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Abstract: Onboard ships, fire is one of the most dangerous events that can occur. For both military
and commercial ships, fire risks are the most worrying; for this reason they have an important impact
on the design of the vessel. The intumescent coatings react when heated or in contact with a living
flame, and a multi-layered insulating structure grows up, protecting the underlying structure. In
this concern, the aim of the paper is to evaluate the intumescent capacity of different composite
coatings coupling synergistically modeling and experimental tests. In particular, the experiments
have been carried out on a new paint formulation, developed by Colorificio Atria S.r.l., in which the
active components are ammonium polyphosphate or pentaerythritol. The specimens were exposed
to a gas-torch flame for about 70 s. The degree of thermal insulation of the coating was monitored
by means of a thermocouple placed on the back of the sample. In order to get insights into the
intumescent mechanism, experimental data was compared with the results of a mathematical model
and a good agreement is detected. Furthermore, a predictive model on the swelling rate is addressed.
The results highlight that all coatings exhibit a clear intumescent and barrier capacity. The best
results were observed for coating enhanced with NH4PO3 where a regular and thick, porous char
was formed during exposure to direct flame.

Keywords: naval fires; intumescent coating; mathematical model

1. Introduction

Fires onboard ships, unfortunately, are causes of human and environmental disasters.
Fires can cause damage to the boat structure. The consequence of this, in the worst cases,
can be the sinking of the ship, with loss of human life and/or spillage of pollutants into the
sea, which damage the marine environment and the coast. The last naval fire that occurred
in the Mediterranean Sea was on 18 February 2022 aboard a Grimaldi passenger ferry
that traveled off the northern coast of the Greek island of Corfu, carrying 237 passengers
and 51 crew members [1]. But there are several accidents involving boats that caught fire
while they were at sea and turned out to be fatal. This is the case, for example, of the
Norman Atlantic [2]. On the night of the 27th December 2014, the ferry was traveling from
Igoumenitsa (Greece) to Ancona when it caught fire. The rescues were very complicated,
over a long time: some lifeboats were destroyed by flames, and there was a storm and the
sea was very rough. Eleven deaths and about twenty missing were confirmed.

The ship and marine structures are composed of vertical and horizontal areas separated
by structural elements with and without thermal insulation. Fire irreparably damages
the ship structures, which lose their geometrical shape and consequently their stability,
collapsing. Therefore, the use of appropriate materials can increase the ability of each
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ship structure to resist the fire effects, which means improving the fire resistance limit,
which will guarantee the time necessary for rescue operations [3]. A passive approach
to control the fire reaction is to use coatings onboard ship capable of increasing both
thermal insulation and fire stability [4]. Intumescent coatings are reactive coatings and
are identified as an excellent solution for protecting structural steel load-bearing systems
during fire [5]. In contact with heat, and even more so with fire, the intumescent coatings
swell to form a foamed carbon with low density and low thermal conductivity; therefore,
preventing the temperature increase in the steel which could cause structural instability
and/or progressive failure [6,7]. So, these thin coatings swell on heating to form a highly
insulating char, protecting steel members and preventing them from reaching critical
temperatures that could cause them to fail. Intumescent coatings are among the most
efficient ways of fire retarding flammable materials. The coatings swell under the influence
of heat and form a thick porous charred layer, which perfectly insulates the substrate against
an excessive increase of temperature and oxygen access [8]. In fact, during the swelling,
process oxygen is sequestered, decreasing the level of oxidizing from the surrounding
environment. Moreover, swelling involves a succession of reactions, mostly endothermic,
which absorb heat, decreasing the temperature of the coating [9]. The choice of components
for an intumescent fire-retardant coating has an essential effect on the swelling rate and,
accordingly, the charred mass formation, its thickness and its density.

Intumescent coatings are usually composed of a polymeric matrix with added organic
and inorganic components [10,11]. Additives are normally an acid source (e.g., ammonium
polyphosphate), which acts as a catalyst, a carbonific compound (generally pentaerythri-
tol) and a foaming agent (normally melamine). The acid source breaks down to create a
mineral acid that dehydrates the carbonific to produce the carbon char and, at the same
time, the spumific decomposes in gaseous products, allowing the char swelling [12]. As
a result of the activation of the process, a thick protective carbonaceous layer is formed.
This insulating layer is the result of a perfect balance between chemical phenomena and
transport phenomena. This interaction strongly depends on the components of the formu-
lation. The right balance between the components guarantees an insulating and protective
layer. Mathematical models could be useful tools for the optimization of highly performing
intumescent materials, predicting their reaction to fire [13]. Cirpici et al. [14] developed a
theoretical model for quantifying expansion of intumescent coating under different heating
conditions. Anderson et al. [15] studied a mathematical model that described the physical
processes of an intumescent system, by taking into account mass and energy control vol-
umes. Experimental data from thermogravimetric and differential scanning calorimeter
analysis were employed to validate the numeric study. Di Blasi et al. [16] investigated a
mathematical model on a composite system consisting of a substrate and an intumescent
coating subjected to a variable radiative heat flux (20–200 kW/m2). Often the mathematical
model is developed on very simplified descriptions of the physical processes, which take
part in the intumescence, based on a one-dimensional enthalpy equation coupled with
different relations for the volume change [17]. Transport models of intumescent coatings
have generally been applied to irradiation phenomena, but analyses and validations have
been carried out showing a very limited correspondence [17–19].

To couple, synergistically, modeling and experimental tests could be a suitable ap-
proach to get insights to assess the intumescent coatings reaction that occurs when heated
on, in contact with a living flame. In this concern, the aim of the paper is to evaluate the
intumescent capacity of two different composite coatings, in which the active components
are ammonium polyphosphate and pentaerythritol. In particular, the experimental test
was performed exposing the samples to a direct gas-torch flame for about 70 s (identified
as optimal time to assess the barrier and intumescence capacity of the coatings). The
degree of thermal insulation and intumescence of the coating was monitored by means of a
thermocouple placed on the back of the sample and digital camera, respectively. With the
purpose of providing an improvement in knowledge about the intumescent mechanisms,
experimental data are finally compared with a predictive mathematical model. The scope
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of the research is, preliminarily, to develop a simplified model, describing, based on the
comparison with experimental tests, both the thermal resistance, expansion and oxidation
of the intumescent coatings.

2. Materials and Methods
2.1. Coating Production

The studied coating is a new formulation of Colorificio Atria S.r.l. (Colorificio ATRIA
S.r.l. Partanna (TP), Italy). The starting material is an Atria’s proprietary acrylic coating
(named iC, intumescent Coating). In order to increase the intumescent property, the use of
ammonium polyphosphate (Budenheim KG, Budenheim, Germany) was increased (APiC,
Ammonium Polyphosphate intumescent Coating). In fact, the ammonium polyphosphate
promotes the intumescent process acting as catalyst [20]. The acronym codes of all the
studied products are shown in Table 1. The formulations were deposited (about 76 µm)
on ASTM A1008 carbon steel supports (Q-LAB CORPORATION, Westlake, OH, USA),
140 mm × 70 mm × 0.8 mm to perform the fire resistance tests. The chemical composition
of the supporting panel is 0.60% max Manganese, 0.15% max Carbon, 0.030% max Phos-
phorus, 0.035% max Sulfur. Furthermore, to better understand the intumescent insulating
properties of the realized products, an uncoated carbon steel plate was used as reference
(named uC, unCoated).

Table 1. Codes and specifications of the investigated samples.

Acronym Code Specifications

iC Intumescent coating
APiC Intumescent coating enhanced with NH4PO3

uC uncoated

2.2. Morphological Characterization

Morphological analysis was performed using environmental scanning electron mi-
croscopy (SEM, FEI Quanta 450, Thermo Fisher Scientific, Waltham, MA, USA) working in
Low Vacuum, at 20.00 kV. A Large Field Detector (LFD) and a spot size of 3.5 were used.
Additionally, chemical analysis was performed along with the morphological studies using
energy-dispersive X-ray spectroscopy (EDAX, Ametek, Tokyo, Japan) at an acceleration
voltage of 20 kV.

2.3. Flame Test

The fire-reaction behavior of the coatings was studied by conducting a specifically
designed flame test (Figure 1). The specimens were exposed to a propane gas-torch flame
(flame temperature 2253 K) at a distance of 1 cm from the specimen (300 kW/m2) for about
70 s. The heat flow was calculated considering the propane calorific value (14 kW/g·h)
and propane consumption, measuring the gas can weight before and after the test, over
the investigated time. Five measurements were conducted for each coating. The reaction
of the coating was recorded by two cameras, the first placed in front of the specimen,
the second along its cross section to monitor the profile evolution. The temperature was
monitored using an infrared camera (Optris GmbH, Berlin, Germany). In addition, a
K-thermocouple placed behind the steel coated support (Figure 1b) was used to evaluate
the thermal insulation degree provided by the coating. A further test, using a lower heat
flow (150 kW/m2), decreasing the intensity of the torch flame, was conducted on APiC
sample to better identify the early stages of the intumescence process.
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2.4. Mathematical Model

In order to gain more insights into the observed phenomenon, a mathematical mod-
eling of intumescence process was addressed to predict the time evolution of back face
temperature as well as of the thickness of growing and ablative layers for sample APiC. In
particular, to better appreciate the growth processes at short time, the predictive mathe-
matical model was performed by using, as reference, the curve with the lowest heat flow
(150 kW/m2). The use of the lowest heat flux has been selected to have a less abrupt
kinetics process, to better discriminate the phenomena that occur during swelling. This
was useful to allow an adequate comparison between the theoretical and experimental
aspects. The model accounts for the decomposition of intumescent coatings, subject to
the external fire source, the swelling process that originates when temperature reaches an
activation threshold and heat transfer in the reactive coating and in the substrate. When the
coating is exposed to a source of heat and the critical temperature is reached, the inorganic
acid, present in the formulation, undergoes a thermal decomposition. The blowing agent
is then activated, causing an endothermic reaction that absorbs heat from the substrate
and decomposes to release a large amount of gaseous products, trapped in the coating,
causing the formation of a low density and thick material, which acts as thermal barrier for
the steel substrate [21]. Assuming a uniform distribution of heat source over the sample,
a one-dimensional model is here considered. In particular, the geometry consists of a
three-layer structure, defined as follows (see Figure 2):

1. A substrate, made by steel, whose thickness (xsteel) is kept fixed, so unaffected by the
intumescent process;

2. An ablative layer, made by a filled acrylic matrix, whose thickness (f (t)− xsteel) reduces
in time as the material ablation due to pyrolysis starts;

3. A growing layer, mostly made by char, whose thickness (g(t) − f (t)) increases in time
due to the swelling process, following the decomposition of the ablative layer.

Time t1 represents the time at which the reaction in the ablative layer starts.
In order to model the phenomena occurring during the early stages of the intumescent

process, in line with some literature [13], herein, the solidified char layer is not explicitly
taken into account. In particular, the early stage evolution of the system can be described
as follows:

• At time t = 0, the system is composed by two layers, the substrate and the intumescent
coating, and the homogeneous heat source is applied on the top face of the sample;

• At time t1, the top face achieves a critical temperature TS that gives rise to the swelling
process and to decomposition of the ablative layer.
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In line with existing literature [13,17], the above phenomena can be described by
means of a set of free-boundary nonlinear partial differential equations, consisting of
nonsteady heat (Fourier) equations for each layer. The model reads:

ρsteel Csteel
∂T(x,t)

∂t − λsteel ∆T(x, t) = 0 ∀x ∈ [0, xsteel ]

ρabla Cabla
∂T(x,t)

∂t − λabla ∆T(x, t) = −LVM(T(x, t)) ∀x ∈ [xsteel , f (t)]
ρgrow Cgrow

∂T(x,t)
∂t − λgrow ∆T(x, t) = 0 ∀x ∈ [ f (t), g(t)]

(1)

where ρ represents the material density, C the specific heat, λ the thermal conductivity and
the subscripts “steel”, “abla” and “grow” stand for “steel substrate”, “ablative layer” and
“growing layer”, respectively.

Spatio-temporal evolution of temperature is given by T(x,t) and ∆T = ∂2T
∂x2 . The heat

transfer in the ablative layer accounts for an empirical Arrhenius-type law, with a prefactor
LV, that can be expressed as:

M(T(x, t)) =

{
0 f or T(x, t) < Ts

−ρablak f exp
(

−E
R T(x,t)

)
f or T(x, t) ≥ Ts

∀(x, t) ∈ [xsteel , f (t)]×R+ (2)

where kf is a pre-exponential factor, E is the activation energy and R is the universal
gas constant.

This law allows for correlation of the temperature with the velocity of the reducing
boundary as follows:

∂ f (t)
∂t = −

f (t)∫
xsteel

M(T(x,t))
ρabla

dx (3)

Differently, the expansion of the top boundary is related to the gradient of gases
pressure [22,23] and its speed is given by:

∂g(t)
∂t

= −
χ ρgas R
µ M θ

∂T(x, t)
∂x

(4)

where χ represents the material permeability, µ the fluid viscosity, M is the gas molecular
mass and θ the layer’s porosity.

Finally, the system (1)–(2) is closed with the following boundary and initial conditions:

−λgrow
∂T(x,t)

∂x = h(T(x, t)− Tex) + εσ
(
T(x, t)− T4

ex
)
− αΦ(t) x = g(t)

−λgrow
∂T(0,t)

∂x = h(T(0, t)− Tex) + εσ
(
T(0, t)− T4

ex
)

∀t ∈ R+

T(x, 0) = Tex ∀x ∈ [0, xsteel + xabla]
f (0) = g(0) = xsteel + xabla

(5)

where h denotes the convective heat exchange coefficient, e the emissivity of the front
face (x = g(t)), s the Stefan-Boltzmann constant, α the absorptivity of the front face, Tex
is the initial room temperature and Φ(t) the time dependent heat flux. Note that, both
steel-ablative and ablative-growing interfaces are assumed to be in perfect contact and the
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continuity of gradients and temperature is guaranteed. Herein, debonding phenomena
generally occurring between the layers when the material is exposed to prolonged fire have
been here disregarded.

3. Results and Discussion
3.1. Morphological Characterization

The morphology of the analyzed samples, at low magnification, appears similar
(Figure 3). In particular, the APiC sample has a denser texture. All coatings show a
regular structure, mainly composed of cubic and spherical particles of pentaerythritol,
melamine and ammonium polyphosphate. The size of these particles is less than 25 µm.
The analyzed area is homogeneous, without cracks, and the particles are well bonded by
the acrylic matrix.
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At higher magnifications, an inhomogeneous structure can be noted, as confirmed by
the EDX mapping analysis, in particular for iC sample, where some particles agglomera-
tions are present. The EDX analysis detects a greater amount of well distributed phospho-
rous in APiC sample, due to the presence of a higher percentage of ammonium polyphos-
phate (compare Figure 4a,b). The images reported in Figure 4 refer to the SEM images in
Figure 3a,b respectively. The peaks mainly refer to C and O, amenable to the organic matrix,
but to added melamine and pentaerythritol, also. Peaks of Mg, Na, Al, Ti, Ca and Si are
furthermore evident, due to the presence of metals oxides and silica, in particular for iC
sample (Figure 4c). TiO2, as it is well known, can improve the thermal performance and
char morphology of the intumescent coating [24]. In Figure 4d, the EDX mapping of APiC
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sample is reported. In this case, C, O and P are the more visible elements, as confirmed
by the EDX spectrum in Figure 4b. The higher amount of P (compare Figure 3e,f) and,
consequently, the larger scale of the y-axis in Figure 4b makes peaks of the other filler
components less evident.
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3.2. Flame Test Results

In Figure 5, the images of each specimen at time t = 0 and after 65 s (t = 65 s) of
flame exposure are reported. In addition, the images detected by the infrared camera and
the section of the specimen during the test are shown. The uncoated steel plate (uC) is
considered as reference.

The intumescent character of the coatings is clearly shown. After 65 s of flame exposure,
for the uncoated steel, the surface temperature, detected by the infrared camera, is higher
than 700 K for a wide area of the sample, evidently higher than the coated samples.
Analyzing the section images of the investigated formulations, a thicker intumescence
product is observed for the samples APiC.

By analyzing the temperatures detected by the K-thermocouple (placed on the back
side of the sample, as visually evidenced in Figure 1b), both the coatings present an
insulation property. Compared to the uncoated plate, a temperature decrease of almost
200 K is obtained. In particular, the sample APiC at 65 s, records a temperature of 455.4 K,
considerably lower than the uC and the iC specimen (650.9 and 479.4 K, respectively).
Furthermore, by turning off the flame, the samples tend to quickly decrease the temperature,
reaching temperatures below 373 K, in about 80 s as reported in Figure 6.

As already highlighted, the significant insulating action of the intumescent coating is
noted. In particular, the graph in Figure 6 confirms the good insulation behavior of APiC
sample. Furthermore, a lower heating rate is observable for the coated sample, particularly
for the APiC specimen. As can be easily understood, as the flame was removed, the samples
cooling took place. For the uncoated sample, the cooling is more sudden (about 4.53 K/s),
whereas the coated samples cool down more slowly (about 1.62 K/s), showing a cooling
rate almost similar for the different coatings. The values reached after 80 s are 358 and 354 K,
respectively, for iC and APiC. In addition, the APiC curve related to the lowest heat flow of



Coatings 2022, 12, 1180 8 of 14

150 kW/m2 is reported. In this case, the temperature reached by the K-thermocouple at 65 s
of flame exposition is about 375 K, approximately 80 K lower than the one subjected to the
highest heat flow. Consequently, after the flame interruption, the K-temperature reaches
about 320 K in 80 s.
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Figure 6. Temperature recorded by the K-thermocouple, up to the end of the test for each investigated
sample, uC (blue line), iC (green line), APiC at a heat flow of 300 kW/m2 (orange line) and APiC at
150 kW/m2 (brown line). Note that, at t = 70 s, the flame is turned off.

Figure 7 shows section profiles of the coatings during intumescence, while in Table 2,
the respective temperatures recorded by the thermocouple placed on the back of the
specimen and the thickness of the sample are indicated for 25, 40, 65 and 80 s of flame test.
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Figure 7. Sections of the intumescences during the fire test for the respective investigated samples,
(a) iC, (b) APiC at 300 kW/m2.

Table 2. Temperatures recorded by K-thermocouple and intumescence thicknesses as a function
of time.

Sample 25 s 40 s 65 s 80 s

iC 410.4 ± 32.2 K 450.65 ± 25.3 K 480.4 ± 20.4 K 458.9 ± 28.5 K
(300 kW/m2) 6.4 ± 0.13 mm 8.1 ± 0.21 mm 9.8 ± 0.22 mm 10.6 ± 0.20 mm

APiC 401.9 ± 21.3 K 432.4 ± 30.4 K 457.4 ± 34.2 K 449.1 ± 20.3 K
(300 kW/m2) 6.1 ± 0.17 mm 10.0 ± 0.22 mm 12.2 ± 0.21 mm 12.7 ± 0.20 mm

APiC 344.1 ± 29.6 K 363.3 ± 33.2 K 374.2 ± 33.3 K 358.2 ± 35.1 K
(150 kW/m2) 3.1 ± 0.20 mm 6.6 ± 0.14 mm 10.5 ± 0.21 mm 10.5 ± 0.22 mm

Both iC and APiC coatings shows a clear intumescent behavior with the formation
of a porous foamed char during the fire exposure. However, as evidenced in Figure 7, the
section of the intumescent product of APiC appears more regular and thicker than iC one
(green line in Figure 7). Furthermore, the porous char appears well-distributed in a larger
area of the coated specimen. Moreover, comparing the results reported in Table 2, at 25 s of
flame exposure, even if the thickness of iC specimen is higher, the insulation property of
APiC is slightly evident (the average recorded maximum temperature is 410.4 and 401.9 K,
respectively). This result is due to the fact that thickness is not the only characteristic
that influences the insulating property of the material, but a fundamental role is played
by the density of the intumescent [13]. Generally, the lower the density, the greater the
insulating power [25]. The density of the produced material, obviously, depends on the
swelling process and, therefore, on the constituent components of the formulation [26].
This behavior is noticed also at 40 s of flame exposure, when iC specimen shows a back
temperature of 450.65 K and APiC sample, about 18 K lower (432.4 K). In this case, the
thickness of APiC sample is higher than iC, as observed at longer times (80 s), when the
flame is out and specimens are cooling down. The temperatures are, respectively, 458.9 and
449.1 K. The final thickness for the APiC specimen is 12.7 mm, and for the iC specimen is
10.6 mm. This behavior should be due to the higher amount of ammonium polyphosphate
in the coating formulation. In fact, the component acts as a catalyst, giving the way to
the sequence of actions that lead to swelling and consequently to the production of the
intumescence [20]. Additionally, the values of the characteristics of the APiC sample, at the
lowest heat flow are reported in the table. As evidenced, the temperatures reached by the
K thermocouple is lower than the ones showed by the APiC at 300 kW/m2, as well as the
thickness, which does not exceed 10.5 mm. Even if the heat flow is lower than the one used
for the other coated samples, the thickness observed at 80 s, when the test is concluded, is
similar to the iC one. This is due to the highest ammonium polyphosphate added in the
APiC samples, that promotes the intumescent process. As observed, the results presented a
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dispersion in the recorded temperature data. An analytical approach taken to the results
could be effective to enhance the obtained results [27–29].

3.3. Mathematical Model Results

In this section, we aim at describing the time evolution of the key parameters involved
into the early stages of the intumescence process. To achieve this goal, we compare the
experimental results obtained for the APiC sample, i.e., the material that exhibited the
best thermal insulation response, subject to the flame with the lowest value of heat flux
(150 kW/m2) with the numerical ones predicted by the theoretical framework described in
Section 2.4.

In particular, we will track the evolution of temperature on the back face T(0,t), as well
as the thicknesses of ablative f (t) and growing g(t) layers. To this aim, systems (1)–(5) are
integrated numerically by means of the “Heat Transfer” module of COMSOL Multiphysics
(v.6.0, COMSOL AB, Stockholm, Sweden) based on a finite-elements scheme. We used
an adaptive and extremely fine mesh for both ablative and growing layers, whereas a
fine mesh for the steel one. The real initial thicknesses values for all the layers have been
employed, as specified in Table 3.

Table 3. Model parameters.

Symbol Value Unit Description

xsteel 0.82 mm Thickness of the steel layer
xabla 0.76 mm Initial thickness of the ablative layer
ρsteel 7900 kg m−3 Steel density
ρabla 1101.82 kg m−3 Ablative material density
ρgas 1.5 kg m−3 Gas density

Csteel 475 J kg−1 K−1 Steel specific heat
Cabla 1884 J kg−1 K−1 Ablative specific heat
Cgas 1005 J kg−1 K−1 Gas specific heat
λsteel 44.5 W m−1 K−1 Steel thermal conductivity
λabla 0.198 W m−1 K−1 Ablative material thermal conductivity
λgas 0.024 W m−1 K−1 Gas thermal conductivity
Tex 293.15 K Room temperature
TS 383 K Activation temperature
kf 107 s−1 Pre-exponential factor
E 1.5 × 105 J mol−1 Activation energy
R 8.32 J mol−1 K−1 Universal gas constant
χ 2.2 × 10−15 m2 Material permeability
α 0.1 - Front face absorptivity
ε 1 - Front face emissivity
θ 0.9 - Porosity of the growing layer
µ 4.5 × 10−5 Pa s Material viscosity
σ 5.67 × 10−8 W m−2 K−4 Stefan–Boltzmann constant
Φ 150 kW m−2 Heating flux
h 20 - Convective heat exchange coefficient

LV 5 × 105 J kg−1 Vaporization enthalpy
M 44 g mol−1 Gas molecular mass

The numerical values of all the parameters appearing in the model are reported in
Table 3. They are extracted from [17] in the literature, and from experimental estimations
carried out on the specific painting under investigation.

The first, and most relevant, parameter to be taken into account is the temperature
of the back face (x = 0), being the clearest indicator on the insulating character of the
intumescent coating.

The comparison between experimental (symbol) and theoretical (solid line) is reported
in Figure 8, revealing a satisfying agreement.
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In detail, as it can be noticed from Figure 8a, after applying the heat source over the top
face at t = 0, the temperature starts monotonically increasing. As long as the temperature
is below the activation threshold Ts, the coating is still at its initial thickness, whereas the
back-face temperature follows closely the temperature in top face, according to classical
Fourier law. Once the temperature reaches the activation threshold at t = 20.8 s, the swelling
process begins and the back-face temperature grows more slowly. Indeed, the growth
rate of the back-face temperature exhibits a significant reduction, as depicted in Figure 8b,
so contributing to the thermal insulation of the steel layer from the heat source. This is
confirmed by the temperature trend over time for the entire investigated process, shown
in Figure 6, in which, upon reaching the threshold time, an evident variation in the slope
of the curves relating to the coated samples (iC and APiC) is noted. The slopes of the
temperature trend over the time of the uncoated sample (uC) are much steeper.

A similar agreement between experimental and simulated data holds for the evolution
of the overall thickness of ablative and growing layers, as shown in Figure 9. Indeed, for
T < Ts (namely for t < 20.8 s), the overall thickness is kept fixed at g(t) − xsteel = xabla =
0.76 mm, whereas, for T > Ts, the overall thickness increases substantially by even one
order of magnitude, reaching the value of about 7 mm, as confirmed by the data reported
in Table 2, in which the thickness of the APiC sample at 40 s, when the activation of the
intumescence process has been reached, is 6.6 mm.
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Moreover, since the decomposition of the ablative layer is not accessible experimentally,
its time evolution is monitored through numerical simulations. The results depicted in
Figure 10 reveal that, after about 40 s, the consumption of the coating layer is almost
complete, as the remaining thickness amounts to about 0.13 mm.
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In fact, as shown in Table 2, observing the thickness of the the APiC sample at different
time, at 25 and 40 s, an increase of 113% can be noted. The effect of the swelling is
significantly reduced from 40 to 65 s (60%), just before subtracting the flame from the
surface of the specimen. This is due to the reduction of the ablative layer. Its consumption,
as predicted in Figure 10, influences the production of the growing layer, decreasing the
growing rate.

4. Conclusions

In this paper, the intumescent capacity of two different composite coatings, in which
the active components are ammonium polyphosphate and pentaerythritol was investigated.
The sample was exposed to a gas-torch flame for 70 s, and the temperature on the back
of the sample was recorded throughout the test, by means of a K-thermocouple. The
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results highlight that iC ansd APiC coatings exhibit a clear intumescent and barrier capacity.
The two formulations exhibit a different amount of ammonium polyphosphate filler, in
particular, the APiC sample, which presents the higher percentage, exhibits 29 wt.% of
ammonium polyphosphate. Best results were observed for APiC batch where the porous
char, formed during exposure to direct flame, appears more regular and thicker than iC one.
Furthermore, the acquired thermal profiles evidence that ApiC samples show a maximum
temperature of about 23 K lower than iC, confirming the higher thermal barrier capacity
supplied by this coating formulation. The experimental data were further investigated by
comparing the two intumescent formulations with an uncoated steel plate. The insulating
behavior of the coatings was confirmed and a decrease in temperature of about 200 K was
recorded. Moreover, the higher presence of ammonium polyphosphate favors the formation
of a thicker (12.2 mm after 65 s of flame exposure) and more distributed intumescent product
on the steel plate, which leads to a better insulating effect of the coating (457.4 K vs. 480.4 K,
for APiC and iC, respectively).

Furthermore, a theoretical model was used to describe the insulating properties of
an intumescent coating, deposited on a steel plate. The theoretical results were compared
to the experimental ones, carried out by means of a flame test and using a heat flux of
150 kW/m2 to better discriminate the phenomena that occur during the intumescence
growth process. The experimental data fit well with the theoretical ones, so validating the
mathematical model. Through the study of the swelling evolution, it was also possible to
define a predictive model for the growth process of the intumescent product, as well as on
the rate of the carbonaceous product formation. As the ablative layer is consumed by the
intumescence process, the rate, at which the growing layer is formed, decreases.
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