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INTRODUCTION
Environmental concerns and the increasing demand 

for resource efficiency have accelerated the search for 
alternative materials capable of reducing reliance on 
conventional petroleum-based polymers. Sustainability 
aims to balance economic, environmental and societal 
needs, particularly with waste-derived materials and 
extended product lifetime. However, sustainable 
thermoplastic materials often exhibit limited thermal 
stability and surface durability, which restrict their 

wider use in structural and semi-structural applications 
(Higgins, 2015). Comprehensive surface characterization 
is essential for understanding coating performance and 
expanding potential application areas (Balasubramaniam 
et al., 2022). A wide range of techniques, including 
transmission electron microscopy, scanning electron 
microscopy, nuclear magnetic resonance, X-ray diffraction, 
differential scanning calorimetry, thermogravimetric 
analysis and Fourier transform infrared spectroscopy, 
are commonly used to investigate coating structure and 
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thermal behaviour (Alay-e-Abbas et al., 2020). 
Among the available coating approaches, the 

application of mineral-filled coatings has emerged as 
an effective strategy for enhancing thermal stability and 
durability (Chen et al., 2016; Al-Malaika et al., 2017). 
Zinc borate (ZnO3B2O3·7H2O) has been widely studied as 
a multifunctional mineral additive capable of improving 
thermal stability and promoting char formation in polymer 
systems (Cao et al., 2015; Garba, 1999; Gillani et al., 
2018a; Ipek, 2022). Previous studies have demonstrated 
its effectiveness in polypropylene composites, wood 
protection and textile applications (Tiyek and Çetin, 2021; 
Sabet et al., 2013; Cheng et al., 2022). Shellac is a naturally 
occurring, environmentally benign material with a great 
deal of promise for application in more environmentally 
friendly technology (Thombare et al., 2022). Similarly, 
halloysite nanotubes have attracted attention as naturally 
occurring aluminosilicate reinforcements that can 
improve thermal, mechanical and moisture resistance of 
polymer matrices (Alhuthali and Low, 2013). 

The selection of the UBQ thermoplastic substrate was 
motivated by its waste-derived composition produced from 
unsorted household waste, including organic fractions, 
resulting in a heterogeneous thermoplastic composite 
that could benefit from protective surface modification. 
Due to the complex multi-material nature typical of post-
consumer mixed-waste plastics and variable thermal/
mechanical response, such substrates commonly required 
surface engineering strategies to improve durability and 
thermal stability (Olivieri et al., 2024). 

Epoxy coatings were particularly suitable for polymeric/
thermoplastic substrates because they form highly 
crosslinked networks with strong chemical resistance and, 
when well-adhered, act as barrier layers whose protective 
performance was governed by mass-transport through the 
polymer network (Zargarnezhad et al., 2021). Interfacial 
adhesion between thermoplastics and epoxy/thermoset 
systems could be enhanced via interfacial mechanisms 
and/or surface modification strategies, which was critical 
for durable coating performance on thermoplastic 
substrates (Deng et al., 2014). Despite these advances, 
studies focusing on mineral-reinforced epoxy coatings 
applied on thermoplastic substrates remain limited. Recent 
studies indicated that reinforcement with multifunctional 
nanohybrids could significantly enhance the mechanical 
properties of epoxy nanocomposite coatings (Xavier, 
2025). 

The present study investigated zinc borate reinforced 
epoxy coatings applied on UBQ thermoplastic substrates. 
The research specifically focused on coating thickness 
as a critical parameter governing coating continuity, 
barrier performance and stress distribution within the 
coating substrate system. A Box-Behnken experimental 

design was employed to optimize coating thickness and 
evaluate the interaction between mineral additives and 
coating formulation. Following the optimization stage, 
SEM, FT-IR and contact angle analyses were conducted 
to characterize coating morphology, chemical interactions 
and surface wettability, while TG-DTA was used to assess 
thermal behaviour. In addition, finite element simulations 
based on SEM-informed geometries were performed to 
provide a predictive assessment of stress distribution and 
displacement behaviour. This study combined zinc borate, 
halloysite, and bio-based shellac components, which were 
mostly studied separately in the literature, into a single 
epoxy coating system, and to investigate the thermal 
behaviour, surface properties, and mechanical behaviour 
of the system on a waste-based thermoplastic substrate 
through experimental characterization and SEM-based 
finite element simulation.

MATERIALS AND METHODS
Materials

The UBQ material is a bio‑based thermoplastic 
composite derived from municipal waste, in which diverse 
organic and plastic components are homogenized into a 
thermoplastic matrix. According to “UBQ Materials raises 
$70 M in funding” (2023), UBQ technology attracted for 
converting mixed household waste into thermoplastic 
materials. The particle size distribution was reported to 
be below 500 µm. According to technical datasheets, the 
bulk density of UBQ tablets ranged from approximately 
1.0-1.1 g/cm³, with moisture content below 2 wt%. The 
material exhibited thermoplastic behaviour and could be 
processed at temperatures below 120 °C. 

Epoxy resin used in this study was a two-component 
system consisting of a base epoxy resin and a 
corresponding hardener. Epoxy systems were based on 
diglycidyl ether of bisphenol A (DGEBA) and utilize an 
amine-type curing agent. The resin and hardener were 
mixed according to the manufacturer’s recommended 
ratio (1:1 by volume) and cured at room temperature 
for 24 hours followed by a post-cure at 60 °C for 2 h to 
ensure complete cross-linking. The average length of 
the nanotubes was determined to be approximately 0.9 
µm. Zinc borate particles, however, were found to have 
a more irregular morphology, distributed in the range of 
approximately 0.5-3.5 µm. The average particle size was 
calculated to be approximately 1.7 µm. The effectiveness 
of epoxy nanocomposites strongly depends on nanofiller 
functionalization and dispersion quality (Xavier, 2023a).

A boron-containing compound called zinc borate 
was utilized to make polymeric materials, dyes, cables, 
carpets, textiles, and interior sections of cars and airplanes 
more flame resistant. In literature, a study indicated that 
nanosized flame retardants outperform micro sized ones 



147

PM

Epoxy coatings on thermoplastics with zinc borate

in terms of flame retardancy and had fewer detrimental 
impacts on mechanical qualities (Ipek, 2020). Halloysite 
was a member of the layered aluminosilicate (1:1) 
clay mineral family, where a tetrahedral silica layer 
alternated with an octahedral alumina layer (Bertolino 
et al., 2020). The minerals known as halloysite clay 
were widely distributed in soils and worn rocks, where 
they could be found in a range of hydrated states and 
particle morphologies. Their chemical composition, 
cation exchange capacity, and potassium selectivity were 
also characterized by diversity (Szynkowska, 2005). A 
naturally occurring biopolymer of animal origin derived 
from small insects feeding on the sap of host plants, 
shellac was a physically refined version of lac resin. 
Adding allyl starch to shellac improved both heat and 
solvent resistance (Thombare et al., 2022). Based on the 
study, shellac was dissolved in ethanol in a beaker with a 
heater and stirrer, and then allyl starch was added. 

Method
An experimental set with three factors and one response 

was formed by using the Box Behnken design in Design-
Expert. A total of 17 sample mixtures were prepared 
by adding SAM, zinc borate and halloysite to 10 g of 
epoxy resin in the proportions specified in the design 
(-1, 0, 1). A Box-Behnken design in the Design-Expert 
software (v23.1) was employed to investigate the effects 
of three factors (SAM, zinc borate, and halloysite) on 
the film thickness of the epoxy resin coating. For each 
run, the specified proportions of SAM, zinc borate, and 
halloysite were added to epoxy resin (Table 1). A total 
of 17 formulations were produced 0-2% (w/w) according 
to the Box-Behnken design before selecting the optimum 
coating composition for detailed characterization (Şahin 
et al., 2026). To ensure repeatable and uniform coating 
deposition, the coatings were applied using a calibrated 
film applicator with a fixed gap height. The applicator gap 
was kept constants for all samples to minimize variability 
in wet film thickness. During coating, the application 
speed and environmental conditions (room temperature 
and humidity) were kept consistent for all experiments. 
After curing for 24 h under ambient laboratory conditions, 
the dry film thickness of each sample was measured at 
three different locations using a micrometer. Depending 
on the formulation parameters defined in the Box-
Behnken design, the dry coating thickness ranged from 20 
µm to 86 µm. The multi-point measurement approach was 
adopted to reduce local thickness variability and improve 
experimental reproducibility.

The Design-Expert program was used to analyse the 
data and identify the sample with the film thickness closest 
to the predicted mean value (Figure 1). This sample was 
considered the optimal formulation. Finally, the sample 

from the optimally coated plate were selected for further 
testing. The Siemens NX program was used to analyse the 
structural and thermal properties of the zinc borate-added 
thermoplastic material.

Characterization
Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) which enabled 
the examination of the composition and morphology of 
a wide variety of materials was one of the most effective 
and significant surface analytical techniques. The primary 
benefits of SEM included a broad depth of focus, excellent 
lateral resolution (1-10 nm), and diverse electron-

Run Factor 1 
SAM A:A

Factor 2 Zinc 
Borate B:B

Factor 3 
Halloysite C:C

Response 1 (R1)
Film Thickness

(µm)

1 0 -1 -1 86 

2 1 0 -1 20 

3 -1 0 -1 50 

4 -1 0 1 40 

5 0 0 0 80 

6 0 1 1 60 

7 0 0 0 78 

8 1 1 0 40 

9 0 0 0 75 

10 0 1 -1 20 

11 -1 1 0 59 

12 0 -1 1 53 

13 1 0 1 55 

14 0 0 0 76 

15 1 -1 0 67 

16 -1 -1 0 80 

17 0 0 0 79 

-1=0% (w/w); 0=1% (w/w); 1=2% (w/w).   

Table 1. Box Behnken design for three factors and one response.

Figure 1. Thermoplastic materials coated with different sample 
formulations.
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specimen interactions that could be applied to chemical 
studies or imaging (Szynkowska, 2005). The microscope 
was run at 10.00 kV for the results. Photographs within 
the WD=11±1 mm range were chosen. Vacuum-assisted 
gold plating was applied to minimize glare and reflection.

TG-DTA
Solid-state material characterization could be 

effectively achieved with simultaneous thermogravimetric 
and differential thermal analysis (TG-DTA). Thermal 
resistance was defined as the temperature difference 
between two surfaces divided by the heat transfer rate 
per unit area (Mishra et al., 2019), while thermal analysis 
methods monitor property changed under controlled 
temperature programs (Cheremisinoff, 1996). The 
combination of a sample’s mass changed and temperature 
difference as a function of temperature was known as 
TG-DTA (Palermo, 2001). Nitrogen gas was used to 
describe samples by using TG-DTA (thermogravimetric 
and differential thermal analysis) analysis at 10°C/min 
increments from 25 °C to 600 °C. TG-DTA was performed 
on a TA Instruments SDT Q600 device for both reference 
and optimum performance.

Contact Angle (CA)
The angle formed inside the liquid’s body at the gas-

liquid-solid interface was known as the contact angle 
between a liquid and a solid. By drawing a tangent from 
the contact point along the gas-liquid interface. A liquid 
could spread across a solid surface and soak it if the 
contact angle between the two was less than 90°. The 
contact angle was measured with Shimadzu-SPM-9600.

Fourier Transform Infrared Spectroscopy (FT-IR)
FT-IR was a method that identified functional groups 

in molecules when exposed to wavelengths of light, 
vibrate, stretch, or bend in different ways. The method 
measured how infrared light was emitted into a material 
and how molecules in the material absorb or reflect it. The 
analyses were carried out with a Perkin Elmer-Spectrum 
100 spectrometer.

RESULTS AND DISCUSSION
Design-Expert Results

In coating systems, film thickness played an 
important role in determining coating continuity, barrier 
performance and stress distribution. Insufficient thickness 
led to incomplete surface coverage and localized defects, 
while excessive thickness resulted in internal stresses or 
non-uniform drying behaviour. Therefore, optimizing 
the coating thickness was essential for achieving a stable 
and continuous coating layer capable of improving the 
thermal and structural behaviour of the coating-substrate 

system. The Predicted R² of 0.7823 was in reasonable 
agreement with the Adjusted R² of 0.9637. The difference 
was less than 0.2. Adeq Precision calculated the ratio of 
signal to noise. Ideally, the ratio could be higher than 4. A 
ratio of 20.904 denoted a sufficient signal. Final equation 
of in terms of actual factors and fit statistics were given 
in Table 2. 

Although the statistical indicators of the model 
demonstrated strong predictive capability, the lack-of-fit 
p-value (0.0442) indicated that minor deviations between 
the predicted and experimental values could exist. Such 
deviations could arise from experimental variability 
during coating deposition and thickness measurement, 
particularly when coatings were applied on heterogeneous 
thermoplastic substrates. Nevertheless, the high R² and 
Adjusted R² values together with the good agreement 
observed in the predicted versus actual plot suggested 
that the model provided a reliable approximation 
for identifying the optimum formulation within the 
investigated design space. Ideally, the points could 
align closely with the reference line indicating that the 
residuals follow a normal distribution. Deviations from 
the line suggested potential non-normality which might 
indicate issues with the model or the presence of outliers.  
In Figure 2, the actual response values were shown on the 

Std. Dev. 3.9500
Mean 59.8800
C.V% 6.5900
R2 0.9841
Adjusted R2 0.9637
Predicted R2 0.7823
Adeq Precision 20.9036
Lack of Fit 0.0442

Coefficients
Intercept 77.6000
A -5.8750
B -13.3750
C 4.0000
A * B -1.5000
A * C 11.2500
B * C 18.2500
A2 -14.8000
B2 -1.3000
C2 -21.5500

Table 2. Fit statistics and coefficients for final equation in terms 
of actual factors.
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x-axis, while the predicted response values were shown 
on the y-axis. The plot compared the model’s predicted 
values to the actual observed values. The color of the 
points, ranging from 20 to 86, represented different levels 
of the response R1. The plot helped in visually assessing 
the model’s fit and identifying any systematic deviations 

between predicted and actual values. 
It was observed that the factors had linear and quadratic 

effects on coating thickness (R1) when single-factor and 
three-dimensional interaction graphs were examined. 
SAM (A) and halloysite (C) factors showed a significant 
quadratic effect on coating thickness, with maximum 
coating thickness reached at intermediate levels (coded 
value 0) for both factors, and a decrease at extreme levels. 
The results indicated that excessive increases in additive 
amount could negatively impact coating morphology and 
film formation. In contrast, an overall decrease in coating 
thickness was observed with increasing zinc borate (B) 
factor, suggesting that an increase in mineral filler amount 
could limit resin spreading and affect film formation. 
In three-dimensional response surface graphs, a dome-
shaped surface was observed in the SAM-halloysite 
interaction, and optimum coating thickness was obtained 
at intermediate levels of the factors. In the interactions 
of zinc borate with other factors, it was understood that 
coating thickness was more affected by the increase in 
mineral additive amount, and this factor played a limiting 
role in coating thickness. The results showed that coating 
thickness was determined not by a single factor, but by 
the combined effect of interactions between polymer 
components and mineral additives (Figure 3).

Figure 2. Predicted vs Actual graph.

Figure 3. One factor and 3D interaction graphs between A:A, B:B and C:C.
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Interpretation of SEM Analysis
In the study, a Zeiss EVO LS 10 microscope was 

used and SEM images at different magnification levels 
of the reference samples and the zinc borate additive 
resin-coated samples were provided in Figure 4. In 
SEM images, it was observed that the smoothness of the 
surface structure of the samples coated with zinc borate 
added resin decreased. Microstructural homogeneity 
played a decisive role in coating performance, as shown 
in mixed metal oxide reinforced systems where SEM 
was complemented by quantitative analysis (Xavier, 
2023b).

The magnification levels used in this study were 
selected to evaluate coating morphology, surface coverage 
and defect distribution at the microscale. The observed 
increase in surface heterogeneity after zinc borate 
incorporation indicated changes in particle dispersion and 
coating morphology, which could influence local stress 
distribution and mechanical response. 

 

Interpretation of TG-DTA
TG-DTA analysis showed that the decomposition 

temperature increased from 357.68 °C (reference) to 
369.57 °C (optimum) after the incorporation of zinc borate, 
corresponding to an increase of approximately 12 °C. 

Although the shift indicated a measurable improvement 
in thermal stability, the magnitude of the change remained 
relatively modest. The slightly higher residual mass 
observed in the zinc borate containing coating suggested 
an increased tendency for char formation during thermal 
degradation (Figure 5). When the results were examined 
the TG curves weight loss began around 150 °C and 
continued gradually up to approximately 500 °C. There 
was a significant weight loss step at approximately  
400 °C. Final weight loss stabilized after 500 °C. These 
results indicated complete degradation of the sample. 
Weight loss began around 100 °C and showed a more 
significant weight loss at around 400 °C, as reference. The 
final weight loss also stabilized after 500 °C but pointed a 
slightly higher residual weight compared to the reference. 
The result indicated that it left behind more non-volatile 
residues and could be attributed to the presence of zinc 
borate which increased char formation and therefore 
improved flame retardancy. Based on TG curves and a 
single heating rate Coats-Redfern analysis, and assuming 
a first-order decay model, the apparent activation energy 
was calculated to be approximately 88 kJ/mol for the 
reference coating and approximately 102 kJ/mol for the 
optimum coating. The increase of 14 kJ/mol indicated 
that the addition of zinc borate slightly increased the 
energy barrier required for thermal decay. The result was 
consistent with a shift of the main decay peak to a higher 
temperature and a higher residual mass.

Figure 4. Scanning electron microscopy (SEM) for reference 
coating A1) 500x; B1) 5000x; C1) 10000x; Optimum coating 
A2) 500x; B2) 5000x and C2) 10000x.

Figure 5. Thermal analysis results of reference and optimum 
coating.
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Interpretation of FT-IR Analysis
Figure 6 presented the FT-IR spectra of the reference 

and optimum samples recorded in the 650-4000 cm-1 
range. The comparison of the two spectra revealed several 
differences in functional group regions. To interpret the 
FT-IR spectrum, it was necessary to understand the 
zones (Nandiyanto, 2022). In the optimum sample, 
a broad absorption band centered at 3353 cm-1 was 
observed, corresponding to O-H stretching vibrations. 
The band was not detected in the reference spectrum. The 
broad character of this peak suggested the presence of 
hydroxyl-containing groups such as alcohols or phenols, 
possibly associated with hydrogen bonding. However, no 
significant peak shift or new band formation indicative 
of covalent bond formation was detected. Both spectra 
exhibited saturated aliphatic C-H stretching vibrations 
in the 2922-2853 cm-1 range, confirming the presence of 
alkyl chains in both samples. The absence of a noticeable 
shift in these peaks suggested that the aliphatic backbone 
structure remained largely unchanged. An aromatic 
C=C stretching band at 1607 cm-1 was observed in the 

optimum sample but not clearly in the reference sample. 
Additionally, the peak at 1508 cm-1 in the second spectrum 
could correspond to N-H bending vibrations, indicating 
the possible presence of amine-related structures. C-O 
stretching vibrations were detected in the 1100-1000 cm-1 
region in both spectra, indicating the presence of ether, 
alcohol, or ester groups. Similarly, C-N stretching bands 
in the 1295-1243 cm-1 range appeared in the optimum 
sample, suggesting amine or amide functionalities. These 
bands supported the presence of additional functional 
groups but did not provide direct evidence of new covalent 
network formation. In the fingerprint region, aromatic 
C-H out-of-plane bending was observed at 840 cm-1 in the 
reference sample, while similar bands at 916 and 826 cm-1 
were detected in the optimum sample. These similarities 
indicated that the aromatic framework was retained, and 
no substantial structural transformation was evident. 

Interpretation of Contact Angle (CA)
A certain angle was formed when a liquid meets a solid 

surface. The type of solid and liquid in contact determined 
how the angle changed. The contact angle showed the 
degree of wettability. The magnitude of the angle depended 
on the forces of cohesion and adhesion. The contact angle 
of the reference in Figure 7 was measured as 55.38° on 
average. The average contact angle of the optimum in 
Figure 7 was measured as 39.83°. Lower contact angles 
were correlated with increased moisture uptake in 
functional coatings (Priyadharshini and Xavier, 2025). 

  

Simulation Results
Based on 500x magnification SEM images in Figure 4, 

samples (reference and optimum coating) were designed in 
the Siemens NX program and finite element analysis was 
performed via Simcenter. The results were scaled to the 
sample size and the defects in the sample (voids or material 
accumulation) were defined. In this way, it was aimed 
to observe the effect of the coating on the mechanical 
properties by considering the defects in the sample. 3-point 

Figure 6. FT-IR results of reference (1st spectrum) and optimum 
(2nd spectrum) coating.

Figure 7. Contact angle of reference and optimum coating.
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bending test and tensile test analysis were performed on the 
sample. The necessary material properties for the analyses 
were given in Table 3. The load and boundary conditions of 
these analyses were given in Figure 8.

As shown in Figures 9 and 10, the 3-point bending 
and tensile test analyses were performed on the SEM 
images (A1 and A2) presented in Figure 4, both without 
considering the crack and with the crack under the 
maximum applied forces (120 N for bending and 2150 
N for tensile loading). For each case, additional analyses 
were also conducted on the same SEM images without 
considering the material increase of the coating, while 
accounting for crack presence under the same loading 
conditions. The corresponding results were presented in 
Figures 9 a-h and 10 a-h.

The stress values related to the three-point bending 
analysis were detailed in Table 4 and Figures 11 and 12. In 
Figure 11a, when the crack in the epoxy resin coating was 
not considered, the specimen exceeded its yield strength 
and deformed under a load of 115 N, with a maximum 
stress of 25.65 MPa. When the crack was considered, 
the maximum stress under the same load was observed 

as 25.60 MPa, reaching the yield strength. The decrease 
in mechanical strength observed when the crack was 
considered was attributed to better stress distribution. In the 
zinc borate-added epoxy resin coating, the stress remained 
below the yield strength in analyses performed both with 
and without considering material accumulation under a 
115 N load. Under a 120 N load, the stress was 26.18 MPa 
when material accumulation was not considered, and 26.58 
MPa when it was included. The decrease in mechanical 
properties was attributed to stress concentration observed 
in regions with material accumulation.  

In Figure 11b, the displacement results for the same test 
were presented. As expected, an increase in load resulted 
in greater displacement. In specimens coated with epoxy, 
considering the crack adversely affected mechanical 
performance, leading to higher displacement values. The 
zinc borate additive (Y1 and Y2) improved the mechanical 
performance of the epoxy coating. However, in irregular 
material distributions with material accumulation (Y2), 
deformation values were observed to be lower compared 
to the isotropic structure (Y1). Consequently, it was 
observed that zinc borate-added epoxy resin coating 

Figure 8. Load and boundary conditions for bending, tensile tests for reference and optimum coating.

Material Elastic Modulus (E) (MPa) Yield Strength (MPa) Poisson’s Ratio Density (g/cm³)

UBQ 2500 25.6 0.32 1.09 
Epoxy resin 3200 60.0 0.35 1.25 

Zinc borate (1%)-Epoxy resin 3183 59.9 0.35 1.27

Table 3. UBQ, Epoxy resin and Zinc borate (1%)-Epoxy resin.
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enhanced the mechanical strength of the specimen and 
reduced deformation.

In Figure 11c, tensile test analyses showed no 
significant change in results whether the crack was 
considered or not, and the specimen exceeded the yield 

strength under a 2150 N load, leading to deformation. 
Similarly, no substantial change was observed in results 
when material accumulation was considered or not; the 
specimen reached the yield limit under a 2150 N load. 
In Figure 11d, displacement results of this analysis 
were shown. In epoxy-coated specimens (X1 and X2), 
displacement values increased when the crack was 
considered. In the zinc borate-added epoxy resin coating 
(Y1 and Y2), material accumulation in certain regions 
did not significantly affect deformation. The addition of 
zinc borate resulted in lower deformation values. The 
result indicated that the zinc borate additive improved the 
strength of the coating material and reduced deformation.

In Figure 12a, the stress values for the three-point 
bending analysis were detailed. In the absence of cracks 
in the epoxy resin coating (X1), the stress exceeded the 
yield strength under a 115 N load. Similarly, when cracks 
were considered (X2), the stress values reached the yield 
limit under a 115 N load and exceeded the yield strength 
under a 120 N load. Damage was initiated at the weakest 
points, particularly at void regions. These regions were the 
least resistant areas of the specimen, where the first cracks 

Figure 9. 3-point bending analysis results of optimum coating. Figure 10. 3-point bending analysis results of reference coating.

Table 4. Bending analysis results.

Stress (N) X1(MPa) X2(MPa) Y1(MPa) Y2(MPa)

Reference Sample

2000 23.94 23.93 23.93 23.81

2100 25.13 25.13 25.13 25.00

2150 25.73 25.73 25.59 25.59

Optimum Sample

2000 23.95 23.90 23.83 23.78

2100 25.15 25.10 25.02 24.97

2150 25.75 25.70 25.61 25.56
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started under excessive loading. Additionally, these cracks 
caused stress concentrations. In zinc borate-added epoxy 
resin coatings (Y1 and Y2), where material accumulation 
was considered or not, the stress values under a maximum 
load of 100 N were approximately twice the yield strength. 
The results indicated that this specimen could withstand 
up to 55 N without damage. In Figure 12b, displacement 
results of the analysis were presented. The displacement 
value of specimen X1 was observed to be higher than 
X2. The result showed that the structure behaved more 
flexibly and allowed greater deformation when cracks were 
not considered. The presence of cracks increased local 
stress concentrations and limited deformation behaviour. 
Similarly, in zinc borate-added epoxy coatings, local 
material accumulation clearly increased the stiffness of the 
structure and reduced the amount of deformation. 

In Figure 12c, the stress values for the tensile test 
analysis were detailed. Under a 2150 N load, the 
specimen exceeded the yield strength and deformed, 
regardless of whether cracks were considered. Similarly, 
when material accumulation was considered under a 
2150 N load, the stress was at the yield limit, whereas it 
exceeded the yield strength when material accumulation 
was not considered, leading to deformation. The regions 
with material accumulation were observed to be the initial 
points of damage due to stress concentrations. In Figure 
12d, the displacement results of this analysis were shown. 
Specimen X1 exhibited higher displacement values 

compared to other specimens. The absence of cracks 
allowed the material to carry the load more elastically 
and homogeneously, resulting in greater deformation. 
In the epoxy coating, when the crack was considered 
(X2), a decrease in deformation values was observed. 
The presence of the crack increased stress concentrations 
in certain regions of the material, causing less elastic 
behaviour. In zinc borate-added coatings (Y1 and Y2), 
displacement values were lower. Specimen Y2 exhibited 
lower deformation values due to material accumulation. 
The result demonstrated that locally hardened regions 
limited deformation and improved the overall durability 
of the material. As a result of the analysis, it was observed 
that the zinc borate-added epoxy resin coating improved 
the mechanical properties of the material.

Previous studies reported that mineral additives could 
significantly influence the thermal stability and mechanical 
behaviour of epoxy-based coating systems. Cuong and 
Thanh (2022) reported that epoxy coatings containing 
zinc borate and nano-silica exhibited enhanced thermal 
degradation resistance, with the temperature corresponding 
to 50% mass loss reaching approximately 431 °C, while the 
maximum degradation temperature was reported around 
642 °C. In the same study, the incorporation of 5 wt% 
zinc borate increased the impact strength corresponding 
to an improvement in mechanical resistance. Gillani et al. 
(2018b) demonstrated that halloysite-containing epoxy 
coatings exhibited residual char values of approximately 

Figure 11. Bending and tensile analysis results for A1. Figure 12. Bending and tensile analysis results for A2.
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38.7-43.0% at 800 °C indicating enhanced thermal barrier 
properties and improved resistance to thermal degradation. 
In addition, the intumescence factor of the coating 
increased from 4.25 to 8.75, demonstrating a significant 
improvement in the expansion capability of the protective 
char layer under thermal exposure.

CONCLUSION
FT-IR, SEM, TG-DTA and contact angle analyses were 

conducted to evaluate the influence of zinc borate additives 
on epoxy-coated thermoplastic substrates. TG-DTA results 
showed that the decomposition temperature increased 
from 357.68 °C to 369.57 °C indicating enhanced thermal 
stability. The slightly higher residual mass observed in 
the ZnB-containing system suggested improved char-
forming tendency, although thermal decomposition shift 
alone was insufficient to confirm flame retardancy under 
real fire conditions. SEM analysis showed increased 
surface heterogeneity after zinc borate addition, which 
could influence local stress distribution. Contact angle 
measurements demonstrated increased hydrophilicity 
in the modified coating. While the result could enhance 
surface wettability, it could potentially affect long-term 
moisture resistance in outdoor automotive environments 
and require further durability assessment. Finite element 
simulations predicted reduced displacement and modified 
stress distribution in zinc borate-containing coatings under 
bending and tensile loading. However, these improvements 
were based on numerical modeling without direct 
experimental mechanical validation. Therefore, conclusions 
regarding mechanical enhancement could be interpreted as 
predictive rather than experimentally confirmed. Despite 
the insights obtained in this study, several limitations could 
be acknowledged. The mechanical behaviour of the coating 
system was evaluated through finite element simulations 
rather than direct experimental mechanical testing. In 
addition, thermal analysis was conducted under inert 
atmosphere conditions, and the fire-retardant performance 
of the coating system was not evaluated through 
standardized flame tests. Future research should therefore 
focus on experimental mechanical validation and long-term 
durability studies under standardized conditions. Overall, 
zinc borate incorporation demonstrated measurable thermal 
stability improvement and promising predicted mechanical 
behaviour in epoxy-coated sustainable thermoplastic 
systems, but further validation is required before definitive 
application claims in automotive environments.
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