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Abstract
Halogen-free multifunctional composite coatings modified with zinc oxide (ZnO) and expandable graphite

(EG) on glass fibre-reinforced unsaturated polyester (UPR) composites, developed for applications in
electronics and other areas where local heat loads and mechanical stress can affect the composite surface,
were investigated. The primary objective of the coatings was to provide mechanical protection and enhanced
flame retardancy without the use of halogen-based flame retardants. The combined use of ZnO and EG
reduced the maximum average rate of heat emission by 64% compared to the reference (465 kW/m?).
Furthermore, the effective heat of combustion was reduced from 3156 MJ/kg to 41 MJ/kg with the combined
use of the flame retardands. In glow wire flammability index tests, the ignition temperature increased by 310
°C compared to the uncoated composite. When ZnO and EG were used together, a stable, intumescent char
layer formed that effectively protected the substrate under local heat stress. The additives did not influence
the adhesion of the coatings, while the combined ZnO—-EG system demonstrated higher toughness and better
crack dispersion under bending loads, maintaining coating integrity even after local deformation. These results
indicate that halogen-free ZnO—EG coatings can provide both flame retardancy and mechanical robustness,
making them promising for structural and electrical composite components exposed to heat and mechanical

stress.

Highlights

Zn0O and EG form a stable heat barrier as fire-retardant coating

The combined use of ZnO and EG reduced the total smoke production by 71%

During burning, ZnO forms a stable ZnO-rich char layer on the surface

ZnO and EG together give the coating higher stress resistance than alone

The combined use of ZnO and EG reduced the peak heat release rate by 61%
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1.

Introduction
Polymer composites are widely used for their excellent strength-to-weight ratio, corrosion resistance, and
processability in fields such as construction, automotive, marine, and electronics. However, their performance
often depends on surface properties, which are commonly enhanced by coatings. Coatings improve appearance,
hardness, wear and environmental resistance, and can add functionalities such as flame retardancy[1] [2] [3].
Reducing flammability is a critical issue for polymer matrix composites, as their material properties make them
highly susceptible to rapid flame spread, intense smoke generation, and toxic gas emissions. One of the most
commonly used polymer matrices is unsaturated polyester resin (UPR), which is widely used in the composite
industry due to its low cost, good processability and chemical resistance, and excellent adhesion [4]. However,
UPR is flammable, its thermal decomposition starts at about 280 °C, with the main degradation occurring between
400-430 °C, and its combustion is characterized by significant smoke release during cone calorimetry
measurements, which is harmful to health and the environment [5]. Pure UPR-based composites often do not
comply with the fire safety regulations required for industrial applications, therefore the use of flame retardants
is necessary for their safe application [6].
Traditionally, in the electronics industry, halogen-containing flame retardants have been widely used in UPRs due
to their effectiveness because they produce active free radicals during combustion, which are capable of
deteriorating the combustion characteristics of the polymer matrix. However, despite their effectiveness, their use
has now been restricted because they release toxic gases [7]. In the European Union, regulatory measures have
increasingly limited the use of halogen-based flame retardants. The European Chemicals Agency (ECHA) has
proposed, in its 2023 strategy, broad restrictions on halogenated compounds, particularly aromatic brominated
species, due to their persistence, bioaccumulation, and toxicity, thereby promoting the transition towards halogen-
free alternatives [8]. As a result, halogen-free flame retardants are now the main focus of research. One possible
option is to use inorganic fillers, like aluminum hydroxide, magnesium hydroxide, or zinc oxide. The use of these
fillers is not harmful to health, but they can only be used effectively for flame retardancy in large quantities, which
has a negative impact on the mechanical properties and processability of the polymer [9]. For example, Jiao et al.
[10] reported in their study that the addition of 50 m/m% magnesium hydroxide to ethylene-vinyl acetate (EVA)
increased the limiting oxygen index (LOI) by 54%, reduced the peak heat release rate by 31%, and extended the
time to ignition by 66%. However, it also decreased the tensile strength by 41% and, quite substantially, the
elongation at break by 71%. Another solution for halogen-free flame retardants is intumescent flame retardants,
which create an insulating char layer on the surface of the polymer under the effect of heat, protecting the polymer
from further damage and thus improving its fire safety [11].
In crosslinked UPRs, conventional intumescent flame retardants are often ineffective, as the low char yield, high
volatile release, and lack of polymer softening hinder the formation of a stable protective char layer. Expandable
graphite (EG) offers a solution to this problem, as it can form an effective foam layer even in crosslinked materials.

Mazela et al. [12] proved that since EG can expand up to 100 times its original size, it can form a much larger



and more effective protective layer on the surface of the polymers than most intumescent flame retardants, when
used in crosslinked polymers. Furthermore, EG is the only foamed char former that can expand with sufficient
force to be an effective intumescent flame retardant in rigid, crosslinked systems such as phenolic resins. EG
consists of graphite flakes intercalated with an acid (typically sulfuric acid), which undergo rapid exfoliation at
high temperatures (approximately 200-300 °C), expanding to many times larger than its original volume, forming
a thick, multi-cellular carbon foam. The carbon foam prevents oxygen from reaching the polymer and reduces the
rate of further heat transfer, thereby slowing down or preventing the polymer product from burning and reducing
smoke generation during combustion [13] [14].

However, EG alone creates a less stable combustion residue structure, which can easily disintegrate even under
minor external forces, so it is advisable to combine it with other materials capable of forming a more stable carbon
layer. One solution is to use various metal oxides, such as zinc oxide (ZnO). Deng et al. [15] investigated the
effect of ZnO when used in combination with intumescent flame retardants. They demonstrated that ZnO reduced
heat release, slowed down and controlled the combustion process, and resulted in a far stronger and more durable
char residue. They explained this by saying that ZnO acts as a catalytic synergist during combustion, which
promotes interactions between the intumescent flame retardant components and strengthens the resulting char,
forming a more stable and cohesive protective layer [16] [17].

In the case of composite structures, fire retardancy—especially the use of intumescent fire retardants—poses
significant challenges, as the expansion of intumescent fire retardants due to heat causes the layers of the
composite structure to disintegrate, compromising the structural integrity of the composite in the event of a fire.
This delamination reduces the mechanical properties and effectiveness of fire protection, as charring occurs in an
uncontrolled manner inside the composite. Another problem is the so-called "filter effect", in which the flame
retardant particles are often filtered out of the matrix by the reinforcing material, causing unequal distribution. To
effectively solve these problems, the composite industry often uses a surface-applied, independent fire-retardant
coating, which allows the intumescent system to act externally on the surface of the composite without
significantly damaging the internal structure [18,19]. Multifunctional coatings are mainly used to improve the
aesthetic appearance and provide mechanical protection for the polymer composites. However, without adequate
adhesion, the coating may peel off, exposing the composite to mechanical and thermal loads [1].

Although several studies have reported the use of expandable graphite (EG) as a flame retardant in unsaturated
polyester resin (UPR) [20], sometimes in combination with other types of flame retardant additives[21, 22], the
flame-retardant and char-forming effects of ZnO are also well known [23]. However, the combined application
of these two flame retardants and their mutual interactions have not yet been investigated.In this article, we
investigated the effect of halogen-free ZnO and EG on the thermal and flammability properties, as well as the
hardness and porosity of UPR. We also produced glass fiber—reinforced UPR composites with a UPR-based flame
retardant coating on their surface. We analyzed the flammability of the coated composites using cone calorimetry

and a glow wire flammability index test, and determined the adhesion between the coating and the composite



surface. Finally, we examined the mechanical properties of the coated composites using a three-point bending
test.

The motivation for developing such multifunctional coatings lies in their potential application in composite
structures where both flame retardancy and mechanical integrity are required. Typical examples include electrical
panels and housings, vehicle and aircraft components, and building facade or interior panels. In these areas,
surface coatings that can simultaneously resist ignition, reduce heat release, and maintain structural integrity under
thermal and mechanical stress are highly desirable. Therefore, the results of this study may contribute to the
design of halogen-free, environmentally friendly protective coatings for composites operating under demanding

thermal and mechanical conditions.

2. Materials and methods

2.1. Materials
During the tests, we used unsaturated polyester resin as matrix material in both the composite and the coating,
which was prepared from Distitron 5119 ESX20ZQ unsaturated polyester resin (UPR, Polynt Composites Poland
Sp. z o0.0., Niepotomice, Poland) and a methyl ethyl ketone peroxide—based Peroxan ME 50 LX (PERGAN
GmbH, Bocholt, Germany) polyester catalyst in a ratio of 100:1. After mixing, they were crosslinked at room
temperature for 24 hours, then post-cured in two stages, first for 2 hours at 100 °C, then for 1 hour at 100 °C.
The reinforcing material used in the composites was glass fabric with a specific weight of 220 g/m? (GF, UNIQUE
Textiles, s.r.o., Frystak, Czech Republic). No further treatment was applied to the glass fabric during lamination.
In the flame-retardant coating, we used zinc oxide with a minimum purity of 99% (ZnO, Molar Chemicals Kft.,
Halésztelek, Hungary) with a median particle size of 0.795 um and 90% of the particles below 2.88 um and
expandable graphite (Graphit Kropfmiihl, Hauzenberg, Germany), 75% of which had a particle size of less than

150 um, an expansion rate of 100 cm?/g and the carbon content minimum 92%.

2.2. Methods of preparation
For a more accurate examination of the coated composites (Figure 1b), we also examined the coatings of the UPR

matrix on their own (Figure 1a).

coating material composite with coating
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Figure 1: The samples examined were a) test specimens made from the coating material only, b) test specimens made from
the coated composite material.



Table 1 summarizes the names of the test specimens produced from the coating materials and the quantities of
particles used in them.

Table 1: Description of samples prepared from coatings, additive content and type

Sample name ZnO content EG cor:)tent
(m/m%) (m/m%)

UPR 0 0

UPR/ZnO 30 0

UPR/EG 0 5

UPR/ZnO/EG 30 5

Table 2 shows the names of the coated composite test specimens and the quantities of particles used in their
coatings.

Table 2: Names of coated composite samples, additive content and type of coatings.

ZnO content in | EG contentin
Sample name the coating the coating
(m/m%) (m/m%)

UPR/GF -
UPR/GF+UPR_ctg 0
UPR/GF+ZnO _ctg 30
UPR/GF+EG_ctg 0

| | O O

UPR/GF+EG/ZnO ctg | 30

During the preparation of the coatings (Figure 2), ZnO and EG particles were mixed into the UPR matrix
monomer, which was first dispersed by mechanical mixing for 5 minutes, followed by ultrasonic mixing at 20
kHz and 100 W for 3 minutes to improve the uniform distribution of the particles. During ultrasonic
homogenization, the temperature of the suspension was kept below 60°C with a cooling bath. A Bandelin
Sonopuls 4200 HD UH homogenizer (BANDELIN Electronic GmbH & Co. KG, Berlin, Germany) was used for
ultrasonic mixing.

To examine the coatings described in Table 1, we produced coating specimens by casting in a silicone mold. The
test specimens had dimensions of 120 mm x 10 mm x 4 mm for the UL 94 test and 100 mm x 100 mm x 4 mm
for the cone calorimetry test. To produce the flame-retardant coated composites shown in Table 2, we first
produced a 3 mm thick composite sheet consisting of 12 layers of 0/90 fabric using vacuum infusion, which was
coated with a 1 mm thick coating on its upper surface by casting. The post-cured composites were finally cut to
dimensions of 100 mm x 100 mm x 4 mm for the cone calorimetry tests and 80 mm x 15 mm x 4 mm for the
bending tests. All test specimens were crosslinked for 24 hours at room temperature and then post-crosslinked at

100 °C in two cycles, first for 2 hours and then for 1 hour.
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Figure 2: Preparation stages of the glass fiber reinforced UPR composites with flame retardant coating.

2.3. Testing and characterization
TGA
For the thermal stability test, we used a TA Instruments Q500 thermogravimetric analyzer (New Castle, DE,
USA). The test was performed between 30 and 600 °C at a heating rate of 20 °C/min in a nitrogen atmosphere
with a 30 ml/min flow rate. The samples weighed 5—-10 mg, and the data were evaluated with the TA Universal

Analysis program.

UL 94 tests

The UL 94 standard flammability test was performed in accordance with the ISO 9772 and ISO 9773 standards.
In the horizontal arrangement (H-type), the 120x10x4 mm samples were exposed to a 30 s ignition, and after the
flame was removed, the time taken for the flame front to advance between the 25 mm and 100 mm marks was
measured. From this burning time , the flame spread rate was determined with formula (1):

L
U=60'?
(1)

where v is the flame spread rate [mm/min], L is the burning distance between the two markings [mm], and t is the
burning time between the two markings [min].

The flame retardancy rating of the samples was determined from the vertical (V-type) arrangement.



Glow wire flammability index (GWFI) test

The flammability of the coatings and coated composites was also characterized with the glow wire flammability
index in accordance with IEC 60695. We used a T04-08 type device (Testing d. o. o., Slovenia), and the surface
area of the tested samples was 60 mm x 60 mm. The thickness of the reference composite was 3 mm, while the

thickness of the coated composites was 4 mm.

Cone calorimetry
The combustion properties of the coatings and coated composites were tested with a TCC 918 Cone Calorimeter
(NETZSCH TAURUS Instruments GmbH, Germany) in accordance with ISO 5660-1. The test specimens had a
surface area of 100 mm x 100 mm. The samples were exposed to 50 kW/m? radiant heat and ignited with a spark
igniter. In addition to heat release, the amount of gases generated was also examined. The following parameters
were determined from the cone calorimetric measurement: time to ignition (TTI), peak heat release rate (pHRR),
time to pHRR (tpurr), total heat release (THR), total smoke production (TPS), maximal average rate of heat
emission (MARHE), effective heat of combustion (EHC), residual mass, flame retardancy index (FRI), and the
total emission of CO and COx. To determine the FRI value, equation (2) was used.
(TH R7: T?IH RR)

reference ()

(THR : pHRR)
TTI modified

FRI =

The Flame Retardancy Index (FRI) is a dimensionless indicator commonly employed to evaluate and compare
the fire performance of flame-retarded polymers with that of their reference materials. According to the FRI value,
polymers can be classified as having poor flame retardancy when FRI < 1, good flame retardancy when 1 < FRI

<10, and excellent flame retardancy when FRI > 10.

SEM-EDS

The structure and elemental distribution of the residues after combustion were examined by scanning electron
microscopy (SEM-EDS) combined with energy dispersive spectrometry, with a JEOL JSM 6380LA (Jeol LTD.,
Tokyo, Japan) scanning electron microscope at 500x magnification. To avoid charging, we coated the samples

with gold with a Jeol JPC1200 cathodic sputtering gold coating device (Jeol Ltd., Tokyo, Japan).

Porosity

The porosity of the coatings and coated composites was determined with a Sartorius Quintix precision balance
(Sartorius, Gottingen, Germany). To calculate porosity, we determined the density from the weights measured in
air at 25 °C and in distilled water, and compared it with the theoretical density derived from the composition. The

surface area of the samples tested was 15 mm x 15 mm. We examined 3 samples of each composition.



The porosity of the reference and flame-retardant UPR samples was determined with equation (3), where the

theoretical densities were calculated taking into account the amount of flame retardants [24]:

Pm,coati
Pcoating =100 — Rt 100 3)

pt,coating

where Pcoating 1 the porosity [%] of the reference and flame-retardant UPR samples, pm,coating i the measured
density of the reference or flame-retardant UPR coating [g/cm?], pt.coating is the theoretical density of the reference
or flame-retardant UPR coating [g/cm?].

The fiber content of the glass fiber—reinforced UPR composite was calculated as 60%. Porosity was determined

with equation (4), while the theoretical density of the composite was calculated with equation (5) [24]:

pm,composite

Pcomposite =100 — -100 4)
pt,composite
1
Pt.composite =
04 . 06 (5)

Pt matrix pt,fiber

where Pcomposite 1S the porosity of the UPR composite [%], pm,composite 18 the measured density of the composite
[g/cm?], pr.composite is the theoretical density of the composite [g/cm?], pimatix iS the theoretical density of the UPR
matrix [g/cm?], psiver iS the theoretical density of the reinforcement [g/cm?].

To determine the porosity of coated composites, we used the ratio of the thickness of the composite to the

thickness of the coating.

P, = 100 — 2™ 100 (6)
pt,cc
3 1
Ptcc = 3__|_1 " Pt,composite + m " Pt,coating (7

where P is the porosity of the coated composite [%)], pm.c is the measured density of the coated composite

[g/cm?], and pi.cc is the theoretical density of the coated composite [g/cm?].

Hardness tests

The Shore D hardness of the coatings and coated composites was determined with a Zwick H04.3150.000
hardness tester (Zwick GmbH & Co. KG, Ulm, Germany) according to ISO 48-2:2018. The test was performed
on 4 mm thick samples with a load of 50 N. Indentation time was 3 s, and 10 measurement points were recorded

on each sample.

Pull-off test



The adhesion between the coating and the composite was tested with a pull-off adhesion test based on ISO
4624:2016. A DeFelsko PosiTest AT-M device (DeFelsko, New York, USA) was used for the test. The diameter
of the dollies, which were cleaned with methanol before the test, was 20 mm. Circular coatings with a diameter
of 20 mm were created on the surface of the composite. The dollies were attached to the coating with the Araldite
2011 two-component adhesive and left to crosslink for 24 hours. During the test, with the use of the diameter of
the dollies, the device gives the pull-off strength between the composite and the coating in MPa. We performed 6

tests per composition.

Bending tests

Bending tests were performed on a Zwick Z005 tensile testing machine (Zwick GmbH & Co. KG, Germany).
Bending strength was determined in accordance with ISO 14125, on 80 mm x 10 mm x 4 mm test specimens in
three-point configuration with a support length of 64 mm and a speed of 2 mm/min. Five tests were performed

for each setup.

3.  Results and discussion
3.1. Thermal and flammability properties

3.1.1. Thermogravimetric Analysis

The thermal stability of the additives itself and the coatings was examined by TGA. The results are summarized

in Figure 3 and Table 3.

Table 3: TGA results for the coatings examined

AT Gomax Residual
Sample name T-s% [°C] T-s0% [°C] o/ /o TarGmax [°C] mass at 600
[%/°C] oC [0
[Ye]

EG 228 - 0.43 228 75.7
UPR 292 393 1.28 409 5.5
UPR/ZnO 292 400 0.63 385 30.0
UPR/EG 286 339 4.55 296 5.1
UPR/ZnO/EG 286 391 0.74 389 27.5
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Figure 3: TGA (a) and derivative thermogravimetric (DTG) (b) curves of the coatings examined

The temperature at 5% mass loss (T-s%) in the reference sample without additives was 292 °C. ZnO did not change
T_sy, but it decreased under the influence of EG. This reduction can be explained by the fact that expandable
graphite begins to expand at a lower temperature (220 °C). The T-s¢ of the mixed composition was also 286 °C,

so the presence of ZnO did not decrease the initial decomposition temperature compared to the samples containing

EG.

ZnO increased the temperature of 50% mass loss (T-s0%) compared to the reference, because ZnO decomposes
only at high temperatures, thus shifting the mass loss to higher temperatures. EG significantly reduced T-s0%,
because it expands at lower temperatures. However, adding ZnO improves thermal stability and shifts T-soo

towards higher temperatures, making it almost identical to the reference temperature, 393°C.

The maximum mass loss rate (dtemax) of the reference was 1.28%/°C, which was reduced to 0.63%/°C by ZnO.
However, dremax increased significantly for expandable graphite. Figure 3b) shows that the sample containing EG
showed a sudden mass loss at 296 °C. The explanation for this is the expansion of EG, which causes gases
generated during volume expansion to escape from the matrix, resulting in a sudden mass loss on the curve. This

may also affect drGmax. In the case of the mixed composition, we did not observe such a sudden decrease in mass.

The highest temperature corresponding to the maximum mass loss rate (Taremax) Was observed in the case of the
reference (409 °C). The samples containing ZnO only and ZnO and EG reduced Tircmax by nearly 20 °C. The

lowest TatGmax Was found in the sample containing only EG (296 °C).

3.1.2. UL 94 flammability test
The results of the UL 94 flammability test of the coatings are shown in Table 4. We did not perform tests on the
composites because the coating is applied only on one surface of the composite, so we would not obtain

representative results with this type of test. Figure 4 shows the behavior of different samples in the test.



Table 4: The results of the UL 94 flammability tests

Horizontal test Vertical test
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UPR no 20 - - significant no HB/20
UPR/ZnO no 26 - - moderate no HB/26
UPR/EG yes - no yes weak yes HB

The reference UPR samples and the samples containing ZnO had an HB rating in the horizontal test. The flame
spread rate increased to 26.10 mm/min with the addition of ZnO, but the flame was less sooty because of the
flame retardant effect, which is due to the carbon-forming properties of ZnO, as ZnO aids the carbonization
process, promoting the formation of a heat-insulating carbon layer that inhibits the release of flammable gases
and thus also reduces soot formation. This property promoted faster flame spread, but moderated smoke and soot
formation. In the case of samples containing EG, and both EG and ZnO, we observed that the flame went out
before the first signal in the horizontal test, due to the formation of a heat-insulating graphite layer during the
expansion of EG, which formed a physical barrier that inhibited combustion and prevented its further spread.
During the vertical test, we observed significant sparking in both compositions due to the expansion of EG. The
samples exhibited a sparkler-like phenomenon during burning, and glowing particles detached and fell. However,
in the case of the sample containing EG, the cotton wool placed underneath did not ignite, i.e., the combustion
was well localized, as the EG layer acted as a heat insulator. Despite the glowing particles, it did not generate

enough heat to ignite the cotton wool underneath.

In the case of the mixed composition, the combination of the two additives resulted in a more balanced effect.
ZnO further reduced soot formation. The synergistic effect of ZnO and EG promoted the formation of a stable,
non-combustible layer, which further limited combustion processes by reducing heat and oxygen access.
However, in the mixed samples, the cotton wool placed under the sample ignited because ZnO held together the
resulting carbonized layer, which absorbed a sufficient amount of heat, and the expansion of EG caused particles
to fall. The dripping pieces reached the ignition temperature, unlike the sample containing only EG, and ignited
the cotton wool. In the vertical test, all samples burned until they were clamped, so the samples were given an

HB rating.



b)
Figure 4: UL 94 tests: a) UPR, b) UPR/Zn0O, c¢) UPR/EG, d) UPR/ZnO/EG

3.1.3. GWFI test

The flammability properties of coated composites and the effectiveness of coatings were tested with a glow-wire
flammability index (GWFI) test. GWFI expresses the highest temperature at which the material extinguishes
within 30 seconds after being in contact with the glowing wire for 30 seconds. The UPR/GF+UPR _ctg sample
ignited in 7 seconds at 700 °C, burned with a flame 3—4 cm high, and the glow wire penetration depth was 4 mm.
The sample continued to burn for more than 30 seconds after the test, so we continued the test at 650 °C. At that
temperature, the sample did not ignite, only heated the coating and smoked, and the glow wire reached a
penetration depth of 2 mm. The UPR/GF+UPR ctg sample received a rating of 650/4. In the rating, the first
number indicates the highest temperature that complies with GWFI specifications, and the number after the "/"
indicates the thickness of the sample. Since the pure UPR-based coating did not contain any effective flame
retardant additives, it was able to ignite even at relatively low temperatures and burn for a long time. The high
penetration depth and sustained burning were due to the low thermal stability of the coating and the formation of
gases during combustion. The UPR/GF+ZnO _ctg sample ignited at a higher temperature. At 800 °C, it burned
with a 3 cm high flame, its ignition time was 3 s, and the glowing wire penetrated 1 mm into the coating. At 750
°C, the sample did not ignite, only smoked, with the glowing wire penetrating 1 mm. The UPR/GF+ZnO ctg
sample had a rating of 750/4. This is because ZnO improved the thermal stability of the coating and reduced the
amount of combustible gases produced during combustion, which was examined during cone calorimetry. Since
ZnO was present in the coating as an inorganic component, it increased the GWFI of the coating, as it only ignited
at a temperature 100 °C higher. The UPR/GF+EG_ctg sample ignited in 2—3 seconds at 960 °C, burned with a 7
cm high flame, and the incandescent filament penetrated 2 mm into the coating. During combustion, a 1.5-1.9
mm carbon foam formed around the ignition site. However, when the glowing wire was removed, the sample was
immediately extinguished, so the rating of the UPR/GF+EG_ctg sample was 960/4. The expansion of EG due to
combustion created a physical barrier between the oxygen and combustible components, reducing the chance and
intensity of continued combustion. The carbon foam also conducted the heat away from the polymer due to its

thermal conductivity, further hindering the continuation of combustion. The immediate extinguishing of the



sample after the removal of the glowing wire was due to the properties of EG, as it was structurally unstable and
disintegrated when the glowing wire was removed. The UPR/GF+ZnO/EG_ctg sample ignited at 960 °C within
1-2 seconds and burned with a flame height of 3 cm, with the glowing wire penetrating 1 mm into the coating.
During combustion, a 2.4-2.6 mm thick carbon foam formed. After removing the glowing wire, the sample was
extinguished within 5-6 seconds, thus the UPR/GF+ZnO/EG_ctg sample was classified as 960/4. The combined
use of ZnO and EG showed a synergistic effect. EG primarily formed a physical barrier through its expansion,
while ZnO chemically promoted the degree of carbonization and the stability of its structure. Figure 5 shows the
GWEFI samples after the test. All of the images show heavy discolorations. There were burn marks on samples
containing EG, and worm-like formations that had formed during the expansion of EG fell off the burnt surface,
thus reducing the functionality of the coating. This eliminates the thermal protection provided by the carbon foam,
and the layer underneath becomes flammable again. When EG and ZnO were used together, the carbon foam that
formed remained on the heated surface, providing a durable thermal protection layer and functioning as a
protective char layer that limited heat and oxygen transfer, thereby increasing the flame retardancy of the material.
The presence of ZnO helped to stabilize the carbonization process and maintain the structural stability of the foam

structure.

a) b) c) d)
Figure 5: GWFI samples after the test:
a) UPR/GF+UPR_ctg, b) UPR/GF+Zn0O ctg, ¢) UPR/GF+EG ctg, d) UPR/GF+EG/ZnO ctg

3.1.4. Cone calorimetry

Table 5 shows the results of cone calorimetry.

Table 5: Cone calorimetry results

TTI | pHRR | tyme | THR TSP | COY | COY | CO/CO, | MARHE | EHC | Frp | Residual
Sample mass
[s] [KkW/m?] [sl MIm?] | [m*m’] | [e/g] | [e/e] [-] [kW/m?] | [MJ/kg] [-] [%]
UPR 38 783 222 107.3 6073 | 007 | 1.77 | 0.039 465 3156 - 0.74
UPR/ZnO 35 726 130 124.0 4333 | 004 | 183 | 0.021 648 70 0.86 31.67
UPR/EG 19 262 90 1252 4408 | 0.04 | 1.88 | 0.024 198 401 1.28 5.89
UPR/ZnO/EG 34 303 173 78.8 1737 | 003 | 164 | 0.021 167 41 3.15 37.56
UPR/GF+UPR_ctg 44 485 133 69.0 3632 | 005 | 159 | 0033 238 19 - 52.49
UPR/GF+ZnO _ctg 42 517 125 87.5 3875 | 004 | 1.78 | 0.020 243 19 0.71 55.80
UPR/GF+EG _ctg 31 324 103 73.1 3397 | 005 | 1.76 | 0.028 154 19 0.99 54.79
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During the test, we examined the coatings on their own and on the surface of the composites. In the case of
coatings (without composites), the time to ignition (TTI) of the reference UPR sample was 38 s, but the coatings
containing flame retardants ignited sooner. The lowest ignition time (19 s) was observed in the sample containing

only EG, which can be explained by the fact that EG begins to act at lower temperatures, in good correlation with

the TGA results shown in Table 3.

The peak heat release rate (pHRR) decreased in all cases compared to the reference sample. However, the time to
pHRR (t,nrr) was lower than the reference value (222 s) for all flame retardants. The heat release curves (Figure
6) show that the reference sample is characterized by an intense and narrow peak, which shows that the sample
burns completely in a short time after a sudden heat release. The heat release curve of the sample containing only
ZnO is not as narrow, while the sample containing EG has a gradually declining curve. This is typical of
condensed-phase flame retardants, as heat release gradually decreases after the charred protective layer forms. In

the mixed sample, both the more intense peak characteristic of ZnO and the decay characteristic of EG can be

observed.
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c) d)
Figure 6: Cone calorimetry curves: a) CO; emission curves, b) CO emission curves, c) mass reduction curves, d) heat
release rate curves

Total heat release (THR) decreased compared to the reference only in the case of the mixed composition.
However, a significant decrease in total smoke production (TSP) was observed for all flame retardants, with the
lowest value produced by the mixed composition, which was 71% lower than the reference value. The maximum
average rate of heat emission (MARHE) decreased compared to the reference UPR, except for the UPR/ZnO
sample, while the effective heat of combustion (EHC) was lower in all the flame-retarded samples. The two flame
retardants together significantly reduced both MARHE and EHC values, from which we can conclude that flame
retardants mainly act in the condensed phase. The FRI value of the coating containing only ZnO is 0.86, indicating
poor fire retardancy. In the case of EG, this value increased to 1.28, while in the case of the mixed composition,

it was 3.15, which can be considered a good flame retardancy.

The reference sample burned almost entirely during the test, with only 0.74% of the mass remaining. The residual
mass increased due to the effect of the flame retardants, and in the case of the mixed composition, 37.56% of the
sample remained after burning. The increase in residual mass also suggests a condensed phase mechanism. Figure
6 a) and b) show that carbon dioxide (CO) and carbon monoxide (CO) emissions of the reference sample were

intense, but decreased considerably due to the flame retardants.

EG and ZnO individually and together reduced CO yield (COY) and the CO/CO: ratio, indicating more complete
oxidation and less gas from incomplete combustion. In the UPR/EG sample, CO: yield (CO:Y) increased and
COY decreased, as well as the CO/CO: ratio. Therefore, it can be concluded that EG promoted more complete
oxidation and that the protective layer inhibited soot and smoke formation. UPR/ZnO also increased CO2Y but
decreased COY and the CO/CO: ratio, suggesting that it promotes condensed-phase carbonization. The combined
flame retardants had the lowest COY, suggesting that the condensed-phase protective layer effectively reduced
the release of combustible gases and smoke formation.The TTI of the coated composites showed a similar trend
to the coatings. All flame-retardant samples ignited earlier than the reference. Only the UPR/GF+ZnO_ctg sample
did not reduce the pHRR, but the composites with EG, and EG and ZnO produced a significant reduction. Similar
to coatings, the peak heat release occurred earlier in coated composites, and the THR also increased compared to
the reference. The heat release curves show that a second peak began to form after the heat release decreased in
the case of coatings containing flame retardants. This second peak is due to the fact that after the coating burned,

the fire reached the composite matrix, causing the heat release to increase again.

TSP decreased compared to the reference (3632 m?/m?), except for the UPR/GF+EG/ZnO_ctg sample, and the
mixed sample had the lowest TSP, 2196 m*m*. The maximum average heat release rate was similar. The
UPR/GF/ZnO sample slightly increased the maximum average rate of heat emission, but EG, and EG and ZnO

together decreased it. The EHC decreased only with the mixed composition, while the residual mass increased in



all samples containing flame retardants compared to the reference UPR/GF/UPR sample. The trend in the FRI
values of coated composites is similar to that of coatings. The lowest FRI value is for the UPR/GF+ZnO ctg

sample, and the highest (1.01) is for the coated composite containing a mixed composition.

In coated UPR/GF composites, coatings with ZnO and EG reduce COY and the CO/CO> ratio compared to pure
UPR coating, suggesting a condensed-phase mechanism and more complete oxidation. The effects of EG and
ZnQO, both individually and in combination, increased CO; yield, indicating that the carbon layer formed by the
coating promotes more complete oxidation. The mixed composition sample had the lowest CO yield and CO/CO-
ratio, suggesting that the stable, thick carbon layer formed on the composite surface most effectively limits smoke

formation and the formation of partly oxidized combustion products.

Overall, mixed coatings significantly reduce the pHRR, TSP, MARHE, and EHC, while increasing residual mass.

However, they reduce the time to ignition and increase the THR.

3.1.5. Analysis of residues after combustion

Figure 7 shows the combustion residues of the reference UPR sample and coatings remaining after the cone
calorimetry tests. In the case of pure UPR, the 0.74% sample mass remaining in the cone calorimetry test consisted
only of soot/carbon residues. The samples containing ZnO had a stable structure, but ZnO enrichment was
observed in the upper layers, while the lower layers consisted only of blackened combustion residues. In the
sample containing only EG, there were worm-like formations characteristic of EG. Samples containing both ZnO

and EG showed the combined effect of the two additives.

&
A 20 mm

Figure 7: Structures remaining after cone calorimetry: a) UPR, b) ;;R/ZHO, ¢) UPR/EG, d) UPR?Z)HO/E G
Figure 8 shows SEM images of the combustion residues at 100x magnification. Figure 8a shows the residue
without flame retardant. Figure 8b shows samples containing only EG, where the characteristic worm shape is
clearly visible. Figure 8c shows a sample containing only ZnO, showing a thick layer of ZnO, which is closed
and only has cracks due to thermal expansion, as well as a few holes/gaps where the internal gases escaped. Figure

8d shows an SEM image of a sample containing both ZnO and EG, where the worm-like characteristics of EG



are also visible, but they are held together by ZnO intercalations and clusters, which is consistent with the effect

of ZnO observed in the UL 94 tests.

X188 188xum

a) b) c) d)
Figure 8: SEM images after combustion:
a) UPR combustion residue, b) UPR/ZnO combustion residue, c) UPR/EG combustion residue, d) UPR/ZnO/EG
combustion residue

The SEM-EDS tests show that the sample without flame retardant consisted only of carbon and oxygen, as well
as aluminum from the tray used during the test. However, due to its small amount, we were unable to perform a
representative analysis on the remaining combustion residue. In the coating containing only ZnO, the top layer
contained 2.30 m/m% carbon, 14.75 m/m% oxygen, and 82.95 m/m% zinc. The bottom layer of the combustion
residue contained 24.66 m/m% carbon, 15.39 m/m% oxygen, and 59.95 m/m% zinc. This can be explained by the
fact that ZnO accumulated in the upper layer during combustion, because ZnO is thermally stable and, as an
inorganic oxide, cannot decompose in the temperature range studied, unlike the organic matrix, which
decomposed and burned as a result of heat. The combustion and decomposition of the matrix material increased
the relative concentration of ZnO, especially in the surface zone, where the intensity of combustion was highest.
Furthermore, ZnO particles also migrated towards the surface through the heat-induced gas flows and the already
burned, porous matrix, which further increased their concentration [25] (Figure 9).

The combustion residue of the sample containing only EG consisted of 89.08 m/m% carbon and 10.92 m/m%
oxygen. The top layer of the coating containing both ZnO and EG had a combustion residue of 54.6 m/m% carbon,
9.17 m/m% oxygen, and 36.23 m/m% zinc. The bottom layer of the combustion residue contained 89.17 m/m%
carbon, 8.185 m/m% oxygen, and 2.645 m/m% zinc. Here, too, there was a zinc enrichment in the upper layers
of the coating containing only ZnO, but here the combustion residue had different proportions due to the high

proportion of excess carbon from the EG.

The concentration
of ZnO particles
increases on the
burning surface

as aresult
of burning

Charred layer

ZnO-enriched
zone

Zone with lower
ZnO enrichment

Figure 9: The process of char formation

3.2. Structural properties

3.2.1. Porosity tests



Figure 10 shows the results of the porosity testing of the coatings and the composite reference and coated
composites.
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Figure 10: The porosity of coatings and of coated composites

The porosity of the UPR sample was 0.3%, which did not change significantly due to the effect of expandable
graphite. In contrast, ZnO increased porosity to 2.4%. The reason for this is that expandable graphite has a lamellar
structure, so it does not significantly affect the flow of resin. In contrast, ZnO has an amorphous structure, which
allows air bubbles to remain between its particles. Furthermore, unmodified nanoscale ZnO particles tend to
aggregate, which makes the surface of the UPR matrix uneven. Another problem may have been that the difference
between the shrinkage rate of the ZnO aggregates and the UPR resin resulted in microcracks on the surface of the
sample [26]. With a mixed composition, we had higher porosity compared to the reference, and adding EG

reduced porosity compared to the sample containing only ZnO.

The porosity of the glass fiber—reinforced reference composite was 1.6%, which is significantly higher than that
of the UPR sample. This can be explained by the more air bubbles forming between the reinforcing materials.
The UPR_ctg sample had the lowest porosity of the coated composites at 0.3%. Since the coating did not contain
additives, the resin flowed more easily into the microcracks formed in the composite, reducing porosity. For
composites with coatings containing additives, results similar to those for pure UPR coatings can be observed.
The highest porosity was observed in the case of ZnO, which can be reduced by adding EG. The coating

containing only EG has lower porosity than the coating containing only ZnO or the mixed composition.

3.2.2. Hardness measurement

Figure 11 shows the results of Shore D hardness tests for coatings and coated composites.
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Figure 11: Shore D hardness of coatings and coated composites

The hardness of the reference UPR coating was 88 Shore D, consistent with literature data [27]. The additives
slightly modified the hardness. The effect of ZnO increased the hardness, which can be explained by its stiffening
effect. EG slightly decreased hardness (86 Shore D), which can be explained by the layered, porous structure of
the EG particles and the poorer adhesion between the UPR matrix and EG. The solid but mechanically deformable
graphite sheets of EG do not participate effectively in load transfer, thereby reducing the macroscopic hardness
of the material. Furthermore, EG can create local micropores in the matrix, which impairs its structural integrity
and contributes to a slight deterioration of mechanical properties, such as hardness [28]. In the case of mixed

compositions, ZnO did not significantly change hardness compared to the sample containing only EG.

The trend is similar in coated composites. The hardness of the uncoated reference was also 88 Shore D. The UPR
coating without additives reduced this to 87 Shore D, while ZnO increased it to 89 Shore D. The sample containing

only EG had the lowest hardness, which slightly increased when ZnO was added.

3.2.3. Adhesion and bending tests

In the case of coated composites, it is important to determine the adhesion between the surface of the composite
and the coating. We used a pull-off test to examine this. For coated composites, peel strength was nearly equal in
all cases, at around 2 MPa. The reason for this is that in all cases, it was not the coating that peeled off, but rather
the top matrix layer of the composite. This indicates cohesive failure in the samples. To obtain more accurate
adhesion results, we performed three-point bending tests.

During the three-point bending tests, we examined the test specimens in two different arrangements. In one case,
the coatings were on the compressed side, where we tested for possible external impact on the composite product.
In the other case, they were located on the tensile side of the test specimen. The results of the three-point bending

tests are shown in Table 6.



Table 6. Results of bending tests.

Flexural Modulus Deflection
of Deflection at when the first Coating
Sample name strength . . . .
elasticity | failure [mm] | crack appeared location
[MPa]
[GPa] [mm]
UPR/GF 486.0 65.8 5.6 - -
UPR/GF+UPR ctg 379.0 48.8 54 -
UPR/GF+ZnO_ctg 366.9 46.9 5.6 - Compression
UPR/GF+EG ctg 382.7 52.4 5.1 - side
UPR/GF+EG/Zn0O _ctg 3524 51.2 4.5 -
UPR/GF+UPR_ctg 343.3 60.6 4.9 2.6
UPR/GF+ZnO_ctg 317.9 57.0 5.5 1.5 Tension side
UPR/GF+EG _ctg 393.4 67.6 52 1.3
UPR/GF+EG/ZnO_ctg 332.0 60.8 5.1 1.0

The uncoated reference, the UPR/GF sample, had a flexural strength of 486.0 MPa, a flexural modulus of 65.8
GPa, and failed at a deflection of 5.6 mm. In both compression-type and tension-type tests, all coated composites
had lower flexural strength and deflection at failure than the reference. This is because the interface layer between
the matrix and the coating layer can be considered the weakest point of the system, leading to the localization of
failure. This is confirmed by the fact that failure occurred in the matrix—coating interface layer in both
compression-type and tension-type tests. The most significant difference between the two-sided tests was in the
mode of failure. Figure 12 shows the test curves for the different failure modes on the two sides. In the case of
compression-type tests, failure occurred in the adhesion boundary layer between the coating and the composite
in each test, with the coating remaining structurally intact on the composite. In the case of tensile-type tests, the
coating cracked at a given deflection level at the point of most significant deformation (in the middle of the
sample), parallel to the width of the test specimen, initiating failure. At the point of final failure, further cracks
appeared, resulting in the fragmentation of the coating.
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Figure 1: Typical bending curves for compression-type and tensile-type sides



Compared to samples coated only with UPR, the EG-coated sample exhibited higher flexural strength (382.7 MPa
and 393.4 MPa) and modulus on both the compressed and tensile sides, which was due to the layered and porous
structure of EG. EG contributed to more efficient load distribution and internal stress absorption, which increased
the load-bearing capacity and stiffness of the entire structure. However, EG is less resistant at the microstructural
level due to its structure, so the samples reached failure deflections sooner. Compared to samples coated with
UPR alone, ZnO slightly reduced the flexural strength and modulus of the sample on both the compressed and
tensile sides. This can be explained by the brittle, ceramic properties of ZnO, which made it less effective at
distributing the load. However, thanks to its more homogeneous, crystalline structure, ZnO was more resistant to
forming primary microcracks, thus increasing deflection associated with failure. When EG and ZnO were used
together, the strength of the samples remained lower than the flexural strength and modulus of samples with
coatings containing only EG, and the failure values were also lower than when the two additives were used. This
is because the combined use of EG and ZnO resulted in coatings with a higher degree of filling, which were more
brittle and prone to cracking. Also, the first cracks appeared on the tensile side at the lowest deflection when EG
and ZnO were used together. However, although the cracks appeared early, only the coatings applied in
combination remained intact during the tensile side tests but when EG and ZnO were not used together, they
typically flaked off during final failure. This property is advantageous, as in this case, the coating can remain on

the surface of the composite even when the composite—coating boundary fails.

4.  Conclusions
Multifunctional halogen-free coatings containing zinc oxide (ZnO) and expandable graphite (EG) effectively

enhanced the fire and mechanical performance of glass fibre—reinforced unsaturated polyester (UPR) composites.

For the coated composites, the combined use of ZnO and EG resulted in an 34% (from 485 kW/m? to 317 kW/m?)
reduction in the peak heat release rate (pHRR) and a 44% decrease (from 238 kW/m? to 131 kW/m?) in the
maximum average rate of heat emission (MARHE) compared to the pure UPR coating. Total smoke formation
was reduced by more than 70%. In glow wire flammability index tests, the ignition index increased from 650 °C

for the reference composite to 750 °C with ZnO, and to 960 °C with EG or with the combined ZnO-EG coating.

The synergistic effect between ZnO and EG generated a stable, cohesive intumescent char layer that acted as a
physical barrier, limiting heat and oxygen transfer. During combustion, ZnO promoted char formation and
crosslinking within the carbonaceous residue, effectively binding the expanded graphite structure. This
mechanism led to more controlled combustion, reduced heat release, and enhanced flame retardancy of the coated

composites.



Mechanical testing indicated that the additives did not influence the adhesion, while the ZnO-EG combination
showed improved toughness and superior crack dispersion under bending stress. The dense particle network

helped distribute microcracks, allowing the coating to retain its integrity and adhesion even under deformation.

In summary, the combined application of ZnO and EG is advantageous, as their synergistic interaction enhanced
the flexural performance relative to their individual use, and simultaneously improved the outcomes in the UL-
94, cone calorimetry, and GWFI tests. Such coatings are promising for use in applications in the future requiring
both structural strength and flame retardancy, such as electrical panels, vehicle components, and composite panels

in the construction industry.
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