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Abstract

Wood, which is flammable, is commonly used as a building material and can be improved
using a suitable surface treatment. A promising coating solution is polyurea, featuring
properties like flexibility, mechanical resistance, resistance against water, etc., but it is
also easily flammable. Expandable graphite (EG) is effective as a flame retardant and
environmentally suitable. In this study, we studied the suitability of polyurea improved
with EG. Spruce wood samples with dimensions of 50 mm × 40 mm × 10 mm were
divided into eight groups, each including five samples. Each group was subjected to two
applications of polyurea and EG in various combinations to examine the best combination
with the lowest mass loss. The second component of the experiments aimed to examine
the effectiveness of EG, which was applied in different weights. During the experiments,
samples were thermally loaded in an apparatus for 10 min, where a heat flux of 30 kW·m−2

was applied to the sample surface and the mass loss was continuously recorded. Lastly,
thermal analysis was performed. The best results were observed for the combination of
NEOPROOF mixed with 0.3 g of EG covered with NEODUR. The thermal analysis results
revealed substantial differences: NEOPROOF, a polyurea, had only one degradation step,
while NEODUR, which also contained polyurethanes, decomposed in several steps.

Keywords: polyurea; expandable graphite; mass loss; thermal analysis; fire protection;
spruce wood

1. Introduction
Wood remains one of the most important building materials in contemporary construc-

tion thanks to its renewability, excellent mechanical properties, ease of processing, and good
weight-to-strength ratio. Despite its many advantages, wood also has some weaknesses.
For example, it can be subject to biological damage caused by fungi and moulds, and is
susceptible to wood-destroying insects. The limited biological resistance of wood can be
significantly enhanced through chemical modification or heat treatment [1,2]. The thermal
decomposition of individual wood components (extractives, cellulose, hemicelluloses, and
lignin) produces flammable gases, such as hydrogen, carbon monoxide, and methane,
which ignite at sufficient concentration and temperature, posing a significant hazard when
using wood indoors and outdoors [3,4]. The flammability of wood limits its use in certain
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structural applications, leading to intensive research into effective, long-lasting fire pro-
tection systems. Mechanisms for increasing wood fire resistance include impregnations,
coating systems, and composite treatments that specifically increase the formation of a
non-combustible layer, reduce the rate of thermal decomposition, and delay ignition. The
effectiveness of these approaches depends on the retardant itself, its application method,
and its compatibility with the wood surface [5–7].

In addition to improving efficiency, the development and application of wood fire
retardants aim to minimise the degradation of wood over a long period of use and the
release of toxic gases in the event of a fire. The amount and toxicity of gases produced
during wood combustion depend on the oxygen supply and type of combustion, such as
flaming or smouldering. The presence of certain elements, such as nitrogen and halogens,
can also lead to the emission of hydrogen cyanide and hydrogen halides, increasing the
production of smoke and toxic substances. The primary smoke constituents produced by
wood burning are carbon dioxide, water, and carbon monoxide; however, the different
chemical composition of wood results in different product emissions. The dominant
products of wood combustion are furfural and levoglucosan from cellulose, and eugenol,
isoeugenol, vanillin, and guaiacol from lignin [8–10]. Moreover, nanoparticles appear to be
a promising type of wood flame retardant that can be applied using various methods, such
as vacuum-pressure impregnation, layer-by-layer technology, and spraying [11–13].

Current trends in flame-retardant technology involve the use of sustainable, eco-
logically friendly, and low-toxicity compounds, primarily derived from biomass. These
compounds include phytic acid, chitosan, arabinogalactan, and vanillin. They are easily
accessible, promote the formation of char, which effectively protects the wood surface, and
suppress combustion. The optimal flame-retardant coating would be easy to apply, exhibit
low flame spread, smoke, and toxic gas release, demonstrate good adhesion to the underly-
ing surface, be durable, and be cost-effective [9,14]. However, modern trends are focused
not only on bio-based raw materials but also on halogen-free synthetic compounds [15,16].

Expandable graphite (EG) is one such effective and environmentally suitable flame
retardant, used to protect various materials from fire, including polyurethanes, steel,
wood, and wooden materials. It is produced from natural graphite, most often under
the influence of sulfuric or nitric acid. When the onset temperature is reached, it begins
to swell dramatically, increasing its volume by between 100 and 400 times; this typically
occurs at temperatures ranging from 140 ◦C to over 300 ◦C, depending heavily on its grade,
flake size, and intercalating agents. The resulting layer insulates the material’s surface
from the effects of fire. For EG to be effective in protecting wood, it must be uniformly
distributed and adhere to the material’s surface. Wood has a porous, partially hydrophobic
surface; moreover, natural EG is in the form of flaky particles that tend to aggregate in
aqueous dispersions. Consequently, surfactants, dispersants, and surface-active agents are
commonly employed in EG-based coatings or impregnation bath formulations to enhance
wettability, particle dispersion, and suspension stability [11–13].

Due to the consistency of EG, which occurs in powder or flake form, a method for its
application to wood is crucial. Due to synergistic effects, EG can be added to commercial
flame retardants, e.g., HR Proof, Bochemit, and Flamgard, which have excellent adhesion to
the wood surface. Other surfactants that can be used are water glass, flour, nanocellulose,
cellulose ethers, etc. [5,17,18]. One of the most promising coatings used to protect various
surfaces is polyurea, a two-component elastomeric resin produced by reacting an isocyanate
with an amine. It produces an extremely durable and flexible coating that protects against
water, chemicals, and mechanical damage. It has a short curing time and a long service
life. For these reasons, the aforementioned coatings were chosen for this experiment over
other commonly used systems, such as MDI (methylene di-isocyanate) and TDI (toluene di-
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isocyanate). However, we intend to investigate these systems in future research. However, it
has limited fire resistance and can ignite, releasing flammable gases. This high flammability
can be effectively eliminated by adding a suitable fire retardant; ammonium polyphosphate
(APP) and expandable graphite are particularly effective [19–21]. APP is an effective flame
retardant that slows combustion in two ways. Firstly, it releases non-flammable gases
such as ammonia and water, which dilute the flammable gases and reduce the oxygen
concentration in the combustion zone. Secondly, it forms a carbon layer that acts as a
physical barrier, preventing heat and oxygen from reaching the surface of the material.
EG is a typical intumescent flame retardant. It is a form of graphite with an intercalated
structure that expands when heated. During preparation, sulfuric and/or nitric acids are
inserted into the spaces between the carbon layers. When exposed to heat, EG expands and
forms a bulky, insulating, worm-like layer that provides polymers with flame-retardant
properties. EG is currently widely used as a blowing agent and smoke suppressant [21–24].

The retarding effect of EG depends on many factors (type, particle size, onset tem-
perature, expansion rate, pH, carbon content, etc.). Another factor that needs to be taken
into account is the method of its application to the wood surface. Although considerable
research has already been conducted in this area, there are still possibilities to improve the
combination of the appropriate type of EG and surfactant in terms of retardation efficiency,
durability of the treated wood, toxicology in normal use and during combustion, aesthetic
aspects of the surface treatment, and economic cost of the protective coating used.

Norway spruce (Picea abies L.) has a long tradition of use in wood construction, as
well as for furniture and decorative materials. Thanks to its natural properties and good
mechanical characteristics, as well as the high yield of the trunk, it is a valuable tree species
with a wide distribution in central and north-eastern Europe. Spruce wood is also an
important resource for the pulp and paper industry [25–27]. Spruce wood was used in this
work due to its wide use in both exterior and interior applications.

This work aimed to find the optimal amount of EG in combination with two types
of polyurea (NEOPROOF Polyurea R, NEODUR Fast Track) in protecting spruce wood
against thermal degradation.

2. Materials and Methods
2.1. Materials

Norway spruce wood samples (Picea abies L.) measuring 50 mm × 40 mm × 10 mm
were used for the experiments. The 95-year-old trunk was harvested in the middle part of
Slovakia. Samples were divided into eight groups, plus reference samples, each group of
5 samples. For greater clarity, the samples are described in more detail in Tables 1–4. The
wood samples were conditioned in a climate chamber (temperature T = 20 ◦C and humidity
φ = 65%), as specified in the ASTM D 143-94 standard [28]. The Equilibrium Moisture
Content (EMC) was determined following the standard ISO13061-1:2014 [29], and density
was determined in accordance with standard ISO13061-2:2014 [30]. All experiments (except
for thermal analysis) were performed in five replicates, and the results are presented as the
mean and standard deviation.

Table 1. Samples with NEOPROOF Polyurea R.

Sample 1st Layer 2nd Layer 3rd Layer

PRO 1 g NEOPROOF – 1 g NEOPROOF
PEG 1 g NEOPROOF 0.25 g EG 1 g NEOPROOF
PEM 1 g NEOPROOF + 0.25 g EG (mixed) – 1 g NEOPROOF
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Table 2. Samples with NEODUR Fast Track.

Sample 1st Layer 2nd Layer 3rd Layer

DUR 0.4 g NEODUR – 0.4 g NEODUR
DEG 0.4 g NEODUR 0.25 g EG 0.4 g NEODUR
DEM 0.4 g NEODUR + 0.25 g EG (mixed) – 0.4 g NEODUR

Table 3. Samples with the combination NEOPROOF Polyurea R and NEODUR Fast Track.

Sample 1st Layer 2nd Layer 3rd Layer

PDG 1 g NEOPROOF 0.25 g EG 0.4 g NEODUR
PDM 1 g NEOPROOF + 0.25 g EG (mixed) – 0.4 g NEODUR
PDN 1 g NEOPROOF – 0.4 g NEODUR

Table 4. Samples with the combination NEOPROOF Polyurea R and NEODUR Fast Track with
different weights of EG.

Sample 1st Layer 2nd Layer 3rd Layer

PD0 1 g NEOPROOF – 0.4 g NEODUR
PD1 1 g NEOPROOF + 0.1 g EG (mixed) – 0.4 g NEODUR
PD2 1 g NEOPROOF + 0.2 g EG (mixed) – 0.4 g NEODUR
PD25 1 g NEOPROOF + 0.25 g EG (mixed) – 0.4 g NEODUR
PD3 1 g NEOPROOF + 0.3 g EG (mixed) – 0.4 g NEODUR
PD4 1 g NEOPROOF + 0.4 g EG (mixed) – 0.4 g NEODUR

2.2. Sample Preparation

The first group (PRO) was treated with two layers of NEOPROOF Polyurea R (Neotex,
Mandra, Greece), each of 1 g. The second group (PEG) was treated with two layers of
NEOPROOF Polyurea R (Neotex, Mandra, Greece) (each of 1 g), and between the layers,
0.25 g of expandable graphite (EG) Thermographite 25 K + 180 was added. EG was
obtained from a producer (Epinikon, Vodňany, Czech Republic), with 95% carbon content,
an expansion rate of 250, particle size of ca 180 µm, pH = 5–9, and a starting temperature of
180–220 ◦C. The third group (PEM) was treated with 1 g of NEOPROOF Polyurea R, mixed
with 0.25 g of EG, and then 1 g of NEOPROOF Polyurea R was applied (Figures 1 and 2).
The fourth (DUR), fifth (DEG), and sixth (DEM) groups of samples were treated under the
same conditions, but 0.4 g of NEODUR Fast Track (Neotex, Mandra, Greece) was used
instead of 1 g of NEOPROOF Polyurea R (Figures 3 and 4). The seventh group (PDG)
was treated with 1 g of NEOPROOF Polyurea R, 0.25 g of EG was then added, and the
last layer was 0.4 g of NEODUR Fast Track. The last group (PDM) was treated with 1 g
of NEOPROOF Polyurea R mixed with 0.25 g of EG, and then 0.4 g of NEODUR Fast
Track was added (Figures 5 and 6). Before the second layer of NEOPROOF Polyurea R or
NEODUR Fast Track was applied, samples were left to dry for 24 h. Layers were applied in
a thin layer with a brush. Before testing, samples with all layers of material were left to dry
for one week.

 

Figure 1. Samples PRO, PEG, PEM.

https://doi.org/10.3390/coatings16020231

https://doi.org/10.3390/coatings16020231


Coatings 2026, 16, 231 5 of 13

 

Figure 2. Samples PRO, PEG, PEM with all layers.

 

Figure 3. Samples DUR, DEG, DEM.

 

Figure 4. Samples DUR, DEG, DEM with all layers.
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Figure 5. Samples PDG, PDM.

 

Figure 6. Samples PDG, PDM with all layers.

2.3. Thermal Loading

Samples were thermally loaded into an apparatus for 10 min, where the heat flux
on their surface was 30 kW·m−2, their distance from an infrared heater was 40 mm, and
mass loss was continuously recorded. The apparatus consisted of a ceramic horizontal
thermal infrared heater with a constant electrical power of 1000 W (Ceramicx, Cork, Ireland)
and a PS 3500.R2 electronic balance (Radwag, Radom, Poland). A schematic showing the
arrangement of the experimental equipment can be found in our previous work [31].

Spruce wood samples of the same dimensions were thermally loaded into the appara-
tus for 10 min, and their mass loss was recorded at the same time. These samples featured
a layer of NEOPROOF Polyurea R 1 g mixed with EG, with weights of 0.4 g (PD4), 0.3 g
(PD3), 0.25 g (PD25), 0.2 g (PD2), and 0.1 g (PD1) and one layer of NEODUR Fast Track
0.4 g, which was applied after 24 h, one sample group had no EG, and was left to dry
for a week. One set of samples had only a combination of NEOPROOF Polyurea R 1 g
with NEODUR Fast Track 0.4 g (PD0). For clarity, information about individual samples is
provided in Tables 1–4.

2.4. Thermal Analysis

Thermal analyses were carried out using a NETZSCH STA 449 F3 simultaneous ther-
mal analyser (NETZSCH Gerätebau GmbH, Selb, Germany). Experiments were performed
in an atmosphere within a temperature range of 25–600 ◦C, with a heating rate of 10 ◦C·min−1.
Data were acquired and analysed using NETZSCH Proteus software, version 8.0.3.
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3. Results and Discussion
The average measured density of the tested samples was 456 ± 95 kg·m−3, which

is consistent with data from other authors [25,32], and the EMC was 11.83 ± 0.08%. The
experiments were divided into two parts. The first one targeted the best combination of
used surfactant with expendable graphite (EG) and the best method for its application. In
our previous work, we found no correlation between particle size and mass loss or burning
rate when using EG particles measuring between 90 and 500 µm. EG Thermographite
25 K + 180 with a particle size of 180 µm produced the best results; therefore, it was chosen
for the experiments in this work [33].

Samples with NEOPROOF Polyurea R and EG had the highest mass loss results, with
mass loss reaching up to 88.57% in the case of PRO and only 21.37% in the case of PEM.
Similar results were obtained by Dukarski et al. [34] and Rong et al. [35] in their studies on
flame-retardants in combination with polyurea. It is necessary to highlight that the mass
loss of PRO samples was even higher than that of the reference (REF) samples. During the
experiments, PRO samples started burning, which lasted for approximately 7 min; on the
contrary, REF samples burned only for approximately 4 min. Polyurea burning is caused by
the presence of oxygen in its chain and due to its organic nature. PRO samples lost 88.57%
of their initial mass (Figure 7), which is consistent with the assertion of Dukarski et al. [34].

Figure 7. Relative mass loss of samples treated with NEOPROOF Polyurea R.

Better results were observed in the case of samples with NEODUR Fast Track and EG.
Similarly to previous samples, where only NEODUR Fast Track was applied, the highest
mass loss was obtained, reaching 50.83%. Conversely, DEG and DEM samples reached
mass losses of only 21.37% and 22.21%, respectively. This indicates that the combination of
EG with NEODUR Fast Track might have a positive effect on the fire resistance of wood
(Figure 8). Note that polyurea on its own produces volatile flammable products when
exposed to heat; thus, it has a short ignition time [36]. Moreover, even though NEODUR
Fast Track and NEPROOF Polyurea R have different chemical compositions, their resistance
rates to fire in combination with EG (samples PEM and DEG) are very similar to each other,
and the difference between their mass losses is approximately 1%.

In taking into consideration the results of the PEM, DEG, and DEM samples, it is
evident that the combination of NEODUR Fast Track and NEOPROOF Polyurea R with
EG might be an eligible option for lowering mass loss and can be used in construction as
a material with better fire resistance. The last samples were subjected to an application
of NEOPROOF Polyurea combined with NEODUR Fast Track and EG. This combination
with EG achieved the best results in terms of mass loss, which reached up to 12.13% and

https://doi.org/10.3390/coatings16020231

https://doi.org/10.3390/coatings16020231


Coatings 2026, 16, 231 8 of 13

16.61% in the cases of PDM and PDG samples, respectively (Figure 9). These findings are
consistent with those of Underhill et al. [37], who studied the fire resistance of polyurea
with added flame retardants, also with EG. They also suggest that the addition of EG can
lower the peak of HRR, no matter the formulation of polyurea [37].

Figure 8. Relative mass loss of samples treated with NEODUR Fast Track.

Figure 9. Relative mass loss of samples PDN, PDG, and PDM.

During the experiments where EG was applied, it did expand, meaning the mass loss
was slowed thanks to the flame-retardant effect of EG. As can be seen in previous figures,
the method in which EG was applied did not play a big role in mass loss. More importantly,
it played a role in the application of NEOPROOF Polyurea R or NEODUR Fast Track to
the top layer. It is necessary to find the best method for the application of EG, since it is
in the form of fine flakes. Several studies have applied EG mainly with water glass and
conducted tests with nanocellulose or polyurea material [21–23]. In our research, the best
method, in terms of application, was to mix EG with NEOPROOF Polyurea R and cover it
with a layer of NEODUR Fast Track.

Considering the results from the first part of the research, the second part of the
experiments was focused on lowering the amount of EG, while preserving its retardant
properties. As shown in Figure 10, EG has a significant effect on fire resistance, which is in
accordance with the observations of Mariappan and Wilkie [38], who studied the effect of
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different expansion temperatures and particle sizes of EG with polyurea [38]. The amount
of EG plays a significant role—mass losses vary depending on the amount of EG used.
Similar results were obtained by Focke et al. [39], who studied the effectiveness of 0, 5, 10,
and 20 wt% of EG added to PVC, as well as Shafigullin et al. [40], who studied the effect
of EG on rigid polyurethane foams. The best results were obtained from sample PD3, for
which the mass loss was 12.14%. Interestingly, samples PD4 and PD25 have very similar
results; their mass loss was 13.35% and 13.31%, respectively. These results show that the
use of 0.25 g of EG might still be effective, and it is the lowest amount of EG that might be
used for fire protection treatment. On the contrary, in comparing the differences between
weights of EG, only 0.05 g of EG has a significant negative effect on the fire protection
ability of EG. This can be seen in the difference in mass loss between samples PD25 and
PD2, which in this case is 8.82%, and similarly in the difference between PD1 and PD2, with
a difference of 25.5%. Evidently, the worst results were obtained with sample PD0—mass
loss was only slightly lower than in the REF samples, meaning that at some point, polyurea
can support burning due to its flammability [34]. These significant differences in mass loss
between the samples are caused by EG; since it allows the formation of an isolation layer,
volatile products may diffuse in a slow manner, and the mass loss is slowed as a result [40].
With only 0.1 g of EG, the mass loss is still slowed (47.63%), but in comparison with PD2,
for which the mass loss is 22.13%, its effectiveness is not as high, but still applicable. From
an economic perspective, it is appropriate to use 0.25 g of EG per 20 cm2 sample, which
is equivalent to 125 g·m−2. Further additions of EG do not improve the fire resistance of
spruce wood (Figure 11).

Figure 10. Mass loss at different amounts of EG.

Polyurea coatings possess excellent physicochemical and mechanical properties, which
vary depending on their chemical composition and determine their specific areas of applica-
tion. Other properties that depend on the chemical composition include fire resistance. Al-
though the two products used in our work (NEODUR Fast Track and NEOPROOF Polyurea
R) have Euroclass F fire resistance, they have different thermal stabilities (Figures 7 and 8).
NEOPROOF Polyurea R, a polyurea, has significantly lower fire resistance than NEODUR
Fast Track, a mixture of polyurea and polyurethane. Substantial differences are also evident
in the thermogravimetry (TG) and differential thermogravimetry (DTG) curves of both
products (Figures 12 and 13). NEOPROOF Polyurea R shows only one degradation step,
with the maximum weight loss rate occurring at 389 ◦C. Additionally, a single degradation
step was observed in the thermal analysis of polyurea, with maximum weight loss occur-
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ring at 413 ◦C [41]. The difference in the observed temperatures is due to their different
manufacturers.

Figure 11. The comparison of mass loss at different amounts of EG. (Sample designations are in
Table 4).

 

Figure 12. TG and DTG thermograms of Polyurea NEOPROOF Polyurea R.

NEODUR Fast Track, which contains polyurethanes, decomposes in several stages.
The DTG thermogram shows five decomposition peaks, with the first occurring at 198 ◦C.
The peak at 396 ◦C may correspond to polyurea, with the highest decomposition tempera-
ture observed at 472 ◦C. The greatest weight loss rate in a polyurea-polyurethane hybrid
was observed at 354 ◦C and 411 ◦C, respectively [42,43].

Filip et al. [44] conducted thermal analysis of polyurethane in a nitrogen atmosphere
and observed three stages of decomposition, with maximum losses occurring at tempera-
tures of 260 ◦C, 346 ◦C, and 412 ◦C. During the thermal decomposition of the NEODUR
Fast Track sample, gases are gradually released, reducing the oxygen concentration and
slowing down combustion compared to the NEOPROOF Polyurea R sample, where decom-
position only occurs at higher temperatures. Various gaseous products have been identified
during the thermal degradation of polyurea and polyurethane, including carbon dioxide,
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hydrogen cyanide, propylene, n-butylene, tetrahydrofuran, carboxylic acids, aldehydes,
and ketones [45,46].

 

Figure 13. TG and DTG thermograms of Polyurea NEODUR Fast Track.

4. Conclusions
This study examined the appropriate blend of two polyurea types (NEOPROOF

Polyurea R and NEODUR Fast Track) and expandable graphite (EG) (Thermographite
25 K + 180) to enhance the fire resistance of spruce wood. The advantages of polyurea
coatings, including durability, waterproofing, and chemical resistance, were combined
with EG’s ability to create an intumescent layer, which significantly reduces wood burning.
Thermogravimetry and derivative thermogravimetry revealed notable variations in the
thermal resistance of the two polyurea coatings. NEOPROOF Polyurea R decomposes in
a single stage, with a pronounced loss in resistivity; NEODUR Fast Track decomposes
in multiple stages, with the resulting gases reducing oxygen concentration and thereby
improving thermal resistance. Adding EG to both coatings significantly enhances the fire
resistance of spruce wood, and the optimal amount to add was determined, as was the
most suitable combination of the two polyurea coatings. The result is an effective, non-
toxic, economical fire-retardant coating for wood. Further research is needed to identify
other suitable coatings to be combined with expandable graphite to provide effective fire
protection for wooden materials. The coating should be fast-curing and high-strength.
It should be paintable and suitable for exterior and interior applications. It should be
resistant to mechanical and chemical influences, and UV radiation. It is expected to also be
economically acceptable and not produce toxic gases during thermal decomposition.
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