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Abstract. This study investigates the influence of CaCO; and talc powders on the performance
of a water-based intumescent fire-retardant coating. The coatings were evaluated through
Bunsen burner and furnace fire tests, water immersion, SEM, TGA, DSC, and mechanical
property measurements. Both fillers reduced the intumescent factor, with talc exerting a stronger
suppressing effect than CaCOj3; however, they enhanced fire resistance and thermal stability. The
formulation in which 5 wt.% CaCOs; replaced conventional fillers (AI(OH); and TiO,) exhibited
the highest fire resistance, achieving a backside temperature of only 165 °C after 60 minutes of
fire exposure. Despite its superior fire protection, this coating showed markedly poor water
resistance, with a weight loss of 14.77 % after 7 days of immersion, compared with 3.28 % for
the conventional formulation. Overall, the results confirm that while CaCO; and talc can
strengthen fire resistance and thermal stability, they negatively affect the expansion behavior of
the intumescent system. In particular, incorporating 5 wt.% CaCO; offers significant fire-
retardant benefits but compromises water durability, highlighting the need for optimized filler
selection in water-based intumescent coatings.
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1. INTRODUCTION

Fire safety for building structures requires not only limiting flame spread but also maintaining
structural integrity during fire exposure. Intumescent coatings swell under high temperatures to
form an insulating char foam that protects the substrate, increases evacuation time, and reduces
post-fire repair costs [1, 2]. A typical intumescent system includes a polymer binder and flame-
retardant additives: an acid source (APP), a carbon source (PER), and a blowing agent (MEL).
When heated above 250 °C, APP releases phosphoric acid, which reacts with PER to form a
carbonized layer, while MEL decomposes to release non-combustible gases that expand the
viscous matrix into a multicellular protective char with low thermal conductivity [3, 4].

However, char produced by the APP-PER-MEL system shows weak oxidation resistance
at high temperatures, reducing flame-retardant efficiency [5]. Mineral fillers such as CaCOs,
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silica, Mg(OH),, and AI(OH); are therefore used to enhance thermal shielding and char
compactness [6]. TiO, also stabilizes the char at elevated temperatures and may form titanium
pyrophosphate with low thermal conductivity; rutile TiO, provides better thermal stability than
anatase [7]. Metal hydroxides, especially Al(OH)s, act through endothermic decomposition and
water release, which dilute combustible gases [8].

Talc (MgsSi;010(OH),) improves film strength and withstands heating up to 800 °C.
Studies show that talc enhances swelling, water resistance, and fire performance by forming a
ceramic-like protective layer [9, 10]. CaCO; is also a widely used filler that improves
mechanical strength and contributes to fire resistance [11, 12]. Among binders, water-based
acrylic emulsions are preferred for environmental compatibility and good durability [6, 13].

This study evaluates the effects of talc and CaCO; on the fire resistance, thermal behavior,

and mechanical properties of an acrylic-based waterborne intumescent coating containing APP,
MEL, PER, TiO,, and Al(OH)s.

2. MATERIALS AND METHODS
2.1. Materials

Acrylic emulsion Plextol R4152 (49 + 1 % solid content, pH 7 - 8.5) was supplied by
Synthomer. APP and PER were purchased from CF-Chem Co., Ltd., while MEL was obtained
from Hangzhou JLS Flame Retardant Chemical Co., Ltd. Aluminium hydroxide and rutile
titanium dioxide were provided by Aladdin Industrial Co., Ltd. Talc powder was sourced from
Indian Chemical Co., Ltd., and CaCO; from Xilong. Triton X-405 (70 %) surfactant was
purchased from Sigma Aldrich, and Texanol coalescing agent from Dow Chemical Co.
Drewplus T 4507A defoamer was supplied by Ashland Global Holdings Inc. Deionized water
was prepared in the laboratory.

2.2. Sample preparation

The coating formulations are presented in Table 1, with the filler content fixed at 10 wt.%.
Table 1. The components of the coatings (wt.%).

No Components S1 S2 S3 S4 S5 S6

1 | R4152 acrylic emulsion polymer 38 38 38 38 38 38

2 | APP/PER/MEL 18/9/9 | 18/9/9 | 18/9/9 | 18/9/9 | 18/9/9 | 18/9/9
3 | TiO, 5 - 2.5 - 2.5 2.5
4 | Al(OH); 5 - 2.5 - 2.5 2.5
5 | Talc - 10 5 - - 2.5
6 | CaCOs - - - 10 5 2.5
7 | Distilled water 15 15 15 15 15 15

8 Addltlyes (surfactant, 1 1 1 1 1 1

coalescing, foam control)

The intumescent coatings were prepared as follows. First, the flame-retardant additives (APP,
PER, MEL), fillers, and surfactant were mixed using a high-speed stirrer (IKA RW16 Basic) at
1200 rpm for 1 hour. Subsequently, the acrylic emulsion R4152 and other additives (coalescing
agent and defoamer) were added to the slurry and stirred for an additional 1 hour at 500 rpm. The
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resulting coatings were applied onto SS400 steel plates previously cleaned with sandpaper and
acetone, then dried at ambient conditions for seven days. The dry coating thickness was controlled
within 1.3 £ 0.1 mm and measured using a Mitutoyo 500-150-30 digital caliper.

2.3. Analysis
2.3.1. Fire resistance test

The fire resistance of the coatings was evaluated using a Bunsen burner test, as illustrated
in Figure 1. The coatings were applied onto SS400 steel plates with dimensions of 150 mm x
150 mm x 5 mm. Each sample was exposed to a Bunsen burner flame for 1 hour, with the flame
temperature maintained at approximately 800 - 1000 °C and the burner positioned 7 cm from the
specimen surface. During the test, the backside temperature of the steel plate was continuously
monitored using a Testo 925 type-K thermometer (Testo AG, Germany).
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Figure 1. Schematic of the experimental setup for fire resistance test.

2.3.2. Furnace test

The furnace test was conducted to evaluate the swelling behavior of the intumescent
coatings. Steel plates with dimensions of 100 mm x 100 mm x 5 mm were coated and subjected
to a programmed heating cycle, in which the temperature increased from room temperature to
800 °C at a rate of 10 °C/min. The temperature was maintained at 800 °C for 30 minutes and
then allowed to cool to room temperature. The intumescent factor (1) was determined from the
change in coating thickness before and after the furnace test. It was calculated using 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 char
layer after the furnace test.

The coating and char layer thickness was measured with a Mitutoyo 500-150-30 digital
caliper.

2.3.3. Morphology

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

2.3.4. Thermogravimetric analysis (TGA)
Thermogravimetric analysis was determined by TGA 209F1 (NETZSCH - Germany). The
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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 (DSC)

Differential scanning calorimetry was determined using DSC204F1 (NETZSCH -
Germany) in the air with a heating rate of 20 °C/min from room temperature to 400 °C.

2.3.6. Static immersion test

Static immersion tests were conducted to evaluate the water resistance of the coatings.
Samples were cast in a silicone mold to form bars measuring 50 mm x 20 mm x 2 mm and dried
for one week before demolding. The specimens were then immersed in distilled water at room
temperature and removed at designated time intervals. Excess surface water was gently wiped
off with tissue paper. The water uptake ratio (Es,) of each sample was determined using
Equation 2:

Esw (%) = [(Wa— W3) W] x 100% 2
where W, is the weight of the coating sample before the water immersion test (g), and W, is the
dry weight of the coating sample under the water immersion test (g).

2.3.7. Mechanical properties

- Adhesion strength: The adhesion strength of the coatings on the concrete substrate was
evaluated using a pull-off adhesion tester (PosiTest AT-A Automatic, DeFelsko) in accordance
with ASTM D4541. The coatings were applied on the concrete plate with 1 £ 0.1 mm thickness.

- Pendulum hardness: The pendulum hardness of the coatings was measured using a
Pendulum Damping Tester (model 299/300, Erichsen) following ASTM D4366. The coatings
were applied onto glass plates using a Film Applicator (model 306, Erichsen) with a wet
thickness of 120 um. The pendulum hardness was calculated as the ratio of the number of
oscillations on the coated glass to that on the reference glass..

3. RESULTS AND DISCUSSION

3.1. Fire resistance test

Fire resistance is a critical performance indicator for intumescent coatings. The fire
resistance of coatings with different filler types and contents is presented in Figure 2, and the
corresponding post-fire surface morphologies are shown in Figure 3.
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Figure 2. Effect of type and content of fillers on the fire resistance of the coating.
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As illustrated in Figure 2, the backside temperature of all samples rose rapidly above 160 °C
during the first 10 minutes, followed by a slower increase. This behavior is attributed to thermal
degradation and the formation of a protective char layer through chemical reactions among
coating components [14]. Most coatings reached an equilibrium temperature after approximately
15 minutes, except for samples S3 and S6, which continued to heat up and stabilized at around
200 °C after 35 minutes.

Overall, the incorporation of talc (S2, S3) and CaCO; (S4, S5) enhanced the fire resistance
of the coatings by reducing the heat transfer to the steel substrate. Among all samples, S5
exhibited the best performance. After 60 minutes of flame exposure, the backside temperatures
of the coatings followed the descending order: S1 (213 °C) > S6 (205 °C) > S3 (187 °C) > S2 =
S4 (173 °C) > S5 (165 °C).

Figure 3. The photographs of coatings after 60 minutes of the fire resistance test.

As shown in Figure 3, after 60 minutes of fire exposure, the char layers of samples S1 and
S6 exhibited clear cracking and collapse at the points of direct flame contact (indicated in red).
In contrast, the remaining samples showed no significant cracks or structural failure. The
damaged char of S1 and S6 exposed the steel substrate to the flame, resulting in greater heat
transfer and therefore the highest backside temperatures among all samples.

The improved fire resistance observed in the other formulations can be attributed to the
endothermic decomposition of the flame-retardant fillers Al(OH)s, talc, and CaCO; at elevated
temperatures. Their decomposition releases water vapor or CO,, which dilutes combustible
degradation products of the polymer matrix while leaving behind thermally stable inorganic
residues. This process reduces the effective flame temperature and slows heat transmission to the
substrate. The endothermic decomposition reactions of the fillers are described by the following
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equations [12]:

2Al(OH)3 5y — AlyO3 () +3H20 (g ©
4

Mg(OH);, — MgO) + H,0 (4 “
CaC03 (5™ CaO ot COZ ()] (5)

3.2. Furnace test

The furnace test was carried out to check the formation of the char layer at 800 °C and to
determine the intumescent factor | of the coatings, as shown in Figure 4. Images of the initial
coatings and after the furnace test are presented in Figure 5.
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Figure 4. The intumescent factor (1) of the coating samples.

Figure 4 shows that sample S1 (without talc or CaCOs) exhibits the greatest swelling
among all coatings. However, a higher intumescent factor does not necessarily correspond to
better fire resistance. Although swelling is important for thermal insulation, fire protection
efficiency also depends on factors such as filler morphology, chemical structure, distribution,
and thermal properties [15].

The cross-section of S1 reveals large voids, which result in a thinner and more fragile char
surface prone to cracking. A similar structure is observed in S6; with only 2.5 wt.% talc and 2.5
wt.% CaCOs, the filler content appears insufficient. This observation is consistent with the
cracking and collapse seen in the fire resistance test (Section 3.1). In contrast, samples S2, S3,
S4, and S5 show denser, lower-expansion, and less porous char layers (Figure 5). This
improvement is likely due to the higher filler content (5 - 10 wt.%), which promotes the
formation of a more compact and stable char while reducing excessive swelling.

Some studies showed that talc filler had good insulation properties due to the silicate layer
"foam™ on char, like a ceramic layer to protect the underlying substrate [9, 10]. The fillers (talc,
CaCO0s) have a high melting point, making the coating withstand high temperatures. However,
this hinders the release and diffusion of the gases produced during the combustion process,
leading to limited swelling of the char layer. To clarify this issue further, it is necessary to
further analyze the morphology of the char layer through SEM analysis.
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Figure 5. Images of the initial coatings and after furnace test.

3.3. Morphology of coatings and char layer

SEM images of the cross-sections of the investigated coatings at 10,000x magnification are
presented in Figure 6. As observed, samples S2, S4, and S5 exhibit good filler dispersion,
forming uniform and continuous structures. In contrast, samples S1, S3, and S6 show visible
cracks and voids, which correlate with their lower fire resistance performance in the Bunsen
burner test (Section 3.1).

The fire resistance of intumescent coatings is strongly influenced by the structure of the
char layer. A dense and compact char serves as an effective thermal barrier between the flame
and the substrate, thereby enhancing fire protection [16]. The SEM micrographs of the char
layers after the furnace test are shown in Figure 7. For samples S1 (0 wt.% talc, 0 wt.% CaCOQ,),

1100



Effect of inorganic fillers on the performance of acrylic emulsion intumescent fire retardant coating.

S3 (5 wt.% talc), and S6 (2.5 wt.% talc and 2.5 wt.% CaCQOj3), numerous cracks and voids were
observed in the char structure. These defects facilitated the penetration of heat and flame toward
the steel substrate, resulting in reduced fire resistance.

In contrast, the SEM images of samples S2 (10 wt.% talc), S4 (10 wt.% CaCQOs), and S5 (5
wt.% CaCOs) revealed a denser and more compact char morphology, characterized by fewer and
smaller cracks. This improved structural integrity contributed to enhanced thermal insulation
during the fire resistance test. Overall, the relatively homogeneous and dense char layers of these
samples acted as an effective protective barrier, thereby improving the insulation performance of
the coating system [9].
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Figure 7. SEM micrographs of the char layer cross-section
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Figure 7. SEM micrographs of the char layer cross-section (continue).

3.4. TGA-DSC analysis

Thermogravimetric analysis (TGA) was conducted to examine the thermal stability and
degradation behavior of the coatings. Samples S1, S3, S5, and S6 were selected for this test, and
their TGA curves are shown in Figure 8.
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Figure 8. TGA curve of the coatings.

According to Figure 8, all coating samples exhibited similar thermal degradation profiles,
consisting of three main stages. In the first stage, from ambient temperature to 200 °C, the
coatings experienced a weight loss of approximately 1 — 2 %, corresponding to the evaporation
of residual moisture and small volatile molecules from the binder.

The second stage occurred between 200 °C and 500 °C, where a rapid weight loss was
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observed. During this stage, APP decomposes and releases NH3 and water vapor in the
temperature range of 250 - 350 °C, initiating the swelling process of the intumescent coating
[17]. At around 350 °C, the samples exhibited a weight reduction of approximately 20 %, which
is likely attributable to the decomposition of APP—the component accounting for about 18 wt.%
of the coating formulation. In addition, the resin matrix begins to soften within this temperature
range, while MEL releases gases that contribute to the foaming process, along with the thermal
degradation of the outer coating layer [7].

In the final stage, from 500 to 800 °C, the weight loss of the samples became relatively
stable as carbonaceous structures were gradually formed and consumed [5]. At 800 °C, sample
S1 (0 wt.% talc, 0 wt.% CaCO3) exhibited the lowest residual mass at approximately 34.71 %.
Meanwhile, the residual weights of samples S3 (5 wt.% talc), S6 (2.5 wt.% talc and 2.5 wt.%
CaCO03), and S5 (5 wt.% CaCO3) were 37.84 %, 39.36 %, and 41.97 %, respectively. The higher
residual masses indicate that the incorporation of talc and CaCO3; enhances the thermal stability
of the coatings, contributing to improved fire resistance during combustion.

Differential scanning calorimetry (DSC) was performed on samples S1 and S6 to further
investigate their decomposition behavior. The DSC curves are presented in Figure 9.

1.4
(=
124 | Z
_ s1
o1
£
< 08 4
Y S6
=~
5 0.6 4
=
=
§ 04 -
T
0.2 A
0
0 50 100 150 200 250 300 350 400

Temperature (°C)

Figure 9. DSC curve of S1 and S6 coating samples.

As shown, a small endothermic peak appears at approximately 150 °C, corresponding to the
initial melting of the acrylic resin. In the temperature range of 170-200 °C, an endothermic peak
at around 188 °C is observed, which is attributed to the melting of APP and the crystal structure
transformation of PER. A larger endothermic peak appears between 240 °C and 290 °C. This
peak is associated with the onset of APP decomposition above 250 °C, during which phosphoric
acid and amines are released. In this temperature range, PER also begins to decompose and
reacts with the generated phosphoric acid to promote char formation. Above 300 °C, MEL starts
to decompose, releasing non-flammable gases such as CO, and N,. These gases become trapped
within the viscous matrix and form bubbles, resulting in a blistered structure that expands into a
protective char layer. This char layer effectively insulates the underlying substrate by creating a
multi-compartment barrier between the flame and the coating surface [5,18].

3.5. Static immersion test
Figure 10 shows the mass-change profiles of the coatings during 7 days of immersion in
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distilled water. After two days of immersion, the coating weight increased by approximately 5—
15%, followed by a gradual decrease in the subsequent days.

During the static immersion test, two simultaneous processes occur: permeation and
migration. Depending on the immersion duration, one of these processes becomes dominant. In
the permeation process, water and corrosive ions penetrate the coating through its pores, leading
to an increase in coating mass. Concurrently, some hydrophilic flame-retardant components
(APP, PER, and MEL) migrate from the coating into the surrounding water, resulting in mass
loss [18].

Weight change (%)

-25

0 1 2 3 4 5 6 7
Immersion time (day)

Figure 10. The weight change of the coatings over time of static immersion test.

In the first two days of the test, the permeation of water molecules dominated the migration
of hydrophilic flame retardants, resulting in an overall increase in coating mass. In the following
days, the migration process prevailed over permeation, causing the mass to decrease. After 7
days of immersion, no mass loss was observed for samples S2 and S3, which contained 10 wt.%
and 5 wt.% talc fillers, respectively. This confirms that the water repellence of the coatings
improved with increasing talc content. The lamellar structure and hydrophobic nature of talc,
which is insoluble in water, help restrict water uptake by the coating [9].

In contrast, samples S4, S5, and S6 containing 10, 5, and 2.5 wt.% CaCOj fillers,
respectively, exhibited weight loss after 3 days of immersion. In this case, apart from the
migration of hydrophilic flame retardants, CaCO; also reacted with water containing dissolved
CO, to form water-soluble calcium bicarbonate:

CaCO3 + CO, + H,O — Ca(HCO3)2 (6)

The S1 sample also showed a tendency to lose weight after 6 days of immersion due to the
migration of hydrophilic flame-retardant components. The weight reductions of samples S1, S4,
S5, and S6 after 7 days were 3.28 %, 19.40 %, 14.77 %, and 14.55 %, respectively.

3.6. Mechanical properties of coatings

The pendulum hardness and adhesion strength of the coatings were evaluated to determine
the influence of the fillers on the mechanical properties of the coating system. The experimental
results are summarized in Table 2.
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Table 2. Pendulum hardness and adhesion of the investigated coatings.

Properties S1 S2 S3 S4 S5 S6
Pendulum hardness 0.31 0.30 0.33 0.31 0.34 0.30
Adhesion (MPa) 4.18 4.21 4.53 4.32 4.61 4.0

It can be seen from that Table 2 the combination of fillers Al(OH);, TiO, with talc (S3
sample) and CaCO; (S5 sample) helps to increase hardness from 6.5 % - 9.7 % and adhesion
from 8.4 % - 10.3 % compared to sample S1. However, combining all four fillers in the S6
sample reduced the mechanical properties. This result can be explained by weak interfacial
compatibility between the components. The cross-sectional SEM image of the S6 coating sample
(Figure 6) showed cracks, holes and delamination.

4. CONCLUSIONS

This study demonstrates that adding talc and CaCOj significantly affects the performance of
the acrylic-based intumescent coating. Although both fillers reduce the intumescent factor, they
enhance fire resistance compared to conventional fillers. The formulation containing 5 wt.%
CaCO; exhibited the best performance, reaching only 165 °C on the backside after 60 minutes of
fire exposure. CaCO; also improved the coating’s adhesion and hardness, though it reduced
water resistance. Overall, CaCOg is a promising filler for enhancing the fire protection efficiency
and mechanical properties of acrylic intumescent coatings.
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