhibit
good cytocompatibility; support growth and proliferation of fibroblasts; protect against
rejection (inhibit granulation, fibronectin formation); be non-allergenic, be comfortable
to use, permeable to oxygen and carbon dioxide, and cost-effective; do no harm to the
ulcer edges [8–11]. A number of different types of dressings, including polyurethane foam,
membrane dressings, hydrocolloid dressings, hydrogel dressings, alginate dressings, semi-
permeable polyurethane membrane dressings, and genetically engineered flax dressings,
are used all over the world [8,12]. Doctors will choose the appropriate dressings according
to medical knowledge, treatment experience, clinical characteristics of wounds, and the
specific needs of patients.

Polyurethane is an important biomolecular material, which has been the focus of
research, and it plays a vital role in the field of artificial organs, medical devices, and medical
materials. The reason for choosing polyurethane as the substrate material for dressings is
mainly based on the following reasons: (1) Polyurethane materials are composed of soft
and hard segments, and the performance of polyurethane materials can be adjusted by
changing the type and proportion of soft and hard segments; (2) Polyurethane material has
excellent mechanical properties, and it is easy to be processed; (3) Polyurethane materials
have excellent biocompatibility and low toxicity. For the synthesis of polyurethane, it is
a kind of polymer material containing carbamate group (-NH-COO-), the main synthesis
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method is by polyether, polyester, or polycarbonate diols and diisocyanate for addition
reaction, and then by chain extenders to expand the chain into polymer. The main chain
of polyurethane is composed of soft and hard segments. Due to the thermodynamic
incompatibility between the soft and hard segments, the performance of polyurethane
is related to the chemical structure and proportion of the soft and hard segments, which
further affects the performance of polyurethane dressing materials [13–18]. Conventional
textile fiber wound dressings usually become infiltrated with wound secretions and newly
formed soft tissue. The wound secretions and newly formed soft tissue infiltrate are difficult
to remove, often resulting in secondary skin damage. In the early days, modern dressings
composed of polyurethane polymers were reported to be more effective, comfortable,
convenient, and economical compared to other traditional dressings. The advantages of
polyurethane dressings have played an important role in outpatient settings and inpatient
care [13–18]. However, drawbacks such as the inability to control leakage, increased cost of
care, and poor cost-effectiveness of polyurethane polymer-related dressings have also been
reported [16,19,20]. Although polyurethane-related dressings have been commercialized,
there are still many functional deficiencies [21,22]. Currently, polyurethane dressings have
been further improved to facilitate wound healing in the early stages and to reduce patient
pain and discomfort, achieving the goal of minimizing wound healing time and improving
cost-effectiveness [21,23]. The most common approaches to the development of innovative
and improved polyurethane wound dressings include the synthesis and modification of
biocompatible materials to improve biomedical performance, to overcome undesirable
biological functions of polyurethane polymers, antimicrobial functions, and to impart
mechanical and thermal properties of biomolecules. In addition to delivering unique and
versatile functionality, these new polyurethane polymeric materials also perform specific
biochemical functions, making them as the ideal wound dressings [24].
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Up to now, many investigators have published reports on the effects of modified
polyurethane polymer dressings on wound healing, but few of them have analyzed research
in the field. The purpose of this work is to analyze the research results of polyurethane-
related skin wound dressings, and to provide support for further research in related fields
by comprehensively sorting out and analyzing the unsolved problems.
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2. Methods
2.1. Search Strategies

The literature search was conducted using PubMed and Web of Science. Articles
published with “polyurethane”, “dressings”, and “wound” as titles or abstracts from
2019 January to 2023 October were retrieved. The search equation used for PubMed
was ((polyurethane [Title/Abstract]) AND ((dressings [Title/Abstract]) OR (wound [Ti-
tle/Abstract]))). The search equation used for Web of Science was (TS = (polyurethane)
AND (TS = (dressings) OR TS = (wound))).

Study inclusion criteria included (1) studies of polyurethane composite dressing
synthesis methods and characterization, (2) studies on biocompatibility and medical per-
formance assessment of dressings, and (3) studies involving natural polymers, synthetic
polymers, or other bioactive ingredients.

Study exclusion criteria included (1) studies that did not involve research on wound
dressings, such as studies on e-skin composed of polyurethane, (2) reviews and meta-
analyses, (3) papers that were not in English, (4) papers that were not in the category of
empirical research, (5) papers that had outdated ideas or repetitive arguments.

2.2. Search Results

A total of 125 articles were retrieved from PubMed. A total of 757 articles were retrieved
from Web of science. Finally, 45 reports were selected based on the inclusion/exclusion
criteria and were included for data extraction, as described in Sections 3.1–3.3.

2.3. Categorization and Display Strategies

Polyurethane composites are widely used as dressings to treat skin wounds. With
additives that provide biocompatibility, polyurethane wound dressings can be function-
ally controlled. Polyurethane is usually combined with a polymer to form a conforming
material, and these polymers are generally divided into natural polymers and synthetic
polymers [11,25]. A natural polymer is composed of biomolecules derived from nature,
such as microorganisms, animals, or plants that can mimic the original cellular environ-
ment and extracellular matrix very closely. The main natural polymers used in synthetic
dressings include silk protein, pullulan, chitosan, cellulose, alginate, glucan, collagen,
elastin, carrageenan, pectin, agarose, hyaluronic acid, fibrin, chitin, and gelatin [26,27]. Syn-
thetic polymers comprising the dressing include polyglycolic acid, polyethylpyrodanone,
polylactic acid, polyhydroxyethyl methacrylate, polycaprolactone, polyvinyl alcohol, and
polylactic acid-co-glycolic acid [28]. Furthermore, other bioactive ingredients, such as
essential oils, dextrans, cells, acellular matrices, propolis, vitamins, growth factors, thyroid
hormones, proteins, insulin growth factors, enzymes, and nanoparticles that fight bacteria,
are also used in the synthesis of wound complex dressings [27,29].

3. Results
3.1. Natural-Based Polymeric Wound Polyurethane Dressing

Many natural materials, usually including collagen, chitosan, hyaluronic acid, veg-
etable oil, tannic acid, thymol, lignin, and some animal sources of skin, have been success-
fully used in the production of polyurethane dressings [26,27].

3.1.1. Collagen

Collagen dressing is highly absorbent, can control wound exudation, and protect
the wound. Blending collagen products with polyurethane materials can effectively im-
prove the performance of collagen dressings [30]. Composite hydrogels based on collagen
crosslinked with polyurethane and metal-organic frameworks (MOFs) with aluminum as
metallic center were synthesized by the microemulsion method. It was found that the en-
tanglement of polyurethane, collagen, and MOFs was made by hydrogen and coordination
bonds promoted by the chemical structure of the MOF, leading to a semi-crystalline rough
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surface with interconnected porosity and aggregates of round shape, enhancing the thermal
degradation resistance, mechanical degradation resistance and biocompatibility [31].

3.1.2. Chitosan

Chitosan is a linear polysaccharide with acetyl and amine group branches, and in
acidic conditions the amino group is converted to a polycation (type IV amine). It is a bio-
compatible, non-toxic, and biodegradable biopolymer that can be used in the manufacture
of a wide range of medical materials [32]. Studies have confirmed the benefit of adding
the chitosan to polyurethane (PU) polymers and the PU/chitosan scaffolds developed
by electrostatic spinning, which allows for the formation of a homogeneous structure in
the scaffold fibers. The effect of PU/chitosan on the morphology and cellular activity
of fibroblasts was assessed and it was found that this scaffold became a more favorable
environment for fibroblast survival and growth. This suggests that PU/chitosan dressing
can be a potential wound dressing. In addition, the study proposes another beneficial
polysaccharide, hyaluronic acid [33], as described in Section 3.1.3.

3.1.3. Hyaluronic Acid (HA)

Hyaluronic acid, a non-sulfated glycosaminoglycan, is a major component of the
skin’s extracellular matrix and is involved in the processes of angiogenesis, inflammatory
response, and tissue regeneration. Due to its excellent biocompatibility, biodegradability
and hydrophilicity, HA has been widely used in the synthesis of wound dressings [34].
The preparation of PU/St (starch) and PU/St/HA core-shell nanofibers was accomplished
by electrostatic spinning. To evaluate the properties of PU/St nanofibers and PU/St/HA
nanofibers in vitro, mouse fibroblasts were used. For the purpose of evaluating cell survival
and proliferation, the MTT assay was employed. It was found that PU/St/HA core-shell
scaffolds did not significantly alter cell survival and proliferation, and that they were more
biocompatible and did not cause cytotoxicity. In vivo studies in rats have shown that
core-shell PU/St/HA wound dressings keep the skin moist, do not produce excessive
wound exudate, have a higher quality of tissue repair, and confer faster wound healing [35].
At −20 ◦C, a dihydrazide-modified waterborne biodegradable polyurethane emulsion
(PU-ADH) and oxidized hyaluronic acid (OHA) were autonomously crosslinked to form a
hybrid hyaluronic acid−PU (HA-PU) cryogel by hydrazone bonding. Through the specific
macroporous structure (~220 µm) formed by the polymerized PU-ADH particles and long-
chain OHA, the dried cryogel swelled rapidly within minutes and could absorb blood or
water up to 16 and 22 times its dry weight. This instantaneous shape recovery capability
facilitated rapid hemostasis in minimally invasive procedures. In addition, the cryogel
had a greater biocompatibility than gauze, enhanced blood coagulation, and activated
endogenous coagulation after about 2 min of use. Using the same composition as HA-
PU low-temperature gels, injectable HA-PU hydrogels with good self-healing properties
were prepared at room temperature. In vivo evaluations of animals demonstrated that the
cryogel was extremely effective in rapid wound healing, reduced immune-inflammation,
and promoted angiogenesis and regeneration of hair follicles [36].

3.1.4. Vegetable Oil

Vegetable oils are one of the most important biomass raw materials for synthesizing
polymers. The main components of vegetable oils are triglycerides. In addition, there are
also some highly reactive active sites in vegetable oil, including double bonds, hydroxyl
groups, and ester groups, which provide the possibility for the preparation of various
polymers with different structures and functions. Due to the wide source, renewable, non-
toxic, and biocompatibility characteristics, vegetable oil-based polymers are widely used
in the production of biomedical materials [37]. A novel soybean oil polyol with built-in
urethane and quaternary ammonium groups was synthesized by a non-isocyanate route
using environmentally friendly and renewable carbonated soybean oil as raw material.
Polyurethane wound dressing was prepared by the reaction of isophorone diisocyanate,
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castor oil, and this polyol. Antimicrobial activity and cytocompatibility of the dressing
were good. Depending on the hydration state and the dry state, the dressing can have a
tensile strength of 5 MPa and 17 MPa. The equilibrium rate of water absorption was 50%,
and the water vapor transmission rate was 390 g per square meter per day. Evaluation
of an optimized dressing on a full-layer unsterilized wound showed that wound healing
progresses well, with the regenerated skin achieving a tensile strength of about 80% of
normal healthy skin at day 21 post-injury [38].

3.1.5. Tannic Acid (TA)

TA is a naturally occurring plant-derived polyphenol. TA can be used as a crosslinking
agent by supramolecular or physicochemical methods and is widely used in the production
of skin adhesives and wound dressings [39]. Biologically active biomimetic skin hydrogel
band-aids could be developed utilizing imidazolidinyl urea-based reinforced polyurethane
(PMI) combined with TA (TAP hydrogels). As a result of multiple non-covalent interactions
between TA and the PMI hydrogel network, the mechanical properties of the TAP hydrogel
were strengthened, and the wound dressing’s structural integrity could be maintained
under local stresses. For its excellent self-recovery and anti-fatigue properties, TAP30%
hydrogel provides excellent comfort. Owing to its good anti-moisture, adhesive, organ
hemostasis, excellent anti-inflammatory, antioxidant properties, and antimicrobial activity,
when diabetic mice were treated with TAP hydrogel, they were able to recover from
skin incisions and defects more quickly. The therapeutic efficacy of TAP hydrogel was
further investigated and shown to be effective in a diabetic mouse model infected with
Staphylococcus aureus [40]. A study has shown a water retaining separable adhesive hydrogel
wound dressing composed of TA. The incorporation of TA with abundant catechol moieties
provided the hydrogel with improved mechanical properties, good tissue adhesion, and
hemostatic ability. Then, a hydrophobic polyurethane-related coating was encapsulated
on the surface of the hydrogel to maintain a high water content of the hydrogel for a long
time [41].

3.1.6. Thymol

A versatile portable electrostatic spinning device has been created, featuring an ad-
justable perfusion rate and a high voltage capacity of up to 11 kV. Thymol, a natural
antimicrobial compound, was doped into ethanol-soluble polyurethane (EPU) skin-like
W&B nanofibrous membranes to give them antimicrobial activity. EPU-like skin-type
waterproof and breathable nanofiber membranes with antimicrobial activity were prepared
using a customized device. Excellent uniformity of structure was observed in the final
nanofibrous membrane, which is composed of fluorinated polyurethane (FPU), EPU, and
thymol. The membrane has a tensile stress of 1.83 MPa, and a tensile strain of 453%. The
permeability is 3.56 kg m−2 d−1, hydrostatic pressure is 17.6 cm H2O, and antimicrobial
activity is high [42].

3.1.7. Lignin

In the pathophysiology of wounds, a number of external and internal factors con-
tribute to impaired wound healing. In particular, oxidative stress is an important factor in
inhibiting wound healing [43]. There is uncertainty about the biocompatibility of lignin,
which is a plant-derived antioxidant, and it remains underdeveloped as a biomaterial limit-
ing its biomedical applications [44]. A lignin nanogel has been developed and explored
for its therapeutic effects in skin wounds. Lignin derived from coconut shells shows good
antioxidant properties. In a thermosensitive nanogel based on polyethylene glycol (PEG),
polypropylene glycol (PPG), and polydimethylsiloxane (PDMS) polyurethane copolymers,
lignin was incorporated. No significant cytotoxicity was observed with nanogels con-
taining doped lignin. As the result of lignin nanogel antioxidant properties, oxidative
stress-induced apoptosis in LO2 cells was prevented. In a mouse burn wound model, lignin
nanogels accelerated wound healing, a result further supported by immunostaining for
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the cell proliferation marker Ki67. In this regard, lignin nanogels may prove useful as a
wound dressing that promotes wound healing through its antioxidant properties [45]. For
wound dressings, porous nanocomposite polyurethane foams that contain nanolignin (NL)
and coated with natural antimicrobial propolis had also been reported. The foams were
soaked in ethanol extract of propolis (EEP) after synthesis. NL and EEP coatings improved
the foams’ hydrophilicity as measured by contact angle. Furthermore, the EEP coating
enabled the dressing to have significant antimicrobial effect and good cytocompatibility.
The effectiveness of PU-NL/EEP on wound healing has also been demonstrated in a rat
whole skin wound model [46].

In addition, one-step foaming methods have also been proposed for lignin-based
polyurethane foams (LPUFs), where fully biobased polyether polyols partially replace
petroleum-based feedstocks. LPUF skeletons contain trace amounts of phenolic hydroxyl
groups (~4 mmol) that act as a direct reducing and capping agent for silver ions (<0.3 mmol).
A lignin composite foam has been developed with improved mechanically and thermally
properties [47].

3.1.8. Peppermint Extract

Wound dressings containing herbal extracts with high antimicrobial properties and a
nanoscale-controlled release system have been shown to facilitate the healing of ulcerated
wounds [48,49]. Herbal extracts of peppermint have been used to treat bacteria and
inflammation [50], and a novel mint extract added to polyurethane-based nanofibers has
been shown to be useful for diabetic wound healing. In order to optimize the release of the
extracts, gelatin nanoparticles (CGN) have been crosslinked with the extracts and ultimately
incorporated into nanofibers. Direct incorporation of extracts into a polyurethane matrix
also controlled extract release. With an antimicrobial rate of 99.9%, the wound dressing
was able to absorb Staphylococcus aureus and Escherichia coli. The in vivo study found
that this extract improved wound healing after using this extract as an active compound.
Inflammation is significantly reduced in wounds treated with nanofiber extracts, according
to histopathological studies. In addition, skin of treated individuals had characteristics
more similar to normal skin, including the epidermis exhibited thinning, the reticular ridges
appeared normal, and the appendages grew back [51].

3.1.9. Gelatin

Gelatin is one of the most biodegradable and biocompatible polymers derived from
the hydrolysis of collagen. It helps in cell adhesion and speeds up the healing process of
wounds, but it is prone to degradation [52]. Blending of natural and synthetic polymers
could improve structural stability. Introducing 20% PU to gelatin scaffolds (Gel80−PU20)
results in a significant increase in the degradation resistance, yield strength, and elonga-
tion of these scaffolds without altering the cell viability. In vivo studies using a mouse
excisional wound biopsy grafted with the scaffolds reveals that the Gel80−PU20 scaf-
fold enables greater cell infiltration than clinically established matrices [53]. Personalized
medicine is made possible by three-dimensional (3D) printing of soft biomaterials. By
developing different forms of 3D-printed biomaterials, artificial organ fabrication can be
facilitated and desired properties can be incorporated into biomaterials. In order to develop
3D-printable gelatin methacryloyl (GelMA) polyurethane biodegradable hydrogels and
cryogels, GelMA was combined with dialdehyde-functionalized polyurethane (DFPU). A
3D-printed biomaterial with high print resolution, smart functionality, and biocompatibility
was presented by the GelMA-PU system, demonstrating a combination of self-healing and
3D-printing capabilities. With GelMA-PU, the ink pool for biomaterial 3D printing has been
expanded, allowing applications such as tissue-engineered scaffolds, minimally invasive
surgical instruments, and electronic wound dressings [54]. It has also been shown that an
absorbable gelatin sponge combined with a polyurethane film could be effectively used for
skin reconstruction of bone or tendon exposed wounds [55].
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3.1.10. Dextran

Dextran is a polysaccharide with good biocompatibility and degradability and an
interfering effect on coagulation and hemostasis, which can be used to compensate for the
adverse effects of antimicrobial agents in wound dressings. It has great potential for appli-
cation in medical materials and tissue engineering [56]. To develop antimicrobial wound
dressings, pH-stimulated drug release nanofiber membranes of polyurethane/dextran
were developed. Dextran was added to polyurethane to increase hydrophilicity, air per-
meability, percent adsorption value, and biodegradability. Dextran can also be used as a
reinforcing filler in polyurethane matrices. Dextran induces high platelet adhesion and
hemostasis, which is essential for promoting the wound healing process. In addition,
20 wt% dextran-loaded membrane (PU/20D) enhanced cell proliferation, attachment, and
survival of fibroblasts [57]. It has been shown that polyurethane prepolymers could be
made into wound dressings by sol-gel hydrolysis polycondensation reaction and surface
modification by dextran. The biological properties of the final dressings were improved,
and the dextran anhydride modification resulted in dressings with low hemolysis rates and
prolonged clot formation [58].

In summary, the advantages of natural polymers as a source of dressings are that
they are widely available, renewable, degradable, non-toxic, and biocompatible. The
disadvantages are the complex structure of natural polymers, complicated extraction
process, and poor mechanical properties. The chemical structure of natural-based materials
is shown in Table 1, and the content of the natural-based polyurethane materials discussed
above are shown in Table 2.

Table 1. Chemical structure of natural-based materials.
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Table 2. Summary of methods and properties of natural-based polyurethane materials.

Natural Product Process and Method Research Models Characterization

Collagen [31] Microemulsion. MTT Assay; antibacterial
test; hemolysis test.

Enhances the mechanical properties and
biocompatibility.

Chitosan [33] Electrospinning.
MTT assay; trypan blue

exclusion assay;
DAPI staining.

Biocompatible.

Hyaluronic acid [35,36] Coaxial electrospinning
technique; crosslinked.

L929 cell viability; rat
wound model; rat liver

hemostasis model.

Biocompatible; non-toxic; promotes cell
adhesion; shape-restoring ability;

anti-inflammatory; enhances angiogenesis
and regeneration of hair follicles.

Vegetable oil [38] Polyaddition. L929 cell viability; rat
wound model.

Tensile strength; retention of moisture;
cytocompatibility.

Tannic acid [40] Polyaddition. Diabetic mouse wound
model.

Hemostatic; anti-moisture adhesion;
anti-inflammatory; antioxidant.

Thymol [42] Electrospinning. Antimicrobial test. Stretchable; breathable; moisturizing.

Lignin [45,46] Dialysis; freeze-drying.
Oxidative stress model of
LO2 cells; mouse burned

skin model.

Antioxidant; promotes cell proliferation;
non-cytotoxic; absorbency.

Peppermint extract [51] Electrospinning.
MTT Assay; antibacterial

test; diabetic rat
wound model.

Anti-inflammatory; absorbent; promotes
functional skin regeneration; antibacterial.

Gelatin [54] 3D printing; dialysis. hMSCs culture in
GelMA-PU cryogel.

High printing resolution; biocompatibility;
adhesive, light transmittable; biodegradable.

Dextran [57,58] Electrospinning.

In vitro degradation
studies; vapor

transmission rate analysis;
blood compatibility

evaluation;
antibacterial activity.

Good hydrophilicity, water vapor
permeability, adsorption rate and

biodegradability, and promotes platelet
adhesion and hemostasis.

3.2. Synthetic Polymer and Inorganic Modified Polyurethane Dressings

Synthetic polymers are chemically synthesized in the laboratory and are also known
as artificial polymers. In order to improve the biological properties of such polymers to
reach their potential as wound dressings, various surface and bulk modifications have been
applied [28].

3.2.1. Povidone-Iodine (PVP-I)

Povidone-iodine has potent broad-spectrum activity against bacteria, virus, fungus,
and protozoa [59]. PVP-I polyurethane dressing (Betafoam) is a new type of polyurethane
dressing impregnated with 3% of PVP-I [60]. For the first time, the effect of PVP-I dressings
on split-thickness skin graft donor area wounds was validated in a clinical case. The efficacy
and safety of PVP-I dressing were compared with that of vanilla oil gauze and cellular
water dressing. This was primarily determined by observing the degree of donor site
epithelialization. PVP-I dressing provided better wound healing with significantly shorter
time to complete epithelialization (approximately 14 days). PVP-I foam dressing allowed
for easier wound care, less bleeding and easier removal of dressing adhesion, and better
exudate management. It offers significant clinical advantages and is cost-effective [61].
Betafoam has been verified to be effective in wound healing in a rat skin healing model,
showing good performance in re-epithelialization, angiogenesis, collagen deposition, and
tissue invasion [62].
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3.2.2. Polyacrylamide (PAAm)

In tissue engineering, drug delivery, smart materials, and drug delivery systems,
PAAm is a polymer used extensively for its excellent mechanical properties, hydrophilicity,
and biocompatibility [63]. Waterborne polyurethanes are able to provide many functional
groups that make polyurethanes easy to functionalize when interacting with other chem-
icals [6,64]. After rapid-curing by UV, a mechanically flexible PU-PAAm hydrogel skin
dressing with good adhesion was developed. The polyurethane component of the PU-
PAAm hydrogel acts as a “bridge”, accelerating the interpenetrating polymer network
(IPN) formation, which consists of a physically crosslinked polyurethane network sur-
rounded by a chemically crosslinked PAAm network. Due to its unique IPN structure, the
hydrogel is exceptionally stretchable and ductile. During application, the hydrogel and
skin form hydrogen bonds and electrostatic interactions, which ensured strong adhesion,
and the dressing is applied without irritating the skin and causing skin damage. L929
fibroblast experiments were used to validate the biocompatibility of PU-PAAm hydro-
gel, and rabbit skin wound healing experiments further confirmed the remarkable skin
regeneration-stimulating ability of PU-PAAm hydrogel [6]. Using super-tough thermo-
plastic polyurethane (HTPU) hydrogel and chemically crosslinked PAAm as the first and
second network, HTPU/PAAm double-network hydrogels were synthesized by a one-step
radical polymerization in a study. The toughness and strength of this polyurethane-related
hydrogel were greatly improved, and it has broad application prospects in wound dress-
ing [65].

3.2.3. Polycaprolactone (PCL)

Polycaprolactone is an important polymer with good mechanical properties, misci-
bility with other polymers, and biodegradability [66]. PCL/Gel scaffolds have shown
significant value in skin tissue engineering. However, these scaffolds have poor antimicro-
bial properties and are unsuitable for water vapor transmission [67,68]. PCL/Gel scaffolds
are electrostatically spun on a dense membrane consisting of polyurethane/ethanolic ex-
tract of propolis (PU/EEP). As an upper layer, PU/EEP membranes protect the wound
from external contamination and dehydration, and the PCL/Gel scaffolds act as a lower
layer to promote cell proliferation and adhesion. Antimicrobial assays showed significant
antibacterial activity against Staphylococcus aureus, Escherichia coli, and Staphylococcus
epidermidis. The PU/EEP-PCL/Gel bilayer dressing had high hydrophilicity, biocom-
patibility, and biodegradability. In vivo experiments demonstrated that the double-layer
wound dressing significantly promoted skin wound healing and collagen deposition in
Wistar rats [68]. A two-layer wound dressing has been prepared using an electrostatically
spun PCL/CS fiber mat as the inner layer, and polyurethane foam-coated EEP as the top
layer. An electrostatically spun mat consisting of uniform nanofibers with enhanced hy-
drophilicity, swelling rate, and degradation properties is prepared by mixing PCL and CS
solutions [69].

3.2.4. Polylactic Acid (PLA)

Polylactic acid (PLA) is biodegradable and biocompatible, and it is a polymer widely
used in biomedical materials. However, the brittleness and weak mechanical properties of
polylactic acid nanofibers limit their application. PU has excellent elasticity and mechanical
properties suitable for specific tissues. When PLA and PU are used together, in addi-
tion to improving the mechanical properties of wound dressings, they can also promote
biodegradation [70]. When PLA is added to wound polyurethane dressings (PU/PLA,
50/50, w/w), the dressings absorb wound exudates, dry quickly, are comfortable, and
have high biocompatibility to support fibroblast growth [71,72]. In a study, novel hollow
nanofiber materials were produced by the coaxial electrospinning method from PU/PLA
blend nanofibers of different weight ratios (20:80, 40:60, 50:50, 60:40, and 80:20). Moreover,
hollow PU/PLA nanofibers were observed to be 2–4 times thinner than solid PU/PLA
nanofibers. The production of hollow nanofibers in the range of 235–518 nm was achieved.
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It was determined that the biomedical material, which has the highest liquid absorption ca-
pacity with a value of 756% and can dry in 10 min, is PU/PLA (50/50, w/w) nanofiber. [72].
In addition, a prospective, comparative, randomized clinical study showed that polylactic
acid membrane could improve the prognosis of cracked skin graft donors [73].

3.2.5. Polyethylene Glycol (PEG)

PEG is formed by the stepwise addition polymerization of ethylene oxide with water
or glycol. Polyethylene glycol polymer, because of its good water solubility and good
compatibility with many organic components, has been widely used. Chen et al. pre-
pared a PEG and triethoxysilane (APTES) modified high absorption polyurethane foam
dressing (PUESi) [74]. The research results indicated that PUESi dressings not only had
good adhesive resistance and deformation absorption ability, but also could effectively
promote wound healing. Pahlevanneshan et al. synthesized polyurethane foam with
polyethylene glycol, glycerin, nano-lignin (NL), 1, 6 diisocyanate hexane and water as
foaming agents, and soaked it with propolis ethanol extract (EEP) [46]. The results in-
dicated that PU-NL/EEP material had high cell viability and cell adhesion, and in vivo
wound healing experiments were conducted using a Wistar rats’ full-thickness skin wound
model, confirming that PU-NL/EEP material exhibited high wound healing effects. In
addition, Vakil’s team developed a polyurethane-based polyethylene glycol hydrogel with
cell compatible shape memory function, and then physically mixed plant-based phenolic
acid onto the hydrogel scaffold so that it could be easily transported to the wound site,
thereby increasing the wound healing efficiency and reducing the risk of infection [75].

3.2.6. Polyvinyl Alcohol (PVA)

PVA is a white, stable, and non-toxic water-soluble polymer made from vinyl acetate
through polymerization and alcoholysis. It is an extremely safe organic polymer with
non-toxic and good biocompatibility, widely used in wound dressings and artificial joints.
Hussein’s team used dual spinneret electrospinning technology to prepare polyurethane
and polyvinyl alcohol gelatin (PVA/Gel) nanofiber scaffolds [76]. By adding cinnamon
essential oil (CEO), the inhibitory effect of loaded low-dose nanoceria PU/PVA Gel NFs on
Staphylococcus aureus was improved, and the therapeutic effect on diabetes wounds was
effectively improved. Carayon’s team prepared multiple types of polyurethane-polylactic
acid-polyvinyl alcohol composite porous matrices (CPMs), and the research results showed
that the average porosity of CPMs was 69–81%, making their pore size more suitable for
skin regeneration [77].

3.2.7. Tributylammonium Alginate Surface-Modified Cationic Polyurethane (CPU)

Disintegration of membranes and death of bacteria can be caused by positively charged
cationic polymers. Low cytotoxicity and long-lasting antibacterial activity are the main
advantages of cationic polymers. A transparent tri-butylammonium alginate CPU skin
dressing has been created for use in the treatment of full-thickness wounds. The surface-
modified polyurethane of this dressing has improved hydrophilicity and tensile Young’s
modulus between 1.5–3 MPa, which is close to natural skin. MTS and scratch assays were
used to assess cell viability and showed that the dressings were cytocompatible and could
promote fibroblast migration. Surface-modified CPU polymers are highly inhibitory to
Gram-positive Staphylococcus aureus and Gram-negative Escherichia coli bacteria. In vivo
experiments in rats showed that surface-modified CPU dressings promote the rate of
wound healing, shorten the period of persistent inflammation, enhance collagen deposition,
and promote blood vessel formation [78].

3.2.8. Cellulose Acetate/Polyurethane Nanofibrous Mats Containing Reduced Graphene
Oxide/Silver Nanocomposites and Curcumin

Nanofiber scaffolds can be prepared by electrostatic spinning using polyurethane
and cellulose acetate as raw materials. Reduced graphene oxide/silver nanocomposites
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have strong antimicrobial activity. In order to prevent the aggregation of silver nanopar-
ticles (AgNPs), AgNPs were loaded onto reduced graphene oxide and nanocomposites
were prepared using a green and convenient hydrothermal method. The electrostatic
spinning method was used to prepare scaffold materials containing reduced graphene
oxide/silver nanocomposites, curcumin, or both. The MTT cell proliferation assay showed
that the scaffold has good biocompatibility. Evaluation of antimicrobial activity showed
that the scaffold is able to inhibit both Gram-negative and Gram-positive bacteria. In vivo
experiments and histopathological studies showed that scaffolds containing graphene
oxide/silver nanocomposites and curcumin can promote the rate of skin wound healing,
suggesting that nanomaterials have a good biomedical potential for wound healing [79].

3.2.9. Nanosized Copper-Based Metal-Organic Framework

Nano-Cu-BTC (copper (II)-benzene-1, 3, 5-tricarboxylate) is doped into polyurethane
foams (PUF), through a polyaddition reaction of castor oil and chitosan with toluene 2,
4-diisocyanate, to improve the functionality of the dressing by modifying the PUF surface.
The physical and thermal properties of Nano-Cu-BTC-PUF (PUF@Cu-BTC) were compared
with those of control PUF, including swelling rate, phase transition, thermal gravity loss,
and cytocompatibility, and they were evaluated for inhibitory activity against methicillin-
resistant Staphylococcus aureus, Pseudomonas aeruginosa, and Klebsiella pneumoniae. The
antimicrobial activity of PUF@Cu-BTC against the tested bacteria is significant and selective,
and its cytotoxicity toward mouse embryonic fibroblasts is low. According to Cu (II)
ion release assay, PUF@Cu-BTC is stable for 24 h in phosphate-buffered saline. Because
PUF@Cu-BTC displays selective bactericidal activity and low cytotoxicity, it has potential
for use as a skin wound dressing [80].

3.2.10. Silver

Silver has strong antimicrobial activity and is commonly used in wound care. How-
ever, silver also has the potential to have toxic effects on skin cells, which can affect wound
healing. There is some evidence that short-term use of dressings containing nanosilver is
feasible in infected wounds, but the use of silver-containing dressings on clean wounds and
closed surgical incisions is not appropriate. Ideal silver preparations are silver nanopar-
ticles (AgNPs) and silver-coated polyurethane dressings for negative pressure wound
therapy [81]. A new method of incorporating AgNPs onto the surface of polyurethane
nanofibers has been proposed. Before the electrospinning process, AgNO3 and tannic acid
were added to PU solution to make the AgNPs uniformly distributed on the surface of PU
nanoparticles [82]. Thiol-terminated polyurethane prepolymers with two different molecu-
lar weight PEGs and terminated propargyl polyurethane crosslinkers have been prepared
and polymerization reactions carried out with and without the addition of silver salts. A
radical-mediated step-growth polymerization reaction and resultant thioether linkages
created during polymerization lead to high conversion of the starting macromonomer and
the formation of a hydrophilic network. Even in the hydrated state, the materials offer
desirable dimensional strength and flexibility, as evidenced by its high tensile strength,
good extensibility, and minimal permanent set. The reduction in silver salt during network
formation both from reaction with free radicals and residual DMF solvent available in
the reaction medium led to the formation of AgNPs. This dressing showed little toxicity
to fibroblasts, high bactericidal and fungicidal activity, and good biocompatibility. No
significant reduction in cell migration was observed with AgNPs dressings [83]. In addition
to antibacterial properties, studies have also shown that the addition of AgNPs can improve
mechanical properties (tensile strength and elongation at break) [71,84].

In summary, the advantages of synthetic polymers as a source of dressings are their
low cost, defined structure, tunable properties, good mechanical properties, high chemical
stability, and good antibacterial ability. The disadvantages are the complexity of synthetic
polymer synthesis, single performance, and environmental unfriendliness. The monomer
chemical structure of synthetic materials is shown in Table 3, and the contents of synthetic
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polymer and inorganic modified polyurethane materials discussed above are shown in
Table 4.

Table 3. Monomer chemical structure of synthetic materials.
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Povidone-iodine [61,62] Maceration.
Rat full-thickness skin defect

model; prospective
randomized case studies.

Promotes re-epithelialization,
angiogenesis, collagen

deposition, tissue invasion;
absorbent.

Polyacrylamide [6] One-pot method.

L929 fibroblast
cytocompatibility assay;
rabbit full-thickness skin

defect model.

Superior stretch and ductility;
adhesion; water absorption;

moisture retention;
antimicrobial; breathability.

Polycaprolactone [55] Electrospinning.
L929 fibroblast

cytocompatibility assay; rat
wound model.

Hydrophilic; biodegradable;
promotes collagen deposition;

antimicrobial.

Polylactic Acid [71,72] Polyaddition, electrospinning. L929 fibroblast
cytocompatibility assay.

Water absorption;
biocompatibility.

Polyethylene glycol [74,75] Self-foaming reactions. Nondiabetic and diabetes
mellitus rat wound models.

Absorbency and antiadhesion
properties.

Polyvinyl alcohol [77] SC/PL technique. MTT assay; microbiology
tests; cytotoxicity assay.

Antimicrobial;
cytocompatible.

Tributylammonium alginate
surface-modified cationic

polyurethane [78]

Supramolecular ionic
interactions.

Human dermal fibroblast
model; infected and

non-infected wounds in a rat
full-thickness skin defect

model.

Promotes fibroblast migration;
hydrophilic;

anti-inflammatory; promotes
collagen deposition,

angiogenesis; antibacterial.

Cellulose
acetate/polyurethane

nanofibrous mats containing
reduced graphene

oxide/silver nanocomposites
and curcumin [79]

Improved Hummer method;
hydrothermal method;

electrospinning.

MTT assay using MEF cells;
antibacterial test; C57 mouse

wound model.

Moisturization; antimicrobial;
promotes regeneration of the

epidermal layer.
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Table 4. Cont.

Synthetic Polymer and
Inorganic Modified

Polyurethane
Process and Method Research Models Characterization

Nanosized copper-based
metal-organic framework [80] Crosslinking.

Antibacterial test; cytotoxicity
assay mouse embryonic

fibroblasts.

Selective antimicrobial
capacity; cytocompatibility.

Silver [83] Blending and light curing.

L929 fibroblast
cytocompatibility assay and

scratch assay;
antibacterial test.

Antimicrobial; permeable to
oxygen and carbon dioxide;

tensile strength.

3.3. Polyurethane Dressings Loaded with Other Bioactive Ingredients

Although polyurethane-related dressings are physiologically, mechanically, and eco-
nomically superior to other dressing materials, they have poor healing capabilities and are
considered passive wound dressings. Therefore, bioactive additives such as growth factors,
biomolecules, or cells have been applied to polyurethane foam dressings to improve their
healing qualities, and they are particularly suitable for the treatment of complex wounds
(e.g., infected wounds, burn wounds, and diabetic wounds) that cannot be healed with
conventional dressings [85].

3.3.1. Multipotent Adult Progenitor Cells (MAPCs)

MAPCs are non-hematopoietic adherent cells derived from bone marrow, and pre-
clinical evaluations of MAPCs have shown significant therapeutic benefits in improving
tissue regeneration [86]. Advanced dressings for the delivery of MAPCs have been greatly
developed in recent years [86,87], and a polyurethane-related dressing for the delivery of
MAPCs is described below. A free radical-rich layer has been produced, by plasma immer-
sion ion implantation (PIII) on medical polyurethane dressings that can attach biomolecules
rapidly and covalently. The reactivity of polyurethane treated with PIII was used to immo-
bilize the extracellular matrix protein tropoelastin, which could still maintain a functional
conformation after sterilization with medical-grade ethylene oxide. MAPC adhesion and
proliferation were promoted by tropoelastin-functionalized patches treated with PIII while
preserving their cellular phenotype. In a topically applied MAPC patch, cells transfer to
wounds on the skin, and untransferred MAPCs fill in the patch surface for subsequent cell
transfer. Using such a wound patch, MAPCs and cytokines can be continuously delivered,
enabling its use as a large-area dressing [88].

3.3.2. Platelet Lysate

Chronic skin lesions are difficult to heal due to reduced levels and activity of en-
dogenous growth factors. The platelet lysate, obtained by repeated freeze–thawing of
platelet-enriched blood samples, is an easily attainable source of a wide range of growth
factors and bioactive mediators involved in tissue repair [89]. A bilayer fibrin/polyether
polyurethane scaffold loaded with platelet lysate is made by a combination of electro-
static spinning and spray phase-inversion. Enzyme-linked immunosorbent assays and
fibroblast proliferation have been used to detect release and bioactivity of growth factors
released from platelet cleavage scaffolds. Bilayer fibrin/polyether polyurethane scaffolds
loaded with platelet lysate sustain the release of biologically active platelet-derived growth
factors in vitro. An in vivo experiment revealed that the scaffold helped diabetic mice
heal wounds more quickly. Histological results showed that platelet lysate and growth
factor-loaded scaffold promoted collagen deposition and re-epithelialization in wounds of
diabetic mice [90].
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3.3.3. Exosomes

Elevated oxidative stress, infection, reduced angiogenesis, and subsequent hypoxia
are key factors in the non-healing of chronic diabetic wounds. The management and
successful treatment of diabetic wounds remains a major therapeutic challenge, and the
development of biological dressings with the ability to deliver oxygen, induce angiogenesis,
and protect against oxidative stress and infection is important for the treatment of diabetic
wounds [91]. Exosomes are cell-derived vesicles that carry large amounts of growth factors
and tiny RNAs that maintain cellular homeostasis and regulate intercellular communi-
cation, including wound healing and angiogenesis [92]. OxOBand wound dressing is
loaded with oxygen-releasing antioxidant exosomes, and it was developed specifically
for promoting wound healing and skin regeneration in diabetic wounds. OxOBand is
comprised of antioxidant polyurethane, a highly porous cryomaterial capable of sustained
oxygen release, supplemented with adipose-derived stem cell (ADSC) exosomes. When
applying ADSC exosomes and oxygen-releasing antioxidant scaffolds to a wound, fibrob-
lasts and keratinocytes are able to attach, survive, migrate, and proliferate. In vivo results
showed that OxOBand increases wound healing rate, re-epithelialization, and granulation
tissue formation in diabetic rats. OxOBand treats diabetic wounds by promoting collagen
remodeling, angiogenesis, and reducing oxidative stress [93,94].

3.3.4. Adipose Stem Cell (ADSC)-Seeded Cryogel/Hydrogel Biomaterials

Adipose-derived stem cells have emerged as a promising tool for skin wound healing,
but their therapeutic potential is largely dependent on the cell delivery system [95]. Hydro-
gels and cryogel biomaterials with antimicrobial properties are prepared from glycol chi-
tosan and a novel biodegradable Schiff base cross-linking agent, difunctional polyurethane
(DF-PU). Such a cryogel has a water absorption of ~2730 ± 400%, abundant macropores,
86.5 ± 1.6% formed by ice crystals, and a cell proliferation rate of ~240%, and hydrogels
exhibit considerable antimicrobial activity and biodegradability. An adipose stem cell-
seeded cryogel/hydrogel dressing was applied to the wounds of diabetic rats, and then
acupuncture in Chinese medicine was performed to promote wound healing. The wound
healing rate was as high as 90.34 ± 2.3%, with the wounds forming granulation tissues with
sufficient micro-vessels and completing re-epithelialization within 8 days. By activating C5a
and C3a, increasing the expression of cytokines TGF-β1 and SDF-1, and down-regulating
proinflammatory cytokines IL-1β and TNF-α, the combination of acupuncture and stem
cell-seeded cryogel/hydrogel biomaterials led to synergistic immunomodulation of the
wound [96].

3.3.5. L-Arginine (L-Arg)

L-Arginine is recognized as a conditionally essential amino acid for tissue growth in
mature and juvenile mammals and has been used as a scavenger of reactive oxygen species
in various species. In one study, polyurethane was used as a base polymer and blended with
L-arginine to obtain desirable dressing properties such as better cell viability, cell attachment
and proliferation, and enhanced antioxidant capacity of the dressing by blocking reactive
oxygen species production [97]. A novel tissue adhesive (G-DLPU), constructed from
L-Arg-based degradable polyurethane (DLPU) and GelMA, was prepared for wound care
using the pro-angiogenic properties of L-Arg. After systematic characterization, G-DLPUs
were found to have excellent shape-adaptive adhesion. In addition, the release of L-Arg
during degradation and the production of NO were confirmed to contribute to wound
healing. Biocompatibility was verified in in vivo experiments, and testing the hemostatic
effect on damaged organs in a rat liver hemorrhage model showed that G-DLPUs reduced
hepatic hemorrhage, with no significant inflammatory cells seen near the wound. Its
therapeutic role in wound treatment was demonstrated in a mouse model of total skin
defects, which showed that the hydrogel adhesive significantly improved the thickness of
the neodermis and enhanced vascularization [98].
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3.3.6. LL37 Peptide

Antimicrobial peptides (AMPs) have therapeutic potential for treating bacteria and
promoting skin regeneration. AMP LL37 peptide, an endogenous peptide in human skin,
belongs to the antimicrobial family, and has antimicrobial, angiogenic, and immunomod-
ulatory properties. LL37 peptide interacts with surface receptors, such as the epidermal
growth factor receptor, on keratin-forming and endothelial cells. EGFRs and surface re-
ceptors such as formyl peptide receptor-like-1 (FPRL1) of keratinocytes and endothelial
cells, respectively, mediate the migration of these cells and promote wound healing [99].
These studies evaluated the antimicrobial and pro-regenerative effects of LL37 peptides
immobilized on a polyurethane-based wound dressing (PU-adhesive-LL37 dressing). The
PU-adhesive-LL37 dressing killed Gram-negative and Gram-positive bacteria in human
serum after 16 antimicrobial test cycles without inducing bacterial resistance. Impor-
tantly, re-epithelialization and wound healing were enhanced and wound macrophage
infiltration was reduced in mice, with type 2 diabetes, treated with this new dressing
compared to polyurethane-treated wounds of animals. Treatment of wounds of diabetic
mice for 6 days with PU-adhesive-LL37 dressing resulted in a decrease in pro-inflammatory
factor expression. In addition, the new dressing did not induce an acute inflammatory
response compared with the control group. In summary, PU-adhesiative-LL37NP dressing
may prevent bacterial infection, promote tissue contact for wound healing, and induce
anti-inflammatory and re-epithelialization processes in diabetic wounds [100].

3.3.7. Plasma Rich in Growth Factor (PRGF)

Growth factors such as PRGF serve as a rich source of active proteins that accelerate tis-
sue regeneration. Animal experiments showed that PRGF-associated scaffolds contributed
to skin wound healing and accelerated the formation of epidermal layers and skin ap-
pendages in rats [101]. In multilayered scaffolds created using PRGF from platelet-rich
plasma, the outer layer is composed of polyurethane-cellulose acetate (PU-CA) fibers, while
the inner layer is composed of PRGF-containing gelatin fibers. This approach, to prepare
electrospun, biologically active scaffolds containing PRGF to induce cell proliferation and
migration in vitro, is novel. Fluorescent images of fibroblast activity monitoring, using
enhanced green fluorescent protein-labeled fibroblasts, showed that the migrating cell
number on PRGF scaffolds was increased on day six. Real-time polymerase chain reaction
analysis also revealed approximately 3-fold, 2-fold, and 2-fold increases in SGPL1, DDR2,
and VEGF, respectively, on PRGF-containing scaffolds compared with cells migrating on
PU-CA [102].

3.3.8. Tri-Cell-Laden (Fibroblasts, Keratinocytes, and Endothelial Progenitor Cells) Hydrogels

Inadequate supply of donor skin limits the potential for treating severe wounds, and
ex vivo engineered cell regeneration methods have been introduced as a viable alternative
that promises to replace autologous skin grafting as the standard of care. The prevascu-
larized mucosal cell sheet containing cultured keratinocytes, plasma fibrin, fibroblasts,
and endothelial progenitor cells showed in vivo efficacy and tissue plasticity in cutaneous
wounds by promoting accelerated healing [103]. A promising therapeutic strategy for
treating inhomogeneous wounds is to fabricate customizable tissue-engineered skin. A
planar/curved bioprintable hydrogel has been created that holds promise for the produc-
tion of tissue-engineered skin. The dressing was evaluated in a rat irregular and chronic
wound model. Gelatin and polyurethane are the main components of the hydrogel. There is
excellent 3D printing ability and structural stability with polymer loaded with the three cell
types. Treatment of circular wounds in normal and diabetic rats with planar-printed triple-
cell-loaded hydrogels showed complete re-epithelialization and healing of the wound, and
there was an abundance of new vessels and collagen after 4 weeks. Large, irregular skin
wounds in rats treated with curvilinear-bioprinted, triple cell-loaded hydrogels showed
wound repair was achieved after four weeks [104].
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3.3.9. Membranes Containing Mesoglycan and Lactoferrin

Thermoplastic polyurethane fiber membranes have been prepared using a uniaxial
electrostatic spinning process. Fibers were then separately charged with two pharmaco-
logical agents, mesoglycan (MSG) and lactoferrin (LF), by supercritical CO2 impregnation.
MSG and LF are uniformly distributed in a microscale structure. Angular contact anal-
ysis confirmed the fulfillment of MSG-loaded hydrophobic and LF-loaded hydrophilic
membranes. The impregnation kinetics indicated that the maximum loadings of MSG and
LT were 0.18 ± 0.20% and 0.07 ± 0.05%, respectively. Franz diffusion cells were used to
simulate human skin contact in in vitro experiments. After 28 h, MSG release plateaued,
whereas LF release plateaued after 15 h. Representing as human keratinocytes and fibrob-
lasts, HaCaT and BJ cell lines have been evaluated for their compatibility with electrospun
membranes in vitro [105].

In summary, the advantages of bioactive ingredients used as a source of dressings are
significant therapeutic effects, good biocompatibility, and good antioxidant properties. The
disadvantages are the high cost of bioactive ingredients, the scarcity of raw materials, the
harsh storage conditions, and the difficulty of preservation. The contents of polyurethane
dressings loaded with bioactive ingredients discussed above are shown in Table 5.

Table 5. Summary of methods and properties of polyurethane dressings loaded with bioactive
ingredients.

Bioactive Ingredients Process and Method Research Models Characterization

Multipotent adult
progenitor cells [72]

Plasma immersion ion
implantation; covalent

attachment.
Human skin repair model.

Moisturizing; anti-hydrolytic;
anti-inflammatory; modulates

immune response; promote dermal
and vascular regeneration; recruits

other stem cells.

Platelet lysate [73] A combination of
electrospinning and spray.

Cell proliferation of mouse
fibroblasts; diabetic mouse

wound model.

Promotes capillary and collagen
deposition; re-epithelialization;

anti-inflammatory.

Exosomes [76,77] Embedding.
Diabetic rat wound model;

HaCaT, SH-SY5Y and NIH3T3
cell viability.

Enhances collagen deposition;
increase neovascularization; reduces

oxidative stress; promotes
development of mature epithelial

structures and hair
follicle regeneration.

Adipose stem cell-seeded
cryogel/hydrogel
biomaterials [78]

Chemical synthesis. Diabetic rat wound model;
antibacterial testing.

Biodegradability; down-regulation of
pro-inflammatory cytokines;

angiogenesis; re-epithelialization.

L-Arginine [79] Dialysis; freeze-drying. Murine full-thickness skin
defect model.

Shape-adaptive adhesion;
biocompatibility; hemostasis;

vascular regeneration;
anti-inflammatory.

LL37 peptide [81] Gum.

Antibacterial testing;
cytotoxicity of human dermal

fibroblasts; type II diabetic
mouse wound model.

Antibacterial; anti-inflammatory;
induces epithelialization.

Plasma rich in growth
factor [83] Electrospinning. Human foreskin fibroblast cell

viability.
Induction of fibroblast proliferation

and migration.
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Table 5. Cont.

Bioactive Ingredients Process and Method Research Models Characterization

Tri-cell-laden (fibroblasts,
keratinocytes, endothelial

progenitor cells) [84]

3D Planar-/Curvilinear-
Bioprinting.

Rat fibroblast and
keratinocyte viability; circular
wound models in normal and

diabetic rats.

Promotes vascularization, collagen
regeneration; re-epithelialization.

Mesoglycan and
lactoferrin [85]

Uniaxial electrospinning;
supercritical

impregnation.

Human immortalized
keratinocytes and human

immortalized
fibroblast viability.

Biocompatibility; moisture
control capability.

4. Discussion
4.1. Fabrication Techniques

Polyurethane polymers used as wound dressings are receiving more and more at-
tention from scholars [8,106]. Polyurethane polymers have a relatively clear basic chem-
ical structure that can be easily altered to add specific functional groups, and the ma-
terials are rarely associated with disease transmission and immunogenicity problems.
Polyurethane polymers with adjustable soft and hard segments and modifiable chain ex-
tensions are widely used as materials for biological applications. The ratio or composition
of hard and soft segments can be manipulated to alter the physicochemical properties of
polyurethane [36,107,108]. As the clinical requirements for the functionality of the dressings
increase, researchers in related fields have tried to modify the polyurethane with different
ingredients or polymers in order to enhance multiple biological functions and physical
properties [25]. By performing key biological functions, natural polymers sustain life
and allow organisms to adapt to their environment. The worlds of synthetic and natural
polymers are almost separate because synthetic polymers lack some specific biological func-
tions; biochemical reactions caused by synthetic polymers can sometimes be uncontrolled
and unwanted. Biologically active synthetic polymers with antimicrobial activity, among
others, have been developed due to recent advances in synthetic polymerization techniques,
such as antimicrobial activity, among others [109]. However, synthetic materials are less
biodegradable and biocompatible, and the materials usually need to be combined with
natural or other synthetic polymers to achieve the desired healing effect.

The preparation methods of dressings are various. In this review, electrospinning,
molding, blending, composite, foaming, fiber bonding, hybridization, perfusion, solvent-
free ring opening polymerization, bionic strategy, microemulsion method, one-step foam-
ing, sol-gel, melt blowing, photopolymerization, and solvent-free phase separation are
mainly involved. Due to the specific functional requirements of dressings used for wound
healing, they are usually required to have specific performance such as antibacterial,
biocompatible, adhesive, hydrophilic, antibacterial, mechanical properties, etc. There-
fore, in order to meet the above performance requirements, the preparation methods of
polyurethane dressings are usually not single, and most involve two or more manufactur-
ing methods. The wound dressing is mainly based on polyurethane resin, which is blended
or copolymerized with organic/inorganic materials to prepare composite materials with
specific functions. In addition, reducing or loading methods can also be used to combine
antibacterial, anti-inflammatory, and pro-healing therapeutic factors with polyurethane
materials to prepare wound dressings suitable for special requirements.

Biomass materials have the advantages of wide sources, abundant raw materials, non-
toxicity, and good biocompatibility, which will show huge development space in the field
of wound dressings. The disadvantage is that its material properties are relatively single,
so combining natural polymers and synthetic polymers can better meet the requirements
of biomedical research, facilitate the utilization of their respective advantages, and achieve
synergistic enhancement effects.
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4.2. Biocompatibility Evaluations

Good biocompatibility is a prerequisite for the safe application of wound dressings in
the clinic, so any dressing must undergo an adequate biocompatibility evaluation before
it is applied in the clinic. Biocompatibility refers to the ability of a biomaterial to have an
acceptable host response during the wound healing process, with the ability to be non-toxic,
non-sensitizing, non-mutagenic, and non-carcinogenic [110]. Biomaterial biocompatibility
studies to date can be categorized into animal, cellular, and molecular levels. Animal level
evaluation can truly and comprehensively reflect the overall condition of the material after
acting on the organism, but the cycle is long, expensive, complicated, not easy to control in-
dividual differences, and the results of animal experiments are not necessarily well applied
to human beings. Cellular experiments have the advantages of simplicity, speed, sensitivity
and economy, and they are easy to standardize and have good repeatability, but they cannot
well simulate the complex physiological environment in the body. Changes at the cellular
level and even at the overall level are caused by changes at the molecular level of the organ-
ism. Therefore, an in-depth study of the effects of biomaterials at the molecular level can
reveal the mechanism of the interaction between the material and the organism. However,
most of the biocompatibility investigations of polyurethane dressings mentioned above
have been accomplished through cellular and animal experiments, and fewer molecular
experiments have been carried out. Molecular experiments can be used to carry out basic
research on biocompatibility, clarify the interaction relationship, elucidate the mechanism of
dressing action, guide the research, development and application of new wound dressings,
and lay the foundation for reducing the number of experimental animals and establishing
new standards and methods for the safety evaluation of biological dressings.

4.3. Healing Evaluations

Skin wound repair is accomplished through a series of complex and highly coordinated
processes [4], and is particularly susceptible to impairment by infection, inflammation, and
oxidative stress, which prolong wound healing during the recovery process. In the face
of the destruction of various factors, the rational design of intelligent and multifunctional
wound dressings is imminent [111]. Elimination of bacterial infections is essential for better
wound recovery. The inappropriate use and misuse of antibiotics in recent years has led
to increased difficulty in treating wound infections, as bacteria reduce the penetration
of antibiotics by forming biofilms or forcing antibiotics out of the body to reduce the
concentration of antibiotics within the bacteria, weakening the antibiotic antimicrobial
effect and creating resistance to the antibiotics [112,113]. Therefore, to overcome the
hardship of antimicrobial resistance, the development of novel non-antibiotic strategies for
difficult-to-treat drug-resistant bacterial infections has become a focus of much research,
along with research on polyurethane-related antimicrobial materials.

The polyurethane-related dressings discussed in this article focus on some of the
basic and necessary features of dressings, including antimicrobial properties, adhesion
and hemostasis, anti-inflammation and anti-oxidation, substance delivery, and self-healing.
However, less attention has been paid to the function of the skin after healing, especially the
formation of skin appendages (such as hair follicles, sweat glands, and sebaceous glands),
and scar, which are important structures affecting the function of the skin and have only
been explored in a few articles [93,114,115]. Therefore, the development of polyurethane
dressings that promote functional repair (protection, thermoregulation, modification) of
the skin is the next priority.

Functional exploration of polyurethane dressings has primarily used rat, mouse, and
rabbit models, with wound repair models from pigs being rarely used [116]. The main
disadvantages of using rabbit or rodent models are the differences in skin physiology,
healing patterns, and skin-attached hairs. In the field of skin healing, the pig model
is considered to be a useful analog of human skin because it has many anatomical and
physiological similarities and to human wound healing, and it is a better model for studying
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skin regeneration. Functional judgment of dressings in pigs would make the conclusions
more clinically applicable [117].

Although polyurethane-related dressings have been observed to promote re-epitheliali-
zation, collagen deposition, and nerve repair in animal models, research has mainly focused
on observation and analysis of experimental phenomena and lacks in-depth exploration of
basic principles. Most of the studies did not assess whether the dressings could dynamically
adapt to microenvironmental changes and healing at different stages displayed by chronic
wounds, so as to realize the precise intervention of the dressings in order to accelerate the
inflammation–proliferation–remodeling phase, and to realize the rapid and high-quality
repair of chronic wounds. Overall, research on reforming clinical polyurethane dressings
is still in the exploratory stage, but the preliminary findings display its potential clinical
therapeutic value.

5. Conclusions and Future Perspectives

Nowadays, a variety of new polyurethane functional dressings have emerged as ef-
fective medical material candidates. As the clinical needs of skin wounds continue, the
function of wound dressings needs to change from a single physical barrier or capability
to the current multifunctional composite with a trend towards further intelligence [118].
Therefore, this paper presents a review of functional polyurethane dressings covered in
the existing studies, which are mostly composed of composite materials. The composites
include synthetic polymers, natural polymers, and other active ingredients, among others.
In conclusion, the addition of polymers or active ingredients to polyurethanes can improve
the functionality of the dressing, with natural polymers excelling in increasing the degrad-
ability and cytocompatibility properties of the dressing, synthetic polymers in antimicrobial
and moisturizing properties, and other bioactive ingredients in promoting wound healing
effects. In order to meet the actual application, they need to be compounded to utilize their
advantages and realize cost savings.

Although these improved polyurethane-related dressings have been shown in stud-
ies to be multifunctional and intelligent, there are not many commercially available
polyurethane dressings, and much progress has yet to be made in clinical applications. In
the future research, with the development of composite material synthesis technology, the
deepening of cognition, the innovation of treatment means, and the update of treatment
guidelines, including electrospinning, 3D printing, scalp transplantation therapy, stem cell
treatment, and genetic therapy, the biological materials for skin wound dressings have
made great progress. Researchers can now address the significant need for new strategies
for the treatment of chronic wounds, with the goal of breaking through the application
bottleneck, and provide new design ideas and theoretical bases for treatment.
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