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Highlights

e  Hybrid PVB/epoxy coatings reinforced with WS, nanostructures (IF + INT);
e Application on glass and as bulk polymer;

e Combined optical + thermo-mechanical + camouflage examination;

e  Potential applications in defense technology.

Abstract

The development of transparent multifunctional coatings capable of combining optical
properties with mechanical durability remains a significant challenge in advanced materials
engineering. In this study, novel hybrid coatings based on a poly(vinyl butyral)/epoxy
resin (PVB/epoxy) matrix reinforced with tungsten disulfide (WS;) nanostructures were de-
veloped and examined for potential application in camouflage protection of glass surfaces.
Camouflage aims to reduce the detectability of an object by minimizing the optical contrast
between the object and its surrounding environment. For transparent substrates such as
glass, this objective is particularly demanding because the transparency must be preserved
while reducing unwanted surface reflection and optical signatures over relevant spectral
ranges. For this purpose, in this research two types of nanostructures were investigated:
fullerene-like nanoparticles (IF-WS;) and inorganic nanotubes (INT-WS;). The coatings
were fabricated via ultrasonically assisted solution dispersion followed by casting over the
glass plates and Teflon molds, and solvent evaporation. Structural, thermal, optical, and
mechanical properties were systematically evaluated using SEM, FTIR, DSC, UV-Vis-NIR
spectroscopy, gloss measurements, hardness testing, and cavitation wear resistance analy-
sis. The incorporation of WS, nanostructures led to improved mechanical performance,
with increased hardness and enhanced resistance to cavitation-induced wear. Optical
characterization showed moderate reductions in reflectance and controlled transmittance
in the visible and near-infrared regions, while overall transparency was maintained. The
results indicate that WS; nanostructures contribute to both light scattering and absorption,
leading to reduced specular reflection and improved optical masking potential. The find-
ings demonstrate that hybrid PVB/epoxy/WS, coatings offer a promising approach for
designing transparent, mechanically resistant coatings with tunable optical properties, with
potential applications in protective glass systems and advanced functional surfaces.
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1. Introduction

The development of advanced coatings for glass surfaces has been directed towards
both functional and protective applications. Among these, coatings that combine desirable
mechanical resistance with effective optical properties are of particular interest for aerospace
and defense purposes, for anti-reflective or anti-glare applications, as well as for potential
camouflage protection. In military applications the term camouflage is used for various
means for deceiving an observer, whether it is a person or a specific device making the
object of interest less visible. This can be done using different color patterns which can be
originally designed or created to look like some object found in nature [1,2].

Radar-absorbent coatings, or stealth coatings, have shown potential for reduced spec-
tral signature and improved optical masking of military aircraft, ships, vehicles and military
textile garments, making them less detectable [1,3]. Special thermally controlled coatings
for spacecrafts have been developed for applications in the extreme environment of space,
since thermal control is critical for protecting spacecraft and maintaining equipment func-
tionality, regulating heat absorption and emission by reflecting or absorbing specific light
wavelengths [4,5]. Optical coatings are indispensable in defense applications, from combat
aircraft and vehicles to night vision devices, in stealth and camouflage technologies. These
coatings also limit infrared detection, improving survivability and mission effectiveness in
hostile environments.

In the production of displays there are also commercially available, anti-reflective and
anti-glare glass solutions and thin coatings such as inorganic film on Corning® Gorilla®
Glass, where surface reflection was reduced by up to 75% to 95%, reducing the glass’s
signature and improving scratch resistance [6,7]. The thin film on the glass interacts with the
incoming light, causing light waves to interfere with each other and reducing the intensity
and magnitude of reflected light. In addition to the altered reflectance and absorbance, these
functional coatings should be clear and transparent. However, the anti-reflective properties
are not important only in the display industry, but also in protection of military vehicles,
aircraft, and objects with glass surfaces. There are few available options to provide effective
and still transparent camouflage protection of the specified objects, since it is not easy to
create wavelength-selective hard coatings with high hardness and mechanical durability,
especially when they are not thin ceramic layers [8-10]. Still, in addition to the thin inorganic
coatings, there are also some polymer-based and nanomodified coatings for the named
applications, like epoxide-silica layers or similar polymer-ceramic coatings [11-16]. It is
still challenging to achieve a combination of transparency, wavelength-selective absorption,
and mechanical resistance at the same time. Inorganic coatings are often brittle and have
processing limitations, and the polymer-based systems typically lack sufficient mechanical
resistance or controlled optical functionality.

This research offers a possible solution for this problem, with the development of
specially designed hybrid coatings consisting of a clear, transparent polymer matrix based
on poly(vinyl butyral), PVB, and epoxy resin, with the addition of functional nanostructures
of tungsten disulfide. PVB and epoxy resin are widely recognized for their good adhesion
to many surfaces and good miscibility with various fillers and solvents, as well as for their
mutual compatibility [17-19]. Epoxy resin is widely used in structural composites due to its
mechanical properties, but has also found application in shielding materials and composites
for electromagnetic wave absorption [20,21]. Additionally, PVB was widely studied as
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a proper polymer matrix for composites of various applications, solely or blended with
other polymers [22-28]. This makes the two polymers good candidates for the proposed
hybrid coatings. In this study, we introduce a novel composite coating system based on the
two selected polymers, reinforced with tungsten disulfide nanostructures: fullerene-like
nanoparticles, IF-WS,, and inorganic multi-wall nanotubes, INT-WS,. The reasons for
choosing WS, nanostructures lie in their specific intrinsic properties. The unique mor-
phology of WS, nanostructures enables dual functionality: fullerene-like nanoparticles
are expected to provide isotropic reinforcement and defect mitigation in the material in
which they are incorporated, while nanotubes are expected to provide improved load
transfer and crack-bridging mechanisms [28-38]. In addition to mechanical reinforcement,
the incorporation of WS, nanostructures in a material /polymer matrix or a coating may
provide improved thermal stability as well [39-42], and tuned optical and electromagnetic
properties, applicable in shielding technologies [43-47]. Tungsten disulfide is a semicon-
ductor with strong light absorption in the visible and near-infrared (NIR) spectrum. It was
reported that WS, nanosheets show good absorption of electromagnetic waves, due to their
graphene-like structure. WS; structures can absorb 5%-10% of incident sunlight, having a
direct band gap of 1.98 eV for the monolayer WS,, and the value of an indirect band gap of
1.3 eV for the multilayer WS, [43-47].

In the present study, these nanostructures were incorporated into a PVB/epoxy matrix
and applied to glass plates, and the resulting coatings were evaluated for their optical and
mechanical properties, focusing on their ability to improve camouflage masking, and to
enhance the mechanical resistance of the surfaces. By systematically analyzing the impact
of WS, nanostructures on the observed characteristics of the coatings, this research has the
aim to provide some new insights into the design of multifunctional glass coatings with
promising applications in camouflage technologies. The nanostructures can absorb specific
wavelengths, decreasing reflectance and transmittance while contributing to the coating’s
camoulflage by reducing its spectral signature. Research conducted on coatings with WS, ap-
plied on camouflage textile materials showed that the tungsten disulfide’s absorption in the
near-infrared range reduces the visibility of the coated surface under NIR imaging systems,
which are commonly used for detection in camouflage applications. Also, WS; nanoparti-
cles may reduce the radar cross-section due to their ability to interfere with electromagnetic
waves [3,48]. Relying on the inherent properties of fullerene-like nanoparticles and inor-
ganic nanotubes of tungsten disulfide used as reinforcement, multiple improvements in the
performance of PVB/epoxy coatings on glass can be expected, such as increased hardness
and scratch resistance, i.e., wear resistance of the new material. Also, their addition will
alter the coating’s optical properties, i.e., affect the camouflage and masking properties,
since each individual nanoparticle and nanotube can scatter light and affect specular re-
flectance (shine), i.e., they will alter the coating’s glare and visibility [44,47,48]. While WS,
nanostructures were earlier investigated as incorporated into thin flexible PVB coatings
applied on textile substrates for the improvement of their camouflage properties [48], the
present work focuses on transparent hybrid coatings PVB/epoxy deposited on rigid glass
substrates and investigates the combined effects of WS, nanostructures on both optical
and mechanical performance. It is also important to note that in this study there is a
significant amount of epoxy relative to the PVB, so the spectrophotometric properties might
be challenging. The proposed new composite coatings with fullerene-like and tubular
nanostructures of WS, in a transparent PVB/epoxy hybrid matrix on glass are targeting
simultaneous optical modulation and mechanical reinforcement.
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2. Materials and Experimental Methods
2.1. Preparation of PVB/Epoxy Coatings

In the phase of the preparation of PVB/epoxy coatings, the following materials and
chemicals were used:

— PVB powder Mowital B60H, Kuraray;

— A clear two-component epoxy system, aero-grade epoxy resin system L385 + L386,
Hexion;

— Ethanol 96%, Reachem;

— IF-WS; of declared diameter 40-100 nm, NanoLub, ApNano;

— INT-WS; (multi-wall) of declared diameter 80-100 nm and length 10-20 um,
NanoLub, ApNano.

The ratio between the epoxy and PVB component in the coatings was 95:5. The
selected nanostructures of WS, were added in the following concentrations: 1.0 wt.%
IF-WS,; and 0.3 wt.% INT-WS,. The selected concentrations were chosen based on avail-
able literature data and preliminary formulation studies, which indicated that these
loadings provide homogeneous dispersion while preserving coating transparency and
processability [27,28,33,34,49,50], since the aim of the present work was not to optimize the
nanofiller loading, but rather to investigate the influence of two different WS, nanostructure
morphologies (IF-WS; and INT-WS,) on the structural characteristics, spectrophotometric
properties and mechanical resistance of the surface of transparent PVB/epoxy coatings.

In order to successfully design the proposed coatings, several challenges should have
been addressed in their manufacturing process. First, knowing the tendency of the selected
nanostructures to agglomerate, the method ought to have been found to achieve uniform
dispersion of WS, nanostructures in PVB [33,49,50]. Also, the viscosity of the epoxy compo-
nents and PVB polymer was a possible obstacle to this uniform dispersion, so a temporary
solvent was introduced, which served at the same time as a surface functionalization of
WS; nanostructures, to improve their interfacial adhesion and ensure compatibility with
PVB and prevent phase separation.

The first step in the preparation of the hybrid nanocomposite coatings—ultrasonication—was
necessary to prevent agglomeration of the nanostructures in the composite. This step was
done as a preparation of the particles for the incorporation into the polymer matrix, and
the ethanol was used as a solvent. This was performed using an ultrasonic homogenizer
Bandelin Sonopuls HD 4100 (BANDELIN electronic GmbH & Co. KG, Berlin, Germany).
The device has a 13 mm sonotrode TS 113 made of the titanium alloy TiAlgVy, with a
maximum amplitude of 82 um. The ultrasonication lasted for 30 min, at 60 W, 20 kHz, and
in the continuous mode.

The second step was mixing the particles” dispersion with the polymers (PVB and
epoxy): this dispersion was mixed with epoxy L385, then PVB was added in small portions
and dissolved in this mixture while still mixing on a mechanical stirrer, and finally epoxy
hardener L386 was added.

The third step was the casting of the obtained mixture (polymer solution with the
incorporated particles) onto the glass plates, as well as in a flat rectangular Teflon mold
to have film-like samples of the coatings. Prior to casting, the glass plate surfaces and the
Teflon molds were cleaned first with acetone, then with ethanol and dried.

The last step was solvent evaporation overnight, leaving the solid polymer reinforced
with the dispersed particles in it. After the drying at room temperature, the samples were
placed in a vacuum drying oven at 60 °C for 6 h, to ensure evaporation of remaining solvent.
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In an analogous way, a neat PVB/epoxy coating was prepared, without WS, nanostruc-
tures, as a reference sample. Figure 1 depicts selected phases of the coatings” preparation
and the appearance of the prepared coatings on glass plates.

Figure 1. Preparation of the PVB/epoxy coatings: (1) ultrasonication of IF-WS, in ethanol,
(2) PVB/epoxy homogenization, (3) PVB/epoxy homogenization with ultrasonicated IF-WS, in
ethanol, (4) prepared neat PVB/epoxy coating cast onto the glass plates, (5) epoxy/PVB/INT-WS,
coating cast onto the glass plates.

The thickness of the coatings was determined by measuring the glass plates before
and after applying the composite coating and after its drying. This measurement was
done 3 times per sample, using a digital caliper with an accuracy of £0.01 mm. Obtained
coatings on glass were ~90-110-microns thick. Regarding the samples obtained in the
Teflon mold, they were intentionally made thicker: ~1.20-1.35 mm, in order to have proper
samples for cavitation wear resistance testing.

2.2. Characterization Technigues

Scanning electron microscopy (SEM) was used to examine the morphology of the
nanostructures of WS, before their incorporation into the PVB/epoxy system, as well
as afterwards, to examine the quality of their dispersion in the polymer matrix. The
JEOL JSM-6610 LV (JEOL Ltd. Akishima, Tokyo, Japan) device was used for this
characterization method.

Particle size analysis was performed using the PSA 1190 Anton Paar device (Graz,
Austria) to determine their particle size distribution, in liquid mode, with ethanol as the
dispersion medium. The same solvent was selected for this analysis as the solvent used for
coating preparation, in order to obtain results as realistic as possible, that is, to determine
the particle size distribution as close as possible to that in the coating mixture.

Fourier transform infrared spectroscopy (FTIR) analysis was carried out to examine
possible interfacial interactions and structural compatibility between the incorporated
nanostructures of tungsten disulfide and the two combined polymers. The Nicolet iS TM
10 spectrometer device was used (Thermo Fisher Scientific, Waltham, MA, USA), with the
Attenuated Total Reflectance (ATR) sampling technique.

Differential scanning calorimetry (DSC) analysis was carried out to determine the
glass transition temperatures (Tg) of the prepared PVB/epoxy coatings, with and without
tungsten disulfide. The DSC Q20 device was used (TA Instruments), with Universal V4.7A
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data acquisition program. These analyses were carried out in a nitrogen flow (50 ml min~1).
The samples were first heated from 0 °C to 200 °C at a rate of 10 °C min~1, then cooled at
the same rate and heated again, within the same temperature range, to obtain a hysteresis
curve. These two cycles of heating were necessary to obtain a relevant Ty value, since
the first heating scan in DSC provides the removal of residual solvents and releases any
remaining thermal stress from the polymer material, and more reproducible values are
obtained from the second heating cycle [51].

The hardness was measured in the Shore D scale for plastics, using a manual Zorn
Stendall DDR device. For each composite coating, measurements were performed at
five different spots on the surface. These measurements were performed at room tempera-
ture (approximately 20-24 °C).

Resistance of the polymer composite coatings, in the form of thick film-like samples,
to ultrasonic cavitation wear was examined using the above-described processor Bandelin
Sonopuls HD 4100. The test was done according to the ultrasonic vibration method with
a stationary sample, ASTM G32 standard [52,53]. Although the standard ASTM G32
was originally developed for metallic materials, it has also been successfully applied
in examinations of other types of materials [53-55]. In this work it was employed as a
comparative method, to evaluate the cavitation erosion resistance of the nanoreinforced
formulations in comparison with the referent neat coating PVB/epoxy, i.e., to estimate the
beneficial effect of the different morphologies of the used tungsten disulfide reinforcement.
The square-shaped specimens for this test were cut from the composite coating samples
taken from the Teflon molds, and placed in a vessel with distilled water, fixed to the
specimen holder at the bottom of the vessel, 0.5 mm below the ultrasonic probe tip. The
samples underwent ultrasonic cavitation in 5 cycles of 15 min, at room temperature (~20 °C).
The parameters of the ultrasonic processor were set at the frequency of 20 kHz, and power
of 50 W. An ice bath was used to reduce the heating of the system. After each cavitation
cycle, the samples were dried to a constant mass, and the weight loss was recorded.

Camouflage properties of the coatings on glass plates were examined by analyzing
diffuse reflection, transmittance and specular gloss. The UV/VIS/NIR spectrophotometer
Shimadzu UV 3600 device was used to determine both diffuse reflection and transmittance
in the VIS and NIR area of the EMS (400-1600 nm), with the UV Probe program package.
Samples were placed horizontally in the sample compartment of the device, which has a
2 cm aperture diameter. The measurements were performed according to ASTM E903-12
standard where placement of samples was defined for both types of measurements [56].
Every sample was measured only once. Specular gloss was measured with the Elcometer
480 model T device, at an angle of 20°, which is a standard measurement angle for glazed
materials, with measurement uncertainty £0.2. Measurements were performed five times
and the presented values are the mean measurement values. Data management software
ElcoMaster V 2.0.61 was used for data acquisition and analysis. The specular gloss values
were obtained in accordance with the SRPS EN ISO 2813 standard [57].

3. Results and Discussion
3.1. SEM/EDS Results

Figure 2 shows the appearance of the nanostructures and the coatings with the incor-
porated nanostructures. As observed, the nanostructures initially exhibit some aggregation
(Figure 2, panels 1 and 2), but the ultrasonic treatment before their incorporation into the
polymer matrix enables their deagglomeration and ensures good distribution throughout
the matrix (Figure 2, panels 3 and 4). The ultrasonication provided successful deagglomera-
tion of both fullerene-like nanoparticles and the nanotubes.

https://doi.org/10.3390/ coatings16070846


https://doi.org/10.3390/coatings16070846

Coatings 2026, 16, 846

7 of 17

- /
SEl _ 15kV WD10mm  SS42 x2,000  10pm

Figure 2. SEM images of: (1) IF-WS,; (2) INT-WS,; (3) PVB/epoxy/ IF-WS,; (4) PVB/epoxy/
INT-WS,.

3.2. PSA Results

The average particle size and the particle size distribution of IF-WS; nanoparticles by
volume, with the characteristic values of D10, D50 and D90 by volume and by number, are
given in Figure 3. The value D10 represents the particle diameter below which 10% of the
particle population is found, D50 is the particle diameter below which 50% of the particle
population is detected, while D90 corresponds to 90% of the cumulative distribution. There
is a difference between volume-based and number-based particle size distributions: the
first representation shows the total particle volume in each size class, and the other shows
the number of particles in each size class.

100.04
= Distribution
" === Cumulative distribution
g
Qg- By volume By number
g D10, um 0.0462 0.0438
£500 D50, ym 0.247 0.063
A D90, um 8.196 0.151
a Mean size, pm  3.453 0.105
0.0
0.1 1.0 10.0 100.0 1000.0

Particle diameter, pm

Figure 3. Particle size distribution of IF-WS,.

From the observed results, it is evident that the majority of the particles are nanosized
although there still remained some micron-sized agglomerates. The graph was cut off at
40 nm, since the device used for PSA cannot measure below this limit of the measuring
range. Certainly, there is some quantity of particles smaller than 40 nm, so the obtained
D10, D50 and D90 values should be taken with a reserve. This analysis is not applicable
to tubular nanostructures, so the average dimensions of INT-WS, were estimated from
SEM images: it was observed that the nanotubes vary in diameter from 70 to 180 nm,
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and in length from 5 to 25 microns, but the percentage of different sizes distribution was
not determined.

3.3. FTIR Results

The registered FTIR spectra for the examined coatings are given in Figure 4.
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Figure 4. FTIR spectra of the prepared coatings.

We may observe the following peaks that are characteristic for PVB in the three FTIR
spectra: at 3350-3450 cm ! there is a peak of the -OH group; at 2850 and 3000 cm ™! there
are peaks for -CHz, -CH,, -CH groups respectively; at 1400 and 1280 cm ™! for alkynes; at
1740-1750 cm~! for -C=0; at 1200 cm ™! for ester group; at 1100 cm ™! for -C-O-C group;
and at 950 cm ™! for the acetal group. Also, we may observe the peaks that are characteristic
for the epoxy resin: at ~920 cm~! vibrations of the epoxy ring; and at the 1670 cm™!
the vibrations of the aldehyde groups. Comparing the FTIR curves for the reference
sample of the PVB/epoxy polymer blend with those containing WS, nanostructures, a
mild difference in the intensity of the -OH peak can be observed. The intensity of this
peak has been somewhat reduced most probably as a consequence of a more complete
cross-linking reaction between PVB and epoxy resin in the samples with WS,. The presence
of these nanostructures may have caused easier mobility of the polymer molecules so the
reactive functional groups could interact in a higher extent, in the inter-phase on the surface
of the incorporated nanostructures [41,58,59]. The slight reduction in the intensity of the
OH band may be associated with changes in the hydrogen-bonding environment and the
curing process. The incorporation of WS, nanostructures may restrict the mobility of the
polymer chains in their surrounding through physical interactions with the matrix. This
interpretation is consistent with the observed increase in Tg (Section 3.4) and the improved
mechanical properties of the coatings (Section 3.5).

In addition to the observed difference in the intensity of the -OH peak, the FTIR
curves are very similar for all the examined samples, indicating that the present WS,
nanostructures are chemically inert. This suggests that their mechanical reinforcing effect
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and their influence on the spectrophotometric behavior of the analyzed coatings result from
the physical interaction of WS, nanostructures with the polymer matrix and from their
inherent properties. The observed interaction of tungsten disulfide nanotubes and fullerene-
like nanoparticles with a polymer matrix based on polyvinyl butyral and epoxy resin
may involve several physicochemical and mechanical processes that affect the dispersion,
compatibility, and ultimate properties of the composite coatings. A possible explanation of
the interaction mechanisms may lie in the physical interactions, like Van der Waals forces.
It is known that WS, nanostructures may exhibit strong Van der Waals forces between their
layers and with the surrounding polymer matrix [60], which can improve the adhesion
to the PVB/epoxy matrix but may also lead to agglomeration if not properly dispersed.
Also, there may be so-called mechanical interlocking: the nanotubes and fullerene-like
nanoparticles can become physically embedded in the polymer network, contributing to
the coating’s reinforcement. Their shape and surface roughness play a role in keeping
them in good adhesion with the matrix [60,61]. In addition to physical interactions, weak
interfacial interactions, such as hydrogen bonding between the hydroxyl groups of the
PVB matrix and the surface of the WS, nanostructures, may also contribute to the adhesion
between the nanofiller and the polymer matrix. Although no evidence of chemical surface
functionalization was observed by FTIR, these non-covalent interactions may improve the
compatibility and dispersion of the nanostructures within the PVB/epoxy matrix, thereby
contributing to the enhanced mechanical performance of the coatings. Also, the formation
of the hydrogen bonds between the WS, nanostructures and hydroxyl groups in PVB can
enhance their adhesion to the polymer matrix. Another chemical interaction that certainly
takes place in the observed system is the reaction of PVB with epoxy [28], the crosslinking
during curing, into a dense crosslinked network. The WS; nanostructures may interact with
this network, either by providing nucleation sites for crosslinking or by being “trapped”
within the network. Such interactions of the reinforcement with the polymer matrix might
provide improved mechanical properties.

3.4. DSC Analysis Results

The values of Tg for the examined coatings samples are given in Table 1, while the
registered DSC thermographs from the cycle heating-cooling-heating are provided in
Supplementary Material, in Figures S1-S3.

Table 1. Glass transition temperatures of the composite coatings.

Samples Tg (Il Heating), °C
1. PVB/epoxy 82.0
2. PVB/epoxy/IF-WS, 84.3
3. PVB/epoxy/INT-WS, 87.3

As observed, the addition of IF-WS, and INT-WS; to the PVB/epoxy system had a
positive effect on the thermal stability/ thermal resistance of the material. Nanotubular
form of WS, provides the increase in Tg for more than 5 °C. The explanation for the
increased Tg values may be in the fact that the nanostructures of tungsten disulfide have
high thermal resistance themselves, but also that the incorporation of WS; enhances the
thermal conductivity of the matrix, helping the heat dissipation [31,62]. This can be
particularly useful in high-temperature or thermally dynamic environments.
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3.5. Hardness of the Coatings

The average values of the measured hardness of the analyzed coatings are given
in Table 2.

Table 2. Hardness of the examined coatings.

Coating Sample Shore D Hardness =+ st. dev.
PVB/epoxy 837+ 1.6
PVB/epoxy/IF-WS; 88.6 £ 1.8
PVB/epoxy/INT-WS, 98.2+0.7

From the observed results, we may tell that the incorporated reinforcement has pro-
vided expected increase in the coating’s hardness. The standard deviations were relatively
small, so the obtained coatings had uniform hardness property over the surface, due to
uniform distribution of previously deagglomerated reinforcements. Aside from the in-
herent mechanical strength of the reinforcements that is the main cause of the hardness
improvement, the interaction between the PVB/epoxy matrix and the nanostructures is
responsible for the improvement as well. While improving hardness, WS, nanotubes
can maintain the polymer’s flexibility, balancing brittleness and toughness, due to their
shape. The incorporation of these nanostructures should also provide enhanced impact
resistance [60], where the particulates should absorb and dissipate impact energy, reducing
the cracks or fractures in the coating.

3.6. Ultrasonic Cavitation Test Results—Resistance to Cavitation Wear

The cavitation erosion resistance of the tested materials was evaluated based on
cumulative mass loss measurements obtained under ultrasonic cavitation. The resulting
mass loss of the hybrid coatings samples after each cycle of the ultrasonic cavitation wear
test is given in Table 3. The cumulative curves of the mass loss are given in Figure 5, and
the appearance of the examined samples is shown in Figure 6.

Table 3. Cavitation wear resistance—mass loss.

15 min 30 min 45 min 60 min 75 min
Sample/Mass Loss in Time Total Mass Loss, mg
Am;, mg Amj, mg Amj3, mg Amy, mg Am;s, mg
PVB/epoxy 14 1.1 1.6 0.9 0.8 5.8
PVB/epoxy/ IF-WS; 1.1 0.8 1.3 0.8 0.4 44
PVB/epoxy/INT-WS, 0.7 1.0 1.2 1.1 0.5 45

As may be observed, the failure mechanism includes brittle cracks, surface erosion
and fissures on the surface of square-shaped composite samples. All the samples submitted
to ultrasonic cavitation wear test had similar damage in the middle of the sample’s surface,
although in the case of the coating PVB/epoxy this is not easy to see due to white color
of the sample. However, from Table 3 and Figure 5, it is evident that all the examined
samples exhibit gradual mass loss with a similar trend in cavitation curves. As in similar
studies [54,55,61-63], in this study it was confirmed that the presence of particulate or a
tubular filler of high hardness and wear resistance can improve the overall wear resistance
of the polymer matrix into which it was incorporated.
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Figure 5. Cumulative mass loss curves from the cavitation erosion test.

Figure 6. Appearance of the composite coating’s surface after the cavitation wear test: PVB/epoxy
(1), PVB/epoxy/ IE-WS, (2), PVB/epoxy/INT-WS; (3).

The reference PVB/epoxy sample exhibited the highest total mass loss (5.8 mg),
indicating the lowest resistance to cavitation-induced damage. The incorporation of WS,
nanostructures significantly improved the cavitation resistance, reducing the total mass
loss of 4.4 mg and 4.5 mg for IF-WS, and INT-WS; reinforced composites, respectively. This
corresponds to an improvement of approximately 22%—24% compared to the unmodified
matrix. The enhanced performance can be attributed to the ability of WS, nanostructures
to dissipate impact energy, due to their intrinsic mechanical resistance [30-32,60]. In the
polymer matrix, these structures can reduce crack initiation and propagation. The IF-WS,-
reinforced composite showed slightly better cavitation resistance, which is in accordance
with the shape of these particles. As they are close to spherical morphology, we may assume
that they may provide a more uniform stress distribution in the matrix in which they are
incorporated. Regarding the INT-WS,, they also provide good dissipation of the energy
absorbed from the cavitation and contribute to improved cavitation resistance compared
to the neat polymer. As can be observed from the listed mass losses, there is a relatively
small difference between IF-WS; and INT-WS,, so we may conclude that both nanofillers
are effective in improving cavitation resistance.

3.7. Camouflage Behavior of the Coatings—Spectrophotometric Results

Figure 7 shows the diffuse reflection and transmittance curves for the analyzed coat-
ings in the selected part of the spectrum.
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Figure 7. Diffuse reflection (left) and transmittance (right) for the analyzed coatings.

The values for the specular gloss are given in Table 4, for the coatings with and without
nanofillers. The results are given as mean values of five measurements.

Table 4. Specular gloss for the analyzed coatings.

Sample Gloss, GU 20°
PVB/epoxy 89.0
PVB/epoxy/ IF-WS, 58.9
PVB/epoxy/ INT-WS, 84.5

The effects WS; nanostructures have on the spectrophotometric properties of the
PVB/epoxy system, i.e., on the camouflage potential of the coatings thereof, are the con-
sequences of the interactions of nanostructures with light [3,44,48]. There are several
potential explanations or the reasons for such behavior of the novel coating materials.
These nanostructures may interact with light in such a way to alter the optical properties of
the coating due to the fact that their dispersion influence the extent of light scattering and
absorption, which is crucial for camouflage or anti-glare applications. The dimensions and
morphology of WS, nanostructures affect how they scatter light. Fullerene-like nanoparti-
cles provide isotropic scattering, since their shape is close to spherical. The nanotubes have
high length-to-diameter ratio so they may introduce anisotropic scattering depending on
their alignment in the polymer matrix. The addition of WS, nanostructures disrupts the
uniformity of the coating, i.e., introduces heterogeneity in the polymer matrix, affecting
how light propagates through the material. The incident light is scattering and reducing
the amount of light transmitted through the coating. The nanostructures scatter light in
multiple directions, reducing specular gloss and creating a more matte surface, which
is beneficial for the camouflage behavior of the material, by reducing glare. Also, the
incorporation of WS, nanostructures changes the refractive index of the coating. A greater
difference between the coating and the underlying glass or the surrounding air enhances
light scattering. It is important to note that in case of coating systems like this, with dis-
persed functional nanostructures, even with good dispersion, some degree of aggregation
may occur. This may cause surface roughness at the micro- or nano-scale, which contributes
to diffuse reflectance and gloss reduction.

The anisotropic shape of WS, nanotubes can scatter polarized light differently from
unpolarized light, which can enhance the camouflage masking, i.e., the stealth capability of

https://doi.org/10.3390/ coatings16070846


https://doi.org/10.3390/coatings16070846

Coatings 2026, 16, 846

13 of 17

the coating by altering its visibility under polarized light conditions, often used in detection
systems [44,46,64]. The obtained results have some similarities, but also some differences
compared to findings from previously conducted research [65]. In earlier studies, the
nanofillers were not dispersed in epoxy resin, as in this case, but even so these epoxy
dispersed samples maintained the desirable spectrophotometric behavior. The difference
between spectrophotometric values could be a consequence of epoxy resin dispersion of
nanofillers or their above-mentioned agglomeration. Moreover, compared to available data
of commercially used glasses [66], it can be seen that nanomodified samples used in this
research have transmittance values that are similar to heat-absorbing glasses. This finding
marks another possible application of these enhanced materials.

Further research and development of these new hybrid coatings should address sev-
eral challenges regarding their processing technology, in order to achieve optimal quality.
Without proper functionalization or dispersion techniques, WS, nanostructures may ag-
gregate, and this agglomeration might diminish their effectiveness. A weak interface
between WS, and the matrix may lead to reduced mechanical reinforcement. Functional-
ization or surfactants can improve interfacial adhesion and bonding. By understanding
and optimizing these interactions, WS, nanostructures can significantly enhance the perfor-
mance of PVB/epoxy coatings on glass, providing improved mechanical strength, optical
properties, and durability for advanced applications. By adjusting the concentration of
WS, nanostructures, the coating’s ability to absorb or scatter certain wavelengths can be
fine-tuned to match the surrounding environment for better camouflage performance.
At lower concentrations, the WS; nanostructures might enhance light scattering without
significantly impacting transparency, maintaining moderate camouflage effects. At higher
concentrations, the nanostructures may dominate light absorption and scattering, resulting
in enhanced masking and more pronounced camouflage effects, but also in decreased trans-
parency. In further work, long-term environmental durability of the developed coatings
will be evaluated, including exposure to humidity, UV radiation, temperature cycling, and
weathering conditions, as essential for practical applications of protective coatings. How-
ever, these investigations were beyond the scope of the present study, which focused on the
initial development and characterization of the WS,-reinforced transparent coatings. Also,
in order to cover the multispectral camouflage demands, the future work should infrared
thermography examinations, spectral matching analysis between the coated glass and
typical military background spectra, and EMS analyses. From the aspect of the mechanical
resistance, it would be important to perform adhesion and tribological characterization
(pull-off adhesion, cross-cut adhesion, nanoindentation or wear testing) as well as the
influence of coating thickness on the observed characteristics.

4. Conclusions

New hybrid PVB/epoxy coatings reinforced with functional nanostructures of tung-
sten disulfide in the form of fullerene-like nanoparticles and nanotubes have been devel-
oped and examined. Glass plates coated with the composite coatings were submitted to
spectrophotometric examination, and the coatings were thermo-mechanically tested. The
coating samples with WS, showed increased thermal resistance, as higher glass-transition
temperatures were obtained (T increased by 2.32 °C and 5.32 °C with addition of IF-WS;
and INT-WS,, respectively). These coatings also exhibited greater resistance to cavitation
wear (by 22%-24%) and higher hardness (improved from 83.7 to 98.2 Shore D). The addi-
tion of tungsten disulfide nanostructures modifies the optical and camouflage properties
of PVB/epoxy coatings, resulting in more pronounced camouflage masking compared
to the neat material. This modification increases light scattering and absorption, reduc-
ing gloss and specular reflectance. Due to the unique mechanical, optical, and chemical
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properties of fullerene-like nanoparticles and nanotubes of WS,, PVB/epoxy coatings
with these nanostructures on glass can be used as multifunctional materials with applica-
tions in defense, architecture, and advanced optics. Further research should encompass
adjustments of nanostructure concentrations and potentially rheological behavior of the
PVB/epoxy system with the incorporated WS, in order to achieve scale-up of the appli-
cation of these coatings, as well as long-term environmental durability of the developed
coatings, multispectral camouflage evaluation, adhesion and tribological characterization,
and the optimization of coating thickness.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings16070846/s1, Figure S1: DSC thermographs for PVB/epoxy;
Figure S2: DSC thermographs for PVB/epoxy/IF-WS,; Figure S3: DSC thermographs for
PVB/epoxy/INT-WS;.
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