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Low cost paints reinforced with an Al,O3z/Y,0z/
graphene nanocomposite for fire-resistant wood
coating applications

Ahmed El-Tantawy,? Ibrahim M. Hassan,” Omayma A. El-kady,® Ahmed. I. Ali, () *<¢
Jong Yeog Son ) *9 and Nasser. M. Ayoub?

Low-cost eco-friendly 10wt%Al,Oz/5wt%Y,Oz/graphene (graphene nanosheets (GNSs): 0.5, 1.0, 1.5, 2.0,
2.5wt%) nanocomposite powders were fabricated using a powder metallurgy technique. X-ray diffraction
and FE-SEM confirmed that the phase and morphology of the surface are homogenous and crack-free
with nanoscale particles. Thermal analysis (TGA/DSC) confirmed the decomposition sequence as a
function of temperature. Furthermore, X-ray photoelectron spectroscopy (XPS) was investigated in a
comparison between samples of two compositions of oxygen, aluminum, and yttrium atoms at 75 eV,
158 eV and 158 eV at the equivalent of 1200 cps, 4200 cps, and 4600 cps, respectively. The results for
fire resistance confirmed the impact of GNS percentage on fire resistance and fire endurance, and in a
rising temperature test. In addition, compared with the period in previous experiments (35 s), the sample
with paint with 10wt%ALO3/5wt%Y,03/2.5wt%GNSs (2.5 g of graphene) had a fire resistance time of
887 s at T = 190 °C. Thus, the present work demonstrated that low-cost and easily fabricated AlL,Oz/
Y,03/GNSs nanocomposite powders enhanced the properties of the wood-paint to be a good

rsc.li/materials-advances

1. Introduction

One of the most important types of crisis and disaster worldwide
is fire, especially in homes with wooden foundations. The rapid
spread of fire leads to disasters and a great loss of people and
wealth in wood. Fire accidents spread worldwide and cause a
great amount of global destruction, whether material or mental.
Surface coating is a process undertaken to protect structural
materials from harsh environmental problems such as
corrosion,’ mechanical abrasion,” and biofouling, and ameliora-
tion of fire hazards involves a multibillion-dollar market applied
in residential, industrial® and defense industries. The total costs
every year associated with these everlasting problems caused by
lack of effective materials are enormous.* Fire incidents in
transport, mainly involving private vehicles on public roads,
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candidate in fire resistance applications.

but also other types of transport including trains, aircraft and
ships of numerous kinds, can have disturbing effects, resulting
in mass loss of life and the destruction of buildings, infrastruc-
ture and personal property. It is also important not to under-
estimate the behavior of fire and its different characteristics.
Typical fire development occurs over four consecutive stages:
incipient, growth, fully developed and decay, with each stage
having varying degrees of risk as the fire develops to the point of
flashover and steady burning, where the involvement of fire-
fighters becomes critical.®

Fire resistance is a critical feature; it includes the ability of a
material or structure to resist fire or to slow down its rate. Fire
safety is a serious matter everywhere and alarm is increasing in
all nations because of the growth in the number of people and
due to house construction materials. There are new cities
consisting of some big buildings that are made using a diversity
of inflammable materials causing alarm about fire safety. Lack
of fire resistance is becoming a particular risk to life and
protection of property. Although around the world there are
several countries where buildings may be found that are not
constructed according to a known standard of building codes.®

Based on the above scenario, due to the responsibilities of
fire precautions, health and safety has become one of the
subjects of study for researchers, with some groups searching
for fire resistance and others searching for improvements in
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materials against fire such as coatings, whilst different groups
are working on the computation of ways to protect humans
from accidental fires.” Researchers have developed several
compositions to enhance fire resistance in materials and
structures. They have designed compositions with thermal
stability at high temperature to avoid the quick spread of
fires.® Some common compositions include fire-resistant coat-
ings, containing fire-retardant chemicals that afford a shielding
sheet, avoiding explosion and the spread of fire.>'® Intumes-
cent coatings expand when subjected to warmth, founding an
insulating layer that shields the original material. Moreover,
there are excellent fire-resistant materials with insulation prop-
erties, such as cement-based mixtures, mineral wool, fiberglass,
or foam, and specific glass compositions can be used to
enhance fire resistance by reducing heat transfer."’ Composi-
tions for fire resistance play a vital role in minimizing damage
and ensuring the safety of individuals. Wood coating still needs
more research to find candidate materials for application to fire
safety. By incorporating effective compositions and materials,
structures can withstand high temperatures and slow down
the spread of flames. Factors such as temperature tolerance,
ignition resistance, structural integrity, and smoke emissions
play a crucial role in determining the overall fire resistance of a
material or structure. By prioritizing fire resistance, we can
mitigate risk and create safer environments for all.'>"?

Fire resistance in applications of composites to wood is of
extreme importance to ensure safety and protect valuable structures.
By incorporating fire-retardant additives, utilizing surface
treatments, or exploring alternative composite materials, the
fire resistance properties of wood composites can be signifi-
cantly enhanced. However, challenges related to durability,
cost-effectiveness, and environmental impact must be
addressed to pave the way for future advances in this field."*
The development of highly fire-resistant wood composites is
within reach, providing a promising solution for a wide range
of applications.’>'® The coating process is defined as the
application of a layer of material that covers the surface of a
bulk material to achieve specific properties. The search for
materials that can resist fires, such as paint for wood or
coatings using different composites is in the spotlight.’*"”

Surface and bulk material protection is the major goal of
functional coatings in the fight against corrosion, fouling,
mechanical wear, microorganisms, and environmental damage,
and for fire resistance.® Similarly, coating materials are extensively
used in military applications, marine industries, medical instru-
ments, electronic devices, and everyday household appliances.'® A
new generation of materials with high thermal stability has been
developed to add to paints for protection against the spread of
fire.'®2° Substrates, such as wood and various metals, have been
coated to make them more fire-retardant.>'

Nanomaterials have revolutionized the field of fire resis-
tance by offering unique solutions to combat fire hazards. With
their exceptional properties and structures, nanomaterials like
carbon nanotubes, graphene oxide, metal oxide nanoparticles,
nano-clay, and nano-aluminum have significantly enhanced
the fire resistance of various materials. The incorporation of
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these nanomaterials into polymers, coatings, and composites
has shown promising results in mitigating the risks associated
with fire.>>?* Thus the goal of the present work is focused on a
fire-retardant coating and finding nanocomposites to apply to
many organic and inorganic substrates for fire protection by
reducing the spread of flames and reducing heat transmission.’
Y,03, Al,O3, and graphene nanocomposites have been proposed
to show exciting opportunities for increasing highly effective fire-
resistant materials. The combination of both Y,O; and Al,O;
gives the paint thermal stability as well as graphene’s electrical
conductivity and mechanical strength creating a powerful
defense against fire. With this research, these composites hold
significant potential to revolutionize fire safety across various
industries, ultimately saving lives and overcoming the over-
whelming influence of fires.

In this article, we fabricated nanocomposites of Al,05/Y,03/
graphene with a different ratios of graphene for fire resistance
using a powder metallurgy technique. Characterizations includ-
ing XRD, SEM, TGA/DSC and XPS were done on the samples.
Experiments to check the fire speed rate were investigated. Our
experimental data for painting composites can be used as an
indication of fire safety for wood fire-resistant applications.

2. Experimental methods

2.1. Materials and composites

2.1.1. Powder preparation. Graphene nanocomposites
were fabricated using a powder metallurgy technique. Graphene
nanosheet powder with a particle size of 3-10 um and a purity of
99.6%, yttrium oxide (Y,03) powder with a particle size of 4-5 um
and a purity of 99.7, and aluminum oxide (Al,03) powder with a
particle size of 3 pm were used for the preparation of five
nanocomposites,”* ¢ graphene nanosheets (0.5, 1.0, 1.5, 2.0,
and 2.5wt%) were added to samples of 5wt%Y,03/10wt%Al,0;.
The samples with different ratios of GNS nanocomposites were
prepared by a mechanical alloying technique with a 10: 1 ball to
powder ratio at 100 rpm for 24 h of milling time; to avoid any
oxidation, 2wt% ethanol and argon gas were used during the
milling process. 20wt% of each composition was added to paints
which were used to coat a wood substrate. The phase and
microstructure of 10wt%Al,05/5wt%Y,03/GNSs powders and
the consolidated composites were investigated by both X-ray
diffraction and scanning electron microscopy.'® Thermal analy-
sis (TGA/DSC) was recorded with temperature rising from room
temperature up to 550 °C for all the consolidated composites.
X-ray photoelectron spectroscopy (XPS) was used to study
the two prepared powder mixtures of 10wt%Al,0z/5Wt%Y,05/
0.5Wt%GNSs and 10wt%Al,0,/5wt%Y,05/2.5wt%GNSs.

2.1.2. Wood samples. Plywood is a composite material
manufactured from thin layers and it is an engineered wood
from the family of manufactured boards, which also include
medium-density fiberboard (MDF), oriented strand board
(OSB), and particle board (or chipboard).'® Plywood of a density
of around 150-250 kg m™*, purchased from a wood factory

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table1 Nanocomposite powders used as reinforcement material for paints

Sample Al,O4 Y,0; Graphene Paint Total
1 0 0 0 100 100
2 10 0 0 90 100
3 10 5 0 85 100
4 10 5 2.5 82.5 100
5 10 5 5 80 100
6 10 5 7.5 77.5 100
7 10 5 10 75 100
8 10 5 12.5 72.5 100

(Ismailia City, Cairo) was prepared with dimensions of 100 x
100 x 6 mm?® and dried in an oven at 100 °C for 24 h."*

2.1.3 Wood paint. The basic components of the paint consist
of calcium carbonate, calcined clays, titanium dioxide, resins,
ketones, dryers, stabilizers, silicones, oligomers, and sodium
benzoate."® This composite was prepared by a mechanical milling
technique at 100 rpm, with a 10:1 ball to powder ratio for 24 h.
Then 20% of this composite powder (10wt%Al,03/5wWt%Y,03/
0.5wt% GNSs) was added to the paints on a wood substrate of
100 x 100 x 6 mm?® dimensions with 3 4 0.2 paint thickness.

2.2. Characterization

2.2.1. X-ray diffraction for powders. The drying model used
for the wood simple with dimensions 220 x 220 x 1.5 mm was
168 hours at room temperature. The paints reinforced with the
prepared composite powders were used to treat the wood species
by heat radiation of 25 kW m~? in the horizontal orientation
during the test. SEM-XPS-XRD tests were used as follows.>

The microstructures (SEM) were investigated for a powder
mixtures consisting of pure Al,O; nanoparticles, 10wt%Al,05/
5Wt%Y,0;, and 10wt%Al,05/5wt%Y,05/xwt%GNSs (x: 0.5, 1,
1.5, 2, 2.5) on sample-coated wood with dimensions of 1 x
1 cm® The quantities of paint mixed with the nano mixture
were as shown in Table 1.

2.3. Experimental measurement technique

Different proportions of graphene nanosheet by weight percen-
tage of graphene (0.5, 1, 1.5, 2, 2.5) were mixed with 5wt%
yttrium oxide and 10wt% aluminum oxide. The samples were
dried at room temperature for 7 days before starting all the
investigations. A flat cylinder with a thickness of 5 mm, 50 mm
diameter was installed on the base to accommodate a fire
candle, through which the fire was ignited on the sample, as
shown in Fig. 1,"” which shows a firing system for wood without
paint, wood with paint free from any additives, and wood
coated with paints with the prepared composite powders.

2.4. Coating preparation

The prepared nanocomposite powders used as a reinforcement
material for the paints are shown in Table 1. The paint
reinforced with the manufactured nanocomposites was coated
on the surface of the wood substrate and dried at room
temperature for at least 168 h, where the thickness of the
fire-resistive coatings was 3 + 0.2 mm."’

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Fire resistance test system according to Iranian patent no. 6723218

2.5. Fire resistance test

A fire resistance experiment was used to evaluate the perfor-
mance of the paints reinforced with Al,05/Y,03/graphene nano-
composites. The experimental device is shown in Fig. 1. The base
of the model had dimensions of 220 x 220 mm?, and the
model holder was installed on the base. A circular piece was
installed on the base to hold the fire candle.?® This experiment
was repeated many times to ensure the reproducibility of the
results.

3. Results and discussion

3.1. Microstructure of the fabricated paints

The developed composite powders dispersed in the paints at
20wt% were characterized with a scanning electron microscope
(SEM) to analyze the homogenization and bonding between the
constituents. This test depends on an electron beam to scan
and magnify the images. SEM micrographs were obtained of
samples containing: (a) pure Al,O3, (b) 10Wt%Al,03/5Wt%Y,03,
(c) 10wt%Al,0,/5Wt%Y,0,/0.5wt%GNSs, (d) 10wt%Al,05/5wt%-
Y,0,/1wt%GNSs, () 10wt%Al,0,/5wt%Y,05/1.5wt%GNSs, (f)
10Wt%Al,05/5Wt%Y,05/2wt%GNSs, and (g) 10wt%Al,05/5wt%-
Y,03/2.5wt%GNSs. The microstructure of the paint samples
was reinforced with 10wt%Al,05/5wt%Y,03/xwt%GNSs (x: 0.5,
1.0, 1.5, 2.0, 2.5). All the samples show good homogeneity for all
the constituents. As the percentage of graphene increases,
some agglomeration takes place due to the high surface area
of the graphene nanosheets.”" The process during the fire, and
the results showed a random distribution of graphene nanosheets
on the samples, as seen from SEM. XRD results showed only the
peaks corresponding to Al,O; and Y,O;, while graphene could
not be detected due to its very low ratio. Yttrium and aluminum
oxides were distributed homogeneously in the samples, and
the results showed that aluminum oxide and yttrium oxide
are very closely integrated inside the paints. In addition, no
deposits were detected on the samples, and the tests were done
using a model with a metal base with a metal holder installed in
the end.

Mater. Adv., 2024, 5, 7377-7386 | 7379
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Fig. 2 SEM micrographs of samples containing: (a) pure Al,Osz, (b) 10Wt%AlLO3/5wt%Y,03, () 10wWt%AlLO3/5wWt%Y,03/0.5wWt%GNSs, (d) 10wt%Al,Oz/
5wt%Y,03/1wt%GNSs, (e) 10wt%ALO3/5wt%Y,03/1.5wt%GNSs, (f) 10wt%ALO3/5wt%Y,03/2wt%GNSs, and (g) 10wt%AlLOz/5wt%Y,03/2.5wt%GNSs.

Generally, there is no great difference between the micro-
structures of all the samples.>* A good homogenous distribution
of all the constituents is the paint matrix was observed. In the
microstructure, it appears that the graphene nanosheets have
covered the entire area with a small distributions of Al,O; and a
smaller distributions of Y,0; (Fig. 2).

7380 | Mater. Adv., 2024, 5, 7377-7386

3.2. X-ray powder diffraction

The XRD patterns for Al,0;, Y,0;, and graphene, and for
composite powders of 10wt%Al,03/5wWt%Y,05/0.5Wt%GNSs
and 10wt%Al,03;-5wt%Y,05/2.5Wt%GNSs nanocomposite pow-
der are shown in Fig. 3 and 4, respectively. The presence of
sharp mean peaks for Al,O; and Y,0; in the two samples of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The XRD test of element powders and mixture powders (a) Al,O3
powder, (b) Y,O3z powder, (c) graphene powder.

0.5wt% and 2.5wt% doped-graphene can be observed. However
for the samples containing a low GNS ratio, carbon core peaks
were not detected. Moreover, the undesirable Al,C; carbide
phase did not appear. But for the samples containing a low GNS
ratio (5), the carbon peaks did not exist because the XRD device
cannot detect ratios lower than 2%.>” The Raman spectrum of
graphene is presented in the upper panel of Fig. 4(a) to confirm
the structure of graphene.

3.3. Thermal analysis (TGA/DSC)

Thermal analysis (TGA/DSC) is a standard technique used to
analyze materials with temperature. TGA involves estimation of
the weight loss during an applied heating process. But deferential
scanning calorimetry (DSC) can show whether the sample absorbs
or emits energy during heating. In this research, experiments were
done on paint samples containing 0.5wt% and 2.5wt% GNSs only.

3.3.1. Thermogravimetric analysis (TGA) for a 0.5wt% gra-
phene nanosheet sample. Fig. 5 shows the curves for decom-
position of fire-retardant coating during two temperature stages
from 55 to 201 °C and from 201 to 400 °C. The first stage at 55—
201 °C, due to the dehydration and volatilization of any moisture
from internal gases, corresponds to a small mass which is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) the Raman spectra of graphene powder, and (b) 10wt%Al,O3z/
5wt%Y,03/2.5wt%gGNSs and 10wt%Al,Oz/5wt%Y,03/2.5Wt%GNSs nano-
composite powders.
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equivalent to a small weight loss (less than 12% by weight).
The second stage ranging from 210 °C to 400 °C results from
the removal of the basecoat and yttrium oxide composition,*
consistent with a strong (TGA) peak and large weight loss
(>55wt%), which forms the coke bed. The primer breaks down
to release a non-combustible gas, which leads to the formation of
bulging char.

3.3.2. Thermogravimetric analysis (TGA) of a 2.5wt%
graphene nanosheet sample. A specific heat curve for the fire-
resistant layers is shown in Fig. 5, and the curves for fire-resistant
coating basically show decomposition in two stages at tempera-
tures ranging from 65 to 210 °C and from 210 to 400 °C. The first
stage at 65-210 °C is caused by the dehydration and volatilization
of a small amount of decomposed water and gases, which is
equivalent to a small weight loss of graphene (less than 25% by
weight). The second stage from 210 to 400 °C,**?° results from the
removal of the base layer and the combination of aluminum oxide
with a mixture of yttrium acetate, consistent with a strong (TGA)
peak and large mass loss (>75wt%), which forms the charred
layer. The primer breaks down to release a non-combustible gas,
creating a layer of smoldering black char. TGA for the
sample containing 2.5wt% GNSs provides an indication for
determining the quantitative composition of graphene and

Mater. Adv., 2024, 5, 7377-7386 | 7381


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00552j

Open Access Article. Published on 15 August 2024. Downloaded on 6/13/2026 3:21:55 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
108
TGA
(a)
106 F 10Wt.% AL, 0, -5Wt.%Y,0,/0.5GNSs
g
= 104
2
2
& 102
o
=
100
10Wt.%AL,0, -5Wt.%Y,0,/2.5GNSs
98 1 L 1 1 1 1 1
50 100 150 200 250 300 350 400
T(CE)
e DSC 10Wt.%AL,0, -5Wt.%Y,0,/2.5GNSs
12}
E3
g s
5
=
l 4
E
s OF 10Wt.%ALO, -5Wt.%Y,0,/0.5GNSs

50 100 150 200 250 300 350 400
T °(C)

Fig. 5 Thermal analysis (TGA/DSC) of samples with 0.5wt% and 2.5wt% of

graphene.

the presence of impurities such as graphite and graphene
oxide particles.

3.4. XPS study of the samples

3.4.1. Comparison between oxygen and aluminum atoms
using XPS experiments. The curves for two oxygen atoms with
aluminum atoms are shown in Fig. 6. It can be seen that the
number of atoms present in aluminum oxide is equivalent to
the atoms present in oxygen,> from which the strength and
hardness of the mixture sample can be increased at a total
energy of 75 eV at the equivalent of 1200 cps, and thus we note
the extent of the equivalence of the two oxygen atoms with an
atom of aluminum in the mixture.**

3.4.2. Comparison of oxygen and aluminum atoms using
XPS experiments. The curves for two oxygen atoms with alumi-
num atoms are shown in Fig. 6. The number of atoms present
in aluminum oxide is equivalent to the number of atoms
present in oxygen, from which the strength and hardness of
the mixture can increase the sample with total energies of
158 eV and 158 eV at the equivalent of 4200 cps and
4600 cps. Thus, the clarity of the aluminum strip improved
significantly due to the high proportion of oxygen atoms.

3.4.3. Comparison between Al,0;/Y,03;/GNSs nanocompo-
sites using XPS experiments. The curves used in the test were
displayed between aluminum oxide atoms and yttrium oxide and
graphene atoms used in the mixture at 500 eV and between 9000

7382 | Mater. Adv., 2024, 5, 7377-7386
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cps. The sector shows an interconnectedness between the atoms in
the mixture, which shows the extent of the integration of the mixture
and some of them in one sector are shown in Fig. 6 and Table 2.

3.5. Fire combustion test and the mixture’s ability to resist fire

As a requirement for building and furniture safety, the safety
and reliability of wooden doors are the main aspects determin-
ing their effectiveness during a fire.>” In this research, there are
only experimental prototypes, and the lowest equilibrium tem-
perature was selected for the fire endurance test and tempera-
ture rise tests to compare the fire resistance rating and heat
transfer rate by visual observation/examination. Fire endurance
testing was established to determine the ability of fire-rated
wooden material prototypes to survive a specified fire condition
for a certain period of time without a major safety defect or leak.
In this research, an experiment testing 8 mm thick pieces of
wood serves as a prototype for a commercial fireproof door. The
results of the fire tolerance and temperature rise of the proto-
types after a fire of a certain duration were recorded. Several
models achieved fire resistance ratings for certain durations
without safety failures or significant fire leaks occurring.>®

Fig. 7(c) shows that samples of wood coated with paints of
mixed powders had the highest rate of fire resistance compared
to the samples of pure wood shown in Fig. 7(a), and the samples
of wood coated with paint shown in Fig. 7(b). The result for the
pure wood sample in Fig. 7(a) shows a level of heat resistance of
35 s, while the result for the sample of wood coated with paint in
Fig. 7(b) shows an increase in the level of heat resistance of 90 s.
In addition, the results for the samples of wood coated with a
paint of mixed powders in Fig. 7(c) show an increasing level of
heat resistance due to the increasing influence of GNSs wt% for
10wt%AL,05/5Wt%Y,03/x wt%GNSs (x: 0, 0.5, 1.0, 1.5, 2.0, 2.5).
The results in Fig. 7(c) show the increased fire resistance of these
samples compared with the pure wood sample and samples of
wood coated with paint, shown in Fig. 7(a) and (b).

The highest rate of fire resistance was found for wood
treated with paint with 10wt%Al,0;/5Wt%Y,03/2.5Wt%GNSs
compared to all the other samples, while the sample of wood
treated with paint with 10wt%Al,0; shows an unexpected level
of heat resistance, containing aluminum oxide alone, which
showed special fire resistance results.”® It contains less addi-
tives than the rest of the samples, despite the presence of
quantities of yttrium oxide and aluminum oxide as shown in
Fig. 8, while a sample of wood treated with paint with
10wt%Al,05/5Wt%Y,05/0.5Wt%GNSs has a natural fire resis-
tance rate due to the quantities at the beginning plus the
addition of 0.5 g of graphene to give high stability and natural
resistance. Moreover, the wood treated with paint with
10wt%Al,05/5Wt%Y,03/1wt%GNSs shows that the addition of
1 g of graphene led to a higher resistance to fire at a tempera-
ture of 110 °C, while the sample of wood treated with paint with
10Wt%Al,03/5Wt%Y,03/1.5Wwt%GNSs with an increase in the
proportion of graphene to 1.5 g led to higher resistance and
more smoke than the other samples, and similarly with an
increase in graphene to 2 g, as shown in Fig. 7(c) and 8.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00552j

Open Access Article. Published on 15 August 2024. Downloaded on 6/13/2026 3:21:55 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

View Article Online

1500 2500 p— T T T T T T T T T
. (a) Al2p scan X 2000 (a) Al2p scan
2 1000 10 scans, 1m 40,5 E 10 scans, 1m 40.5s
% 400pm, CAL 50,0.10 eV § 1500 400um, CAE 50, 0.10 eV
c e
2 $ 1000
s S
2 500 Q
. ° 500
sy Wt gyt
0
84 82 80 78 76 74 72 70 68 66 66 68 70 72 74 76 78 80 82 84
Binding Energy (eV) Binding Energy (eV)
2.0x10" T T T T
(b) [ A i ——]
LSx10°F )
A A ——
-~ 4L —~
1510 dts : =
) OIS ] 10*
g 10 scans, 1m 40.5s E el _ OtsA
21.0x10*F 400y, CAE 50,0.10 eV 2 018
(9 = 10 scans, Im 40.5s
2 o158 25.0x10°F 400um, CAE 50,0.10 eV
25.0x10°F ) 2
S [
' ‘ 0.0
oo N N N
544 542 540 538 536 534 532 530 528 526 545 540 535 530 525
Binding Energy (eV) Binding Energy (eV)
6000 T T T 6000 T T
() (c) A
= Y3d e < Y 3d A
% 10 scans, 1m 40.5 A 10 scans, 1m 40.5
3 4000 | 400um, CAE 50,0.10 eV ¥3d scan A 3 4000 [ 400um. CAE 50,0.10 eV Y3dscan A
3 / 3
e (L
o Y3d scan B » Y3d scan B
S 2000 S 2000
Q Q
o o
0
170 165 160 155 15 170 165 160 155 150
Binding Energy (¢V) Binding Energy (V)
1.0x10° 1.2x10°
[} 2
Survey o Survey o
8.0x10* | 22 scans, 4m 59.4s (d LOXIO*F 23 scans, 4m 59.4s (d
400pm, CAE 200, 1.0 eV L[ 400um, CAE 200, 1.0 eV
8 #8.0x10°}
26.0x10*F 2
3 36.0x10°F
4.0x10* 3 3
28 4.0x10°f 5=
2.0x10%F &1 20x10°f &
< <
0.0 12‘00 1(;00 sclm 4(‘10 21;0 0
1200 1000 800 600 400 200 0

Binding Energy (eV)

Binding Energy (eV)

Paper

Fig. 6 A comparison of oxygen and aluminum atoms at 75 eV at the equivalent of 1200 cps. A comparison of oxygen atom and aluminum atoms at
158 eV and 158 eV at the equivalent of 4200 cps and 4600 cps. A comparison of AlL,O3/Y,03/GNSs nanocomposite atoms at 158 eV and 158 eV at the

equivalent of 4200 cps and 4600 cps.

In addition, this led to a greater resistance to fire due to the
consistency of the mixture and the lack of carbonization of
graphene with the intensity of heat, compared to the sample
of wood treated with paint with 10wt%Al,03/5Wt%Y,0;/
2.5Wt%GNSs in Fig. 7(c). This sample in Fig. 7(c) shows the
largest percentage of fire resistance compared with other sam-
ples from previous research, such as,’*> whose temperature
was 185 °C with a fire resistance value of 518 s.° In addition, the
percentage of additives was non-existent, which led to a fire
igniting in the sample as soon as the experiment began. This was
due to the lack of additives in the plywood, which led very

© 2024 The Author(s). Published by the Royal Society of Chemistry

Table 2 The results of a comparison of AlL,Oz/Y,0O3/GNSs nanocomposites
Name Peak BE FWHM (eV) Area (P)cps (eV) Atomic (%) Q
O1s 532.3 4.13 374778.6 65.55 1
Yad 159.03 5.1 152505.4 10.72 1
Cls 285.71 4.01 78284.41 0 0
Al,p 75.4 3.95 31447.92 23.73 1
Name Peak BE FWHM (eV) Area (P)cps (eV) Atomic (%) Q
O1ls 532.37 4.02 282021 68.52 1
Yad 159.31 5.16 122203.7 11.93 1
Cls 285.76 3.86 74831.32 0 0
Al,p 75.74 3.55 18641.52 19.54 1
Mater. Adv., 2024, 5, 7377-7386 | 7383
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Fig. 7 Wood samples after the fire resistance test: (a) pure wood samples; (b) wood samples treated with paint; (c) wood samples coated with paints of

mixed powders: 10wt%Al,0z and 10wt%ALO3/5wt%Y,03/xwt%GNSs (x: 0, 0.5, 1.0, 1.5, 2.0, 2.5), respectively.

quickly to charring of the plywood, not reaching 35 s,>' which is  graphene, had a fire resistance of 887 s and a temperature of

a very weak period compared to the rest of the experiments, about 190 °C. Thus, the results confirm that the sample with
while the research sample, which was a sample with paint with  paint with 10wt%Al,03/5Wt%Y,05/2.5wt%GNSs is the most fire
10Wt%Al,0,/5wt%Y,03/2.5Wt%GNSs, which contains 2.5 g of resistant with a greater fire resistance time.
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Fig. 8 The effect of GNS content on the fire resistance of wood samples coated with paint with 10wt%Al,03 and 10wt%AlL,O3/5wt%Y >0 3/xwt%GNSs (x:

0, 0.5, 1.0, 15, 2.0, 2.5) mixed powders.
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4. Conclusions

A surface coating treatment consisting of wood paint with
different percentages of mixtures formed of 10wt%Al,05/
5Wt%Y,05/xwt%GNSs (x: 0, 0.5, 1.0, 1.5, 2.0, 2.5) has been used
to provide different percentages of fire-retardant coatings on
the surface area to check fire resistance and thermal stability.
The surface area of graphene was 135, 212, and 244 m g~ ',
respectively. The experimental results indicated that the addi-
tion of graphene to yttrium oxide in the presence of a constant
amount of the base, aluminum oxide, can improve the thermal
stability and antioxidant properties of the inorganic expansion
layer.>* The final temperature was 200 °C. The 2.5wt%
graphene-laminated structure can form a dense structure with
a high expansion factor, and can effectively isolate heat trans-
fer. The fire resistance test showed that the amount of gra-
phene added to yttrium oxide with aluminum oxide led to good
cohesion of the mixture and sufficient resistance to fire. The
smoke resistance of the sample is minimal and non-existent.
The results demonstrated that low-cost and easily fabricated
Al,05/Y,03/GNSs nanocomposite powders enhanced the prop-
erties of the wood-paint to make it a good candidate in fire
resistance applications.
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