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Abstract. Nowadays, intumescent paint is one of the most popular fireproof paint products and is
widely used in buildings. They can be applied to steel, wood, concrete, etc. This study aimed to
enhance the properties of intumescent coating by graphene addition. The effect of graphene (GR)
content on fire resistance, thermal and mechanical properties of water-based intumescent coatings
were studied. Intumescent coating formulations include acrylic emulsion binder (R4152), flame
retardant additives (Ammonium polyphosphate (APP) - acid source, pentaerythritol (PER) - carbon
source, melamine (MEL) - foaming source), fire retardant fillers (TiO,, AI(OH)s) were prepared by
mixing different graphene content (0.5, 1, 1.5 and 2 wt.% GR). The investigated coating properties
were examined by fire protection test, furnace test, static water immersion test, scanning electron
microscopy (SEM), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC)
and mechanical properties (adhesion, pendulum hardness). The results showed that the GR could
effectively enhance the fire resistance performance (from 13.6 % to 23.4 %), thermal stability
(from 2.9 % to 5.2 %), water resistance (from 5.0 % to 11.9 %), and mechanical properties (from
5 % to 12 %) of the coating.
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1. INTRODUCTION

Intumescent paint is one of the current fireproof paint products used widely in industrial
and residential buildings, especially for load-bearing structures such as steel and concrete [1].
When heated to high temperatures, intumescent coatings swell to generate a char foam layer that
insulates the flame and substrate and limits fire propagation [2]. The advantages of intumescent
coatings include the ability to be applied on various materials responding to fire protection,
decorative and protective demands. With such unique features, intumescent coatings help protect
the structure of the building from being broken, increasing the escape time for victims and
minimizing repair costs after the fire [2, 3].

A Dbasic intumescent coating formula consists of the main components: a polymer binder
and a system of flame retardant additives, including an acid source (such as ammonium
polyphosphate - APP), a blowing agent or foaming agent (such as melamine - MEL) and a
carbon source (such as pentaerythritol - PER) [4]. The carbonization mechanism of intumescent
coating is described as follows: when the coating is heated to about 250 °C, APP decomposes to



Mac Van Phuc, et al.

produce phosphoric acid, which reacts with PER to form a carbon char on the surface through
dehydration. As carbon char is forming, the MEL begins to decompose and release non-
flammable gases such as N,, NHs. These gases are trapped in the viscous liquid and form
bubbles, which cause the carbon char to foam, thus forming a multi-compartment protective
char. The new char foam acts as a barrier insulating the protected element from the flame [5, 6].

However, the char layer formed by the APP-PER-MEL system has weak oxidation
resistance at high temperatures, leading to low flame retardant efficiency and easy destruction
during combustion [7]. Therefore, some flame retardant fillers or additives have been used to
enhance the heat shielding effect and make the carbon char more compact of intumescent
coatings, such as calcium carbonate, aluminium hydroxide and silica [8, 9]. Carbon materials
family (Figure 1) are one of the interesting research directions for fireproof additives due to their
excellent chemical and mechanical properties. Graphene (GR) is considered the basic element. It
can be stacked to form three-dimensional graphite by interlayer force or rolled to form single-
walled or multi-walled carbon nanotubes by an external force. It can also be wrapped into a
zero-dimensional fullerene. All these carbon materials have good carbonization and outstanding
shielding. These capabilities make the coating more fire- and corrosion-resistant [10, 11].

Graphene Graphite

Fullerene Nanotube

Figure. 1. Structure of various carbon materials.

Graphene has a 2D hexagonal lattice structure composed of carbons with sp® hybridization
with partitioned p electrons exhibiting unique properties compared to other carbon materials [12].
Graphene exhibits high specific surface area (= 2600 m%g), thermal (2000 + 5000 W/mK),
electrical conductivity (= 10® Q/m), and mechanical strength (=~ 1050 GPa of Young modulus,
130 GPa of tensile strength) [13, 14]. Graphene has been used as a flame retardant nanoscale
additive for thermoplastic and thermosetting polymers [15]. Several studies indicated that GR
improved the coating's thermal stability, smoke suppression, and char content [10, 16].

In intumescent coatings, the binder is a crucial component, helping to make the coating
uniform and contributing to the formation and expansion of the char layer [4]. Solvent-based
coatings have the advantage of better temperature and humidity resistance than water-based
coatings. However, concerns about volatile organic compounds (VOCs) have increased the use
of water-based coatings as an alternative to solvent-based coatings [9]. Acrylic polymer
emulsions are attractive waterborne binders because they can provide UV resistance, water
resistance, and good adhesion on many materials such as walls, wood, and metal. Our previous
research prepared the coating by mixing acrylic polymer emulsions Plextol R4152 and 0.5 wt.%
graphene oxide, enhancing the falling sand abrasion resistance and thermal stability [17].

This study investigated the effect of graphene content on intumescent coating properties.
Intumescent coatings contained Plextol R4152 as a binder, APP-PER-MEL as a flame retardant
additive system, TiO,, Al(OH); as fillers, and other additive. The fire resistance test and furnace
test were conducted. TGA, DSC, and SEM were used to assess the coating and char layers. The
water resistance and mechanical properties of the coatings were examined.
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2. MATERIALS AND METHODS
2.1. Materials

Acrylic emulsion Plextol R4152 was provided by Symthomer, having 49 £ 1 % of solid
content. APP, PER and MEL were purchased from CF-Chem Co., Ltd. Graphene (industrial
grade) was obtained from Applied Nanotechnology JSC, Viet Nam with a diameter of 10-20 pm,
thickness < 15 nm, carbon content > 98 %. Aluminium hydroxide and titanium dioxide (rutile),
were supplied by Aladdin Industrial Co., Ltd. Triton X-405 (70 %) surfactant were purchased
from Sigma Aldrich. Texanol coalescing agent obtained from Dow Chemical Co. Drewplus T
4507A foam control agent was supplied from Ashland Global Holdings Inc. Deionized water
was homemade in the laboratory. The SEM photos of GR are shown in Figure 2.
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Figure 2. Graphene powder (a), SEM images of graphene at 1.400x (b) and 24.000x magnification (c).

2.2. Sample preparation

The coating compositions are listed in Table 1. The intumescent coating was prepared using
the following process: GR was dispersed with surfactant in the deionized water by ultrasonic
dispersion (Branson 450 Digital Sonifier) for 2 hours. Next, the high-speed disperser (IKA RW16
Basic) stirred APP, PER, MEL and fillers (TiO,, Al (OH) ;) at 800 rpm/min for 1 hour. Finally,
acrylic emulsion R4152 and additives (coalescing, foam control) were incorporated into the slurry
and stirred for 1 hour at 500 rpm/min. The coatings were coated on SS400 steel plates at 2 £ 0.2
mm thickness. After that, the coatings were dried at room temperature for seven days.

Table 1. The components of the coatings (wt.%).

No Components M-0 M-0.5GR | M-1GR | M-15GR | M-2GR
1 | Acrylic emulsion 38 38 38 38 38
2 | APP/PER/MEL 18/9/9 18/9/9 18/9/9 18/9/9 18/9/9
3 | TiO,/ Al(OH); 5/5 5/5 5/5 5/5 5/5
4 | Graphene 0 0,5 1 15 2
5 | Deionized water 15 14.5 14 13.5 13
6 | Additives 1 1 1 1 1
2.3. Analysis

2.3.1. Fire resistance test

The fire resistance test was conducted for 2 h by the Bunsen burner is shown in Figure 3.

269



Mac Van Phuc, et al.

The coatings were applied to 150 mm x 150 mm x 5 mm SS400 steel plates. The temperature of
the sample's backside was recorded by the Testo 925 - type K thermometer during the test.

Sample plate
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Figure 3. Schematic of the experimental setup for fire resistance test.
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2.3.2. Furnace test

The furnace test was conducted to determine the swelling of the coating. The coatings were
applied to 100 mm x 100 mm x 5 mm SS400 steel plates. In the furnace test, progressive heating
with 10 °C/min rate from room temperature to 800 °C. The temperature was kept at 800 °C for
30 min before cooling to room temperature. The intumescent factor (1) was calculated according
to the following Equation 1:

I =d,/d; 1)

where d; is the thickness of the coating before the furnace test; d, is the thickness of the
expanded char layer after the furnace test.

2.3.3. Morphology

The morphological structure of coatings and char layer was observed by using scanning
electron microscope (SEM) JSM-6510LYV (Jeol Company - Japan).

2.3.4. Thermogravimetric analysis

Thermogravimetric analysis was determined by TGA 209F1 (NETZSCH - Germany). The
sample was heated from ambient temperature to 800 °C at heating rate of 10 °C/min in the air.

2.3.5. Differential scanning calorimetry

Differential scanning calorimetry was determined using DSC204F1 (NETZSCH -
Germany) in the air with a 20 °C/min heating rate from room temperature to 450 °C.

2.3.6. Static immersion test

Static immersion tests measured the water resistance of the coating. Coating samples formed
50 mm x 20 mm x 2 mm bars. The samples were immersed in distilled water at room temperature
and removed after specified time intervals. Tissue paper was used to remove extra water from the
sample. The water uptake ratio (Es,) for each coating sample was calculated by using Equation 2:

Eqw (%) = [(Wa — Wy)/Ws] x 100 % @)

where W, is the weight of the coating sample before water immersion (g); W. is the dry weight
of the coating sample after water immersion (g).
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2.3.7. Mechanical properties

- Adhesion strength: The adhesion strength of the coatings on the concrete substrate was
determined by using the pull-off adhesion tester (PosiTest-AT-A Automatic, DeFelsko). The
adhesion strength (X) for samples was calculated using Equation 3:

X = 4F/nd? (3)

where X is the pull-off load achieved at fracture (MPa); F is the actual load applied to the test
(N); d is the diameter of the loading fixture (mm).

- Pendulum hardness: The pendulum hardness was determined by measuring the damping
of the Persoz pendulum on the coatings using a Pendulum Damping Tester (model 299/300 -
Erichsen). Investigated coatings were fabricated by Film Applicator model 306 (Erichsen) on the
glass plate with a wet thickness of 120 um. The pendulum hardness value is the ratio between
the number of oscillations placed on the coated glass and the reference glass.

3. RESULTS AND DISCUSSION

3.1. Fire resistance test

Fire resistance is an essential indicator in evaluating the performance of intumescent fire-
protective coatings. The fire resistance of intumescent coatings filled with different graphene
content is shown in Figure 4. Photographs of the residual carbon of coatings after the fire
resistance test are shown in Figure 5.
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Figure 4. Influence of GR content on fire resistance of coatings.

Figure 4 shows that all coatings increased quickly and exceeded 160 °C in the first 7
minutes, then increased slowly. All the coating samples showed a similar rise in temperature
resulting from thermal degradation and the formation of char layers from chemical reactions
between the coating ingredients [18]. After 15 minutes of fire exposure, almost all the samples
attained equilibrium temperature and remained unchanged, except the M-0 increased until it
reached 200 °C after 30 minutes.

After 120 minutes of the fire test, the final temperature of M-0, M-0.5GR, M-1GR, M-
1.5GR and M-2GR coating samples were 203.6 °C, 175.8 °C, 165.5 °C, 160.3 °C and 155.9 °C,
respectively. The obtained results indicated that adding graphene increased the fire resistance,
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decreasing the heat transmitted to the surface of the steel substrate below, and the M-2GR
sample gave the best results.

M-1.5GR (1270min) | S
Figure 5. The residual carbon photographs of coatings after fire resistance test.

It can be seen from Figure 5 that after 120 minutes of the fire test, all samples had some
cracks and collapses. The collapses are located at the direct flame contact position, possibly due
to the Bunsen burner's gas pressure. The coating surface without graphene (M-0) had more
numerous and deeper than other samples containing graphene, leading to more fire and heat
transfer to the steel substrate. These results showed that graphene has improved the fire
resistance of the coatings by inhibiting the two main factors of combustion, i.e., heat and
material. In particular, graphene, which has a unique two-dimensional layered structure, is stable
at high temperatures due to its ability to absorb large amounts of heat.

Moreover, graphene could act as a mold for char, promoting the formation of stacked char
layers and creating a "labyrinth™ effect. As a result, graphene prevents heat transfer from the heat
source into the material. In addition, graphene with a large specific surface area can adsorb or
prevent flammable volatile release and diffusion during combustion [19].

However, the temperature of M-1GR, M-1.5GR and M-2GR samples was not much
different. The reason may be that when the graphene content was increased, the phenomenon of
graphene agglomeration in the coating occurred, resulting in the coating's dispersion and flame
retardant performance were not much better than each other [15].

3.2. Furnace test
The furnace test was carried out to check the formation of the char layer at temperature of

800 °C and to determine the intumescent factor | of the coatings. Some properties of the char
layer after the furnace test were shown in Table 2.
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Table 2. Physical properties of char layer after furnace test.

Sample Weight retention (%) Adhere to substrate Intumescent factor |
M-0 23.27 Yes 10.9
M-0.5GR 25.27 Yes 8.3
M-1GR 30.62 Yes 7.1
M-1.5GR 32.54 Yes 6.7
M-2GR 33.38 Yes 6.4

Images of the char layer cross-section after the furnace test are presented in Figure 6. It can
be seen that the swelling of the coating tends to decrease with increasing graphene content.

Figure 6. Images of the char layer cross-section after the furnace test.

As shown in Table 2, the weight retention of samples grows with increasing graphene content
while intumescent factor | tended to reduce. The literature showed that the char layer significantly
impacted fire resistance performance. However, the performance of fire resistance depends on the
nature, structure, and content of inorganic additives. Graphene has a two-dimensional layered
structure and high thermal stability, which increases the viscosity of the melting coating.

Moreover, graphene having a large specific surface area, could adsorb and/or inhibit the
release and diffusion of gases in the combustion process, thus reducing coating expansion in
combustion [19, 20]. Figure 6 indicates agreement with this hypothesis. As shown in Figure 6,
the char structure of coatings filled with a large amount of graphene was more dense, low
expansion, and porous. However, further analysis needs to be conducted to investigate char layer
thickness reduction, but fire resistance performance grows with increasing graphene content.

3.3. Morphology of char layer

The fire resistance performance of the coating depends on the structure of the char layer. If
the intumescent char layer has a dense structure, it will act as an insulating layer between the
substrate material and the flame, increasing fire resistance [21]. The SEM images of char layers
after the furnace test are shown in Figure 7.

In Figure 7, the M-0 sample has many cracks and holes observed. These cracks and holes
provided convenience for heat and flame to reach the surface of the steel substrate, leading to
poor fire resistance. The M-0.5GR sample showed fewer cracks compared to the M-0 sample,
resulting in improved fire resistance. Observation of SEM images of char layer samples M-1GR,
M-1.5R and M-2GR indicated that the structure of char layers were dense, with few cracks
leading to more effective insulation in the fire resistance test.
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Figure 7. SEM micrograph of the char layer cross-section.

From analyzing the results of SEM images of the char layers, the monolayer structure of
graphene has helped to seal, reduce holes and cracks, form a multi-layer protective layer and

insulate heat to the protected substrate [10].

3.4. TGA-DSC analysis

The thermogravimetric analysis studied the thermal stability and thermal degradation of the
coatings. The TGA curve of the intumescent flame retardant coating samples is presented in

Figure 8.
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Figure 8. TGA curve of the coatings.

Figure 8 shows that the coatings had similar TGA curves. The thermal degradation of
coatings occurred through three stages. In the first stage, from an ambient temperature to 200 °C,
water and small molecules of the binder evaporated, causing each coating to lose 2 % weight.
Next, in the temperature range from 200 °C to 500 °C, the weight of coating samples decreased
rapidly, and the weight loss of samples was fairly stable in the temperature range between 500
and 800 °C. At 800 °C, the residue weights of M-0, M-0.5GR, M-1GR, M-1.5GR and M-2GR
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coatings were 28.32 %, 31.25 %, 32.77 %, 32.86 % and 33.50 %, respectively. The residual
weight was increased proportionally to the amount of graphene used. It demonstrates that
graphene material enhances thermal stability and improves the fire resistance of coatings.

The coating samples M-0 and M-1GR were subjected to differential scanning calorimetry to
investigate the decomposition process. The DSC curve of samples were shown in Figure 9.
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Figure 9. DSC curve of coating samples M-0 and M-1GR.

It can be seen from Figure 9, there is a small endothermic peak at about 140 °C due to the
initial melting of acrylic resin. In the temperature range of 170-210 °C, there is an endothermic
peak at about 192 °C, which is considered due to the melting of APP and the transformation of
the crystal structure of PER.

In the temperature range of 240 - 290 °C, there is a rather large endothermic peak at about
266 °C. This result is thought to be due to the initiation of decomposition of APP when the
temperature is raised above 250 °C, releasing phosphoric acid and amines. PER decomposes at
this temperature range and reacts with phosphoric acid to form char.

In the temperature range above 300 °C, MEL has just begun to decompose, creating non-
flammable gases such as CO,, N,. These gases are trapped in the viscous liquid and form
bubbles, leading to a blistering coating and thus forming a char layer that protects multiple
compartments, acting as an insulating barrier between the flame and the substrate [22, 23].

3.5. Static immersion test

The effects of graphene content on the water resistance of coatings were shown in Figure
10. Figure 10 showed that the weight of coatings increased after 24 hours of immersion and
gradually decreased in the following days. In the static immersion test, two processes occur
simultaneously: permeation and migration. One of the above two processes will prevail
depending on the test time. In the process of permeation, water and corrosive ions infiltrate the
coating through the pores of the coating. The permeation process is the cause of the increase in
the weight of the coating. At the same time, some hydrophilic flame-retardants (APP, PER and
MEL) migrated from the coating to the water, which led to the weight loss of the coating [10].

On the first day of the test, the permeation dominated the migration, resulting in increased
weight. In the following days, the migration prevails over the permeation, so the weight began to
decrease. When the coatings were immersed for 10 days, permeation and migration reached
equilibrium, resulting in little weight change. The weight reduction of the M-0, M-0.5GR, M-
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1GR, M-1.5GR and M-2GR after 14 days of testing were 26.67 %, 21.69 %, 17.12 %, 16.1 %
and 14.73 %, respectively. These results indicated that graphene increased the water resistance
of the coating. The reason might be that graphene material can form parallel arranged structure
with a "labyrinth" effect in the coating structure, thus increasing the diffusion path length of OH
-, H+, H,O and O, through the coating. Consequently, water resistance was significantly

increased. The schematic of the “labyrinth” effect is presented in Figure 11 [24, 25].
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Figure 11. The schematic of the “labyrinth” effect.

3.6. Mechanical properties of coatings

The effect of graphene content on the adhesion and pendulum hardness of the coating was
evaluated. The results are presented in Table 3.

Table 3. Relative hardness and adhesion of the investigated coatings.

Properties M-0 M-0.5GR M-1GR M-1.5GR M-2GR
Adhesion (MPa) 2.23 2.35 2.40 244 2.50
Pendulum hardness 0.36 0.39 0.41 0.41 0.42

The results indicated that graphene increased the adhesion and pendulum hardness of the
coatings. When compared to the coating without graphene (M-0), the adhesion rose from 5.4 %
(M-0.5GR) to 12.1 % (M-2GR). The pendulum hardness of the coating increased from 8.3 %
(M-0.5GR) to 16.7 % (M-2GR) compared with the coating without graphene (M-0). This
achieved result can be attributed to the VVan der Waals force between the graphene layers, which
enhances adhesion. At the same time, the layered structure of the graphene layers helps to
disperse the impact of the impact force, leading to an increase in the hardness of the coating
[22]. However, not every increase in graphene content will increase the mechanical properties.

4. CONCLUSIONS

This study found that graphene is a suitable and effective flame retardant additive for air-
absorbent coatings based on emulsion acrylic resins. The graphene presence helps the coating
increase fire resistance, thermal stability, water resistance, and mechanical properties.

Based on the results and the relatively expensive cost of graphene, the optimum graphene
weight was 1 wt%. Coating with 1 wt% graphene reduced the back surface temperature of the
sample by 38 °C, improved water resistance by 9.6 %, adhesion by 7.6 % and pendulum
hardness by 13.9 %. The TGA results indicated that adding 1 % graphene increased thermal
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stability and the residual weight of the coating from 28.32 % (M-0) to 32.77 % (M-1GR).
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