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Highlights:

'] Experimental methodology to gauge the thermo-physical response of intumescent coatings.
The swelling and the swelled thickness govern the effectiveness of intumescent coatings.
Heating conditions govern the swelling rate of intumescent coatings.

Applied initial thickness governs the maximum swelled thickness.

Empirical correlations for swelling rate and maximum swelled thickness.
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Abstract:

The study presented herein shows an experimental methodology aimed at analysing the
effectiveness of intumescent coatings through a detailed characterisation of their thermo-physical
response for a range of heating conditions and applied initial dry film thickness (DFT). Steel plates
coated with a commercial solvent-based thin intumescent coating were exposed to well-defined
and highly-repeatable heating conditions in accordance with the H-TRIS test method. Experimental
results emphasise that the swelling process and the resulting swelled thickness govern the thermo-
physical response of intumescent coatings, thus their effectiveness. During swelling, the coated
steel asymptotically tends to the temperature range 300-350°C, regardless of the heating condition
or the initial DFT. Thermo-Gravimetric Analysis (TGA) experiments demonstrate that the coating
undergoes the swelling reaction at this temperature range. Once the swelling process is completed,
the steel temperature increases above 350°C. The steel temperature acts as an indicator of the
swelling process, as the reaction occurs in the proximity to the steel-coating interface. The
intumescent coating swells and insulates the steel substrate by displacing the already-swelled
coating towards the direction of the source of heat. Aiming at predicting the swelling of
intumescent coatings, empirical correlations are derived: the swelling rate is governed by the
heating conditions and the maximum swelled thickness is governed by the applied initial DFT.

Keywords: intumescent coatings; steel structures; swelling; heating conditions; initial thickness;
heat transfer; fire testing; H-TRIS; fire safety.

1. Introduction and background

Steel structures represent a mainstream building structural system in the modern construction

industry. As structural systems, the integrity and stability of steel structures may be compromised
during and after a fire due to loss of strength and stiffness, as well as thermally induced forces and
displacements [1]. The application of thermal barriers characterised by low thermal diffusivity is
the traditional solution to reduce the temperature increase of the load-bearing structure during a
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fire [2]. Conventional solutions, such as gypsum plasterboards or cementitious spray-on systems,
are usually deemed to be relatively inexpensive and easy to apply, but aesthetically unpleasant and
an undesirable choice in varied applications, such as slender structures with visible steelwork.

The unique advantages of intumescent coatings, such as the low impact on the attractive
architectural appearance of bare steel structures and flexibility for both on- and off-site
applications, have fostered their success and extensive use all over the world [3-5]. Consequently,
intumescent coatings currently represent a dominant fire safety solution for protecting load-bearing
structural steel systems. Upon sufficient heating, intumescent coatings swell to form a low-density
and highly-insulating porous media that prevents the steel elements from reaching high
temperatures [6]. The formulation of thin intumescent coatings for the built environment is
typically waterborne or solvent-based. They are usually applied to a target Dry Film Thickness
(DFT) of a few millimetres and, when exposed to heat, they can swell up to 100 times their initial
thickness [5, 7].

Within the structural and fire safety engineering practice, the insulating capacity of intumescent
coatings is commonly assessed using two simplified engineering design methods based on
exposure to the standard temperaturetime fire curve in a furnace [8-9]. These methods are
developed based on experimentally measured temperatures of coated steel samples tested in a
standard fire resistance test. The first method consists of creating tabulated fire ratings, where
manufacturers offer design tables that list the minimum DFTs required to ensure a certain level of
fire protection (i.e. the steel temperature remains below a certain predefined critical value in the
standard fire resistance furnace test). Alternatively, the European effective thermal conductivity
method can be used to simulate the heat transfer from the fire into the steel using a lumped
capacitance approximation of the transient heat conduction problem [9]. This method assumes that
the intumescent coating does not expand, but it experiences a transient change of its thermal
conductivity. The resulting temperature-dependent effective thermal conductivity of the
intumescent coating estimates an equivalent thermal barrier to the protected structure and this
method implicitly assumes that the thermo-physical properties of the intumescent coating only
depend on the temperature [10]. However, intumescent coatings are chemically reactive materials
and numerous researchers have emphasised the influence of the heating conditions on the
intumescent process and the overall insulating effectiveness [6, 11-16]. In particular, slow-growing
fires or low heating regimes may have a negative impact on the insulating performance of
intumescent coatings by causing incomplete swelling or even melting and delamination [6, 14, 15].

As a consequence, the current procedures do not represent a comprehensive design practice to
ensure the fire safety of steel structures. They do not fully assess the effectiveness of intumescent
coatings through a detailed characterisation of the heat transfer within the swelling coating. Most
importantly, these simplified engineering methods simulate the temperature evolution of coated
steel samples in furnaces exposed to a single heating scenario, not addressing the whole range of
potential heating regimes occurring in a fire. In a world moving towards performance-based
engineering solutions, there is a need for explicitly understanding how different factors may
influence the effectiveness of intumescent coatings, e.g. heating conditions and applied initial
thickness. By obtaining this scientific and practical knowledge, it will be possible to formulate and
validate models able to produce realistic and reliable predictions for the fire-safe design of steel
structures [10].
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The available literature presents limited research studies that have looked at assessing the
effectiveness of intumescent coatings through their thermo-physical response [10]. This progress
is commonly inhibited by inadequate testing methodologies and experimental setups. In particular,
standard fire resistance tests in furnaces have been questioned due to the poor repeatability and the
uncertain thermal boundary conditions imposed on test samples [17-18]. In addition, the closed
environment of standard furnaces does not allow for accurate visual inspection of test samples
during the heating exposure, a key aspect to comprehend the thermo-physical response of
intumescent coatings [19]. A few researchers have proposed various approaches and
methodologies to analyse the heat transfer within intumescent coatings by placing in-depth
thermocouples within intumescent coatings [20-22]. However, this methodology has been adopted
in only a few cases because of the experimental difficulties related to gauging accurate
measurements of the in-depth temperature distributions without disturbing the swelling process.

The study presented herein shows an experimental methodology aimed at analysing the
effectiveness of intumescent coatings through a detailed characterisation of their thermo-physical
response. In particular, the influences of different heating conditions and the applied initial
thickness were investigated. Steel plates coated with a commercial solvent-based thin intumescent
coating were exposed to well-defined and highly-repeatable heating conditions using the Heat-
Transfer Rate Inducing System (H-TRIS) test method. Test samples were thoroughly instrumented
in order to measure the real-time swelled coating thickness, the exposed surface temperature, the
steel temperature and the in-depth transient temperature profile within the intumescent coating.

2. Material and methods

2.1 Experimental methodology

The experimental methodology was chosen in order to have direct control and quantification ofthe
thermal boundary conditions imposed on the test samples, ensuring high repeatability between
experiments at low economic and temporal costs. The Heat-Transfer Rate Inducing System (H-
TRIS) offers these advantages over conventional testing, therefore it was selected as the appropriate
experimental methodology [18]. H-TRIS accurately controls the relative position between the

target exposed surface of the test sample and the surface of an array of radiant panels, moving on
a computer-controlled linear motion system (Fig. 1). In this way, H-TRIS is able to impose a well-

200x200 mm? 150x200 mm?
coated steel plate radiant panels (4)
(test sample) / [300x400mm?]

radiant panel
support

linear motion

sample N
system carriage

stepper
holder

motor

supporting table . .
linear motion

system rails

Fig. 1. Illustration of the experimental setup based on the H-TRIS test method.
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defined time-history of incident radiant heat flux on the exposed surface of the test sample. In
addition, thanks to its open environment, H-TRIS allows for the visual inspection of thetest
samples during the heating exposure (e.g. measuring the swelled coating thickness). The H-TRIS
assembled for this specific research study was composed of four high-performance natural-gas-
fired radiant panels mounted on a supporting frame and creating a 300 x 400 mm? radiant source
of heat (Fig. 1). In this configuration, the apparatus can impose a wide range of incident radiant
heat fluxes included between 5 and 100 kW/m? [19].

2.2 Test samples and description of the experiments

The samples used in this experimental study are 200 x 200 mm?, 10 mm thick mild carbon steel
plates, resulting in a section factor Ap/V (i.e. ratio between exposed surface and volume of steel)
equal to 100 m™' (Fig. 1). Based on the assembled H-TRIS, the sample dimensions were chosen in
order to achieve a surface distribution of incident radiant heat flux on the sample surface with a
deviation lower than 10%. The steel plates were professionally coated with a solvent-based thin
intumescent coating. The product is commercialised worldwide for providing up to 120 minutes
fire resistance to universal steel sections and cellular beams. It is commonly used in the built
environment for internal, semi-exposed or external use and it is suitable for off-site and on-site
application. The coating is a fast-track and self-priming coating, therefore it was applied in one
hand using airless spray equipment, without the use of any primer or topcoat. After one month of
curing, the applied DFT was measured using a non-destructive film thickness gauge at five
different locations (at each corner and the centre of each coated plate). Based on the mean DFT
measured over the steel plate surface, the test samples were selected to be categorised into three
groups:

0 “Low DFT” —1.00 mm (£ 0.20 mm)
0 “Medium DFT” — 1.80 mm (+ 0.20 mm)
Ul “High DFT” —2.90 mm (+ 0.20 mm)

Using the H-TRIS test method, coated samples were individually tested for 60 minutes under
different levels of constant incident radiant heat flux: 10, 25, 40, 50, 70 and 90 kW/m? (Table 1).
The heating conditions were explicitly chosen in order to subject the intumescent coating to various
ranges of temperatures and heating rates, triggering the swelling reaction in different ways.
Particularly, based on a previous research study, a constant incident radiant heat flux of 10 kW/m?
was expected not to initiate the swelling process of the intumescent coating [15]. During the heating
exposure, a custom-built steel frame was used in order to hold the test sample aligned with the
inirepeatable thermal boundary conditions, heat losses at the back of the test sample were
minimised by insulating the unexposed surface of test samples using a layer of 20 mm thick ceramic
wool (ISOLITE ISOWOOL blanket) and 13 mm thick plasterboard (Knauf FireShield).

2.3 Instrumentation

The experimental setup was instrumented in order to systematically gauge all the possible
information necessary to describe the thermo-physical response of the intumescent coating during
the heating exposure.

1) The thickness of the swelled intumescent coating was measured by image processing of video
footages taken using a high-resolution camera placed at the side of the test sample, aligned with
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the surface of the test sample (Fig. 2). The swelled coating thickness was estimated in
correspondence of the central area of test samples, therefore disregarding edge effects at the
sample boundaries. The real-time measurement of the coating thickness was also used for
continuously adjusting the relative distance between the intumescent coating surface and the
array of radiant panels. In this way, the incident radiant heat flux at the exposed surface of the
test sample was maintained to the specified value during the full duration of experiments.

2) Up to seven K-type thermocouples (1.5 mm diameter) were installed in the test sample in order

to measure the transient temperature profile within the intumescent coating. Prior to testing, 1.8
mm holes were drilled through the steel plate in order to allow the insertion of the in-depth
thermocouples from the rear of the test sample (Fig. 2). Preliminary tests evidenced that, if the
thermocouples were placed at the beginning of the heating exposure, they would have perturbed
the swelling process and the development of the intumescent char. Therefore, the thermocouples
were inserted at specific locations within the swelling coating during the heating exposure. The
real-time measurement of the swelled coating thickness was used to understand when a
thermocouple could be inserted at a certain depth. The thermocouples were positioned at depths
multiple of 5 mm from the interface between the coating and the steel plate: 5, 10, 15, 20, 25,
30, 35 mm. Particular care was taken in order not to damage the surface crust developed by the
intumescent coating, which represents a key feature for the development of an effective thermal
barrier [14].

3) The temperature of the steel plate was measured using up to three K-type thermocouples

attached to the unexposed surface of the test samples (Fig. 2).

4) The exposed surface temperature of the intumescent coating was measured using an Infra-Red

camera (model FLIR SC655: 16-bit 640 x 480 pixel resolution at 50 Hz, spectral range 7.5 - 14
um, temperature range up to 2000 °C) (Fig. 2).

Table 1. Test matrix.

. .e Number of
Sample group Heating conditions repetitions DFTmean [mm]
10 kW/m? 1 0.887
25 kW/m? 2 1.062, 1.204
“Low DFT” Ty 2 0.996, 1.069
50 kW/m? 2 1.194, 1.196
70 kW/m? 2 1.162, 1.198
90 kW/m? 3 1.134, 1.146, 1.146
10 kW/m? 2 1.620, 1.712
25 kW/m? 2 1.638, 1.786
“Medium DFT” TR 2 1.680, 1.816
50 kW/m? 3 1.794, 1.920, 2.014
70 kW/m? 2 1.712, 1.898
90 kW/m? 3 1.630, 1.770, 1.870
10 kW/m? 1 2.716
25 kW/m? 2 2.714,2.902
“High DFT” T 2 2.750, 2.822
50 kW/m? 2 2.854, 2.866
70 kW/m? 2 2.878, 2.954
90 kW/m? 3 2.992, 3.038, 3.086
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Fig. 2. Different aspects of the experimental setup designed to gauge the thermo-physical
response of intumescent coatings during heating exposure.

2.4 Thermo-Gravimetric Analysis (TGA)

Aside from the experiments using H-TRIS, Thermo-Gravimetric Analysis (TGA) was performed
on small powder samples of dry intumescent coating (8-10 mg) in order to study the thermal
decomposition of the intumescent coating and understand at which temperature ranges the different
reactions occur, particularly the intumescent swelling reaction. The TGA experiments were carried
out using a PerkinElmer STA 6000. The intumescent coating was tested under different heating
rates (5, 10, 20 and 30 °C/min) under Nz or air in the temperature range 30-900 °C.

3 Experimental results

3.1 TGA results

Fig. 3 presents the results obtained from the TGA experiments in terms of normalised mass and its
derivative (DTG curve). According to the available literature, the TGA results highlights that the
product tested in this experimental study has similar characteristics to typical intumescent
formulations. For instance, the common intumescent formulations are typically composed of a
combination of ammonium polyphosphate (APP) as carbonisation catalyst, pentaerythritol (PER)
as carbonisation agent, melamine (MEL) as blowing agent and acrylic resin as carbonic agent and
binder. In these typical formulations, the carbonisation catalyst and agent transform their crystalline
structure and melt at temperatures between 200 and 300°C, increasing the coating viscosity and
releasing volatiles. The first peak in the DTG curves denotes this process, usually specified as
“Thermal Decomposition Zone” or “Melting Zone”. The further decomposition and interaction of
the different chemical compounds lead to the formation of the porous char structure by
esterification: the blowing agent is activated and it releases large quantities of gases, which are
trapped within the molten coating. The second peak in the DTG curves denotes this process, usually
specified as “Reaction Zone” or “Swelling Zone” at temperatures between 300 and 400°C. The
single reactions of the different compounds are often difficult to outline because of the synergic
effect of blowing agent, carbonization catalyst and agent due to their similar decomposition and
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reaction temperatures. In the two different atmospheres and under different heating rates, the main
reactions occur at similar temperature ranges (200-400°C). These reactions are typically
endothermic. Additionally, an oxidising atmosphere results in reactions shifting towards lower
temperatures with a lower reaction rate compared to a reducing atmosphere. Another difference
arises when the char gradually oxidises at temperatures higher than 600°C: the porous char structure
degrades and CO: is released. This aspect is emphasised in the TGA results in air atmosphere: a
first reaction was detected at about 650°C and a second reaction at about 800°C. The oxidation
reactions are exothermic and they produce minor mass loss (lower than 5% each) [10, 23, 24].

In general, it is important to underline that the intumescent swelling reaction (second DTG peak)
typically occurs at temperatures between 350 and 400°C and the main reactions of the intumescent
coating can be considered to be completed at about 400 °C. At that temperature the main
decomposing and swelling reactions are completed: the majority of the mass has been lost (about
40%), seeing the significant amount of inorganic compounds (about 40-45%).
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Fig. 3. TGA results in nitrogen (left) and air (right) atmospheres.

3.2 Steel temperatures and swelled coating thicknesses

Regarding the results obtained from the H-TRIS experiments, the performance of intumescent
coatings was firstly characterised according to the evolution of the steel temperatures and the
swelled coating thicknesses during the thermal exposure. Fig. 4 shows the evolution of the steel
temperatures and the swelled coating thicknesses for all the different experiments carried out on
coated samples. The good repeatability between experiments was confirmed by the agreement of
the temperature readings and the estimations of the swelled coating thickness. Throughout all the
experiments, the steel temperatures measured using thermocouples had deviations lower than 10%,
the central area of the test samples swelled rather homogeneously and the swelled coating
thicknesses were measured with an accuracy of = 2 mm. For simplicity and neatness of graphical
visualisation, only the average values are displayed in this manuscript. In the graphs, the same
colour collects all the experiments with the same heating conditions, while continuous, dashed and
dotted lines reports single experimental repetitions.

As regards the steel temperatures, most of the coated steel plates reached a steady-state temperature
by the end of the heating exposure. However, in a few cases, the steel never reached a quasi-steady
state temperature and the temperature kept increasing during the heating exposure, such as 50, 70
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and 90 kW/m? for “Low DFT” and 70 and 90 kW/m? for “Medium DFT”. This aspect can be
directly associated with the completion of the swelling process of the intumescent coating: in these
cases, the coating completed the swelling process before the end of the experiment. In other cases,
where the coating continuously swelled during the experiments, the steel plates tended to a similar
range of steady-state temperatures, included between 300 and 350°C. The external incident heat
flux had a minor influence. On the other hand, a higher applied initial DFT foreseeably produced
a lower steady-state steel temperature due to the thicker porous char.
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Fig. 4. Comparison of the evolution of the coated steel temperatures and the swelled coating
thicknesses for the different applied initial DFTs and different constant incident heat fluxes.

With regards to the swelled coating thicknesses, right after the application of the incident heat flux,
the intumescent coating quickly started swelling with different rates depending on the heating
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conditions, i.e. the slope/derivative of the thickness-time curve (Fig. 4). As expected, the samples
exposed to 10 kW/m? did not practically swell, regardless of the applied initial DFT. For the higher
heat fluxes, the swelling rate of the intumescent coating appeared to be directly influenced by the
external incident heat flux, while independent on the applied initial DFT. On the contrary, the
applied initial DFT governed the maximum thickness that the coating could have reachedd during
the thermal exposure. In particular, test samples coated with “Low DFT”, “Medium DFT” and
“High DFT” swelled up to about 30 mm, 40 mm and 65 mm, respectively. Fig. 5 shows thetypical
porous chars developed by the intumescent coating at the end of the thermal exposure: as shown
in Fig. 4, a thicker intumescent porous char was produced for a higher constant incident heat flux.
In order to emphasise the difference between different heating conditions, Fig. 5 reports the test
samples coated with “High DFT”: in this case, the intumescent coating was able to swell
throughout the whole duration of the heating exposure and develop the thickest porous chars
(within the limits of this experimental study). For high heat fluxes, Fig. 5 also highlights the
oxidation reactions occurring at the surface of the intumescent coating: the char turned into ash at
the coating surface crust, characterised by a white/grey colour. This phenomenon can be clearly
observed for constant incident heat fluxes of 70 and 90 kW/m?, partially for 50 kW/m?. Fig. 5 also
shows that typical porous chars formed into a dome-like shape, in some cases (40 kW/m?) more
than others. However, the char shape had a minor influence on the experimental outcomes of this
research study because all the temperature and swelling measurements were concentrated in the
central area of the test sample, where even temperature and homogenous swelling were observed.
In addition, the one-dimensional heat transfer was ensured due to the small view factor of the
sample edges compared to the exposed surface of the intumescent coating.

10 kW/m? . 25 kW/m? 40 kW/m?

90 kW/m?

Fig. 5. Typical porous chars developed by the intumescent coating at the end of the thermal
exposure for different constant incident heat flux (“High DFT”).

3.3 Surface coating temperature

In a post-test analysis, the temperature evolution at the exposed surface of the intumescent coating
was evaluated by processing the data obtained by the Infra-Red camera. The coating emissivity
value was set equal to 0.90 and the coating temperature was averaged over a 50 x 50 mm? area,
placed at the centre of the test sample. The emissivity value has a key role in this process and it can
significantly influence the results. Consequently, a sensitivity analysis of the surface emissivity
value of the intumescent coating was performed: the same procedure was repeated for varying

coating emissivity 0.90+0.05, accordingly to the average values found in a previous research study
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(spectral range 2 - 20 pm) [15]. Fig. 6 shows the envelopes of the measured temperatures at the
coating surface in all the experiments carried out under different heating conditions and applied
initial DFTs. The continuous lines report the average temperatures calculated with an emissivity
equal to 0.90, while the dotted lines define the envelopes obtained from the sensitivity analysis
(maximum values: € = 0.85; minimum values: € = 0.95).

During the different experiments, the coating behaved like a low thermal inertia material by quickly
reaching a specific surface temperature depending on the external heat flux and keeping a quasi-
constant temperature during the rest of the heating exposure (thermally thick material characterised
by a high Biot number). As expected, higher coating surface temperatures were measured for higher
external constant incident heat fluxes. The applied initial DFT did not significantly influence the
evolution of the coating surface temperature. In the second part of the heating exposure, the measured
temperature gradually decreased, particularly for higher heat fluxes. This aspect could be related to
the reduction in the emissivity due to the oxidation of the coating surface, which can be visually
assessed through the colour change (white/grey). Another reason could be related to the migration
of the oxidation front within the intumescent porous char: once the oxidation reaction (exothermic)
is completed, the surface temperature decreases. Without any doubt, the lower surface temperatures
measured in the cases of 70 kW/m?and 90 kW/m? can be directly associated with oxidation processes
taking place at the coating surface. For heat fluxes higher than 50 kW/m?, the measured surface
temperatures were above 700°C: at this temperature range, oxidation is expected. This aspect is
confirmed by the TGA results in oxidising atmosphere and photographs of the intumescent porous
chars (Fig. 5), but it certainly needs further investigation to clarify the effects of the surface oxidation
on the emissivity of swelling intumescent coatings.

1000

900 A

800 4 {7 e

—10 kW/m2 50 kW/m2
—25 KW /m2 70 kW /m?2
—40 kW /m2 =90 kW /m2

Coating Surface Temperature 7, [°C]

(; :l) 1IO 1I5 2IO 2I5 _’;O 3I5 -1'0 4I5 SIO 5I5 60

Time [min]
Fig. 6. Envelopes of the temperature evolution at the coating surface for the different external
constant incident heat fluxes (all experiments with different applied initial DFTs are included).

3.4 Temperature profiles within the swelling coating

The heat transfer within swelling intumescent coatings was then investigated analysing the
evolution of the in-depth temperature profiles. First, the agreement of the temperature readings
between different experimental repetitions confirmed the good repeatability. In addition, theresults
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thermo-physical response of intumescent coatings. Comparisons between experiments with and
without in-depth thermocouples also confirmed the minor interference of the installed
instrumentation. Fig. 7 shows the temperature profiles measured at the end of the heating exposure
for all the different experiments on coated samples. The temperature profiles can be assumed as
steady-state if the swelling process of the intumescent coating was completed. The in-depth
temperatures at different depths within the intumescent coating are reported with the average
surface temperatures (¢ = 0.90). For visualisation purposes, the error bars were omitted from the
graphs. However, the in-depth thermocouples were placed within the intumescent coating with an
accuracy =2 mm and the measured in-depth temperatures had a deviation lower than 10%. The
steady-state temperature profiles shown in Fig. 7 had similar thermal gradients (slope of the in-
depth temperature profile) within the intumescent coating. This aspect suggested that the
intumescent porous char had similar thermal and physical properties, regardless of the imposed
heating conditions. As already explained in the previous section, after the first transient period, the
coating surface temperature can be considered as constant and it can be directly related to the
external constant incident heat flux. Regarding the steel substrate, if the coating underwent
continuous swelling, the steel temperature remained within a similar range (300-350°C).
Consequently, the thermal gradient with the intumescent coating was governed by the swelled
coating thickness. Since the extremes of the intumescent coating can be considered to have aquasi-
constant temperature, further swelling resulted in stretching the thermal gradient between the steel
substrate and the coating surface. This aspect is highlighted in Fig. 9: at 50 kW/m?, a steel plate
coated with “High DFT” continuously swelled during the heating exposure and the steel
temperature did not overcome 350°C. On the other hand, at 50 kW/m?, a steel plate coated with
“Low DFT” completed the swelling reaction after about 30-35 minutes of heating exposure and,
beginning from that moment, the steel temperature started increasing above 350°C.
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Fig. 7. Comparison of the measured
temperature profiles at the end of the heating
exposure for different applied initial DFTs and
different constant incident heat fluxes.
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Fig. 8. Swelled coating thicknesses as a
function of the coated steel temperature for
different applied initial DFTs and different

constant incident heat fluxes.
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Fig. 9. Comparison of the evolution of the temperature profiles (in-depth and surface) at different
instants during the heating exposure with different applied initial DFTs exposed to 50 kW/m?.

4 Analysis and discussion

So far, the experimental investigation has underlined how the evolutions of the steel temperature
and the swelled coating thickness are closely related and they have key roles in the understanding
and the assessment of the effectiveness of intumescent coatings. Fig. 8 reports the evolution of the
swelled coating thicknesses as a function of the coated steel temperature for different applied initial
DFTs and heating conditions. The experimental results confirmed how, in case of continuous
swelling, the coated steel plates asymptotically tended to a similar temperature range included
between 300 and 350°C, regardless of the heating condition or the applied initial DFT. Contrarily,
when the coating completed the swelling process, the steel temperatures increased above this
threshold. This aspect is supported by the results obtained by TGA: the intumescent swelling
reaction occurs at temperatures between 350 and 400°C and it can be considered to be completed
at about 400 °C.
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The evolution of coated steel temperatures provides a first assessment of the coating effectiveness:
i.e. the colder the steel, the better thermal insulation. In turn, as shown in Fig. 8, the coated steel
temperatures can be directly linked to the coating swelling process. Therefore, it can be concluded
that the swelling process and the resulting swelled thickness govern the thermo-physical response
of intumescent coatings, thus their effectiveness. In particular, the coated steel temperature acts as
an indicator of the swelling process of intumescent coatings: if the steel temperature overcomes
350°C, the swelling reaction is completed. This aspect has been verified also by a close
investigation of the recorded video footage. This experimental outcome suggests that the swelling
reaction takes place close to the steel substrate: particularly, about the interface between the steel
and the applied intumescent coating. The intumescent coating swells and insulates the steel
substrate by displacing the already-swelled coating towards the direction of the source of heat. The
swelling reaction continues at the virgin coating located behind the swelled porous char and in the
proximity to the steel substrate. This process lasts until the intumescent coating is fully consumed,
which can be directly related to the applied initial DFT. As a conclusion, the steel temperature can
be directly associated with the swelling process because it defines the temperature experienced by
the virgin coating, which is located behind the swelled porous char and sustains the swelling
reaction [25].

The non-unique relationship between the steel temperature and the swelled coating thickness
shown in Fig. 8 may be explained by the direct influence of the heating conditions. In particular,
experimental results highlighted that higher external incident heat fluxes produced higher coating
thicknesses while the steel remains at the same temperature. Assuming similar thermal and physical
properties of the intumescent porous char (as discussed in section 3.4), a higher net heat flux to the
virgin coating, which sustains the swelling reaction, is expected. Consequently, a higher incident
heat flux at the coating surface provides higher net heat flux to the swelling reaction, thus it governs
the swelling rate. For instance, an incident heat flux of 10 kW/m? did not trigger the swelling
reaction due to the low steel temperatures (below 300°C) and the low net heat flux received by the
virgin coating.

Nevertheless, the experimental study presented herein emphasised how the swelling process and
the resulting swelled thickness govern the thermo-physical response of intumescent coatings, thus
their effectiveness. In particular, the influence of heating conditions and the applied initial DFT
can be clearly outlined and empirical correlations can be derived. First, the applied initial DFT
governs the maximum swelled thickness that the intumescent coating could have reached during
the thermal exposure. The applied initial DFT provides a quantification of the intumescentmaterial
that can potentially swell and hence produces porous char. Fig. 10 defines a possible linear
correlation between the applied initial DFT and the maximum swelled thickness of theintumescent
coating after the completion of the swelling process. Regarding the heating conditions, the external
incident heat flux at the coating surface governs the swelling rate of intumescent coatings. Fig. 11
defines a possible linear correlation between the constant incident heat flux and the swelling rate
of the intumescent coating. In this calculation, the swelling rate of the intumescent coating was
linearised from the onset of swelling until the instant when the maximum swelled thickness was
reached. Theoretically, it should be possible to correlate the swelling rate to more fundamental
parameters, such as the net flux through the swelled porous char and received by the virgin coating
that sustains the swelling reaction. The process would be possible only by formulating a heat
transfer model. However, the thermal and physical properties of intumescent porous chars should
be defined in order to estimate such parameters. This aspect is outside the scope of the current
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manuscript, but future studies will focus on that. As a conclusion, this experimental investigation
presented how the swelling of intumescent coatings, which is the main factor that governs their
thermos-physical response and their effectiveness, can be predicted starting from well-defined
thermal boundary conditions at the coating surface and applied initial DFT.
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Fig. 11. Relationship between the external
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5 Conclusions

The current practice of designing steel structures protected with intumescent coatings offers
simplified engineering methods able to simulate the temperature evolution of coated steel samples
tested in furnaces and exposed a single heating scenario. However, in a world moving towards
performance-based solutions, there is a need for explicitly understanding how different factors may
influence the effectiveness of intumescent coatings. The study presented herein shows an
experimental methodology aimed at analysing the effectiveness of intumescent coatings through a
detailed characterisation of their thermo-physical response for a range of heating conditions and
applied initial dry film thickness (DFT). Steel plates coated with a commercial solvent-based thin
intumescent coating were exposed to well-defined and highly-repeatable heating conditions using
radiant panels and in accordance with the Heat-Transfer Rate Inducing System (H-TRIS) test
method. Experimental results demonstrate high repeatability between experiments and the ability
to measure real-time swelled coating thickness, the exposed surface temperature, the steel
temperature and the in-depth transient temperature profile within the intumescent coating. From
the experimental results, the following concluding remarks may be drawn:

] The swelling process and the resulting swelled thickness govern the thermo-physical response
of intumescent coatings, thus their effectiveness. During swelling, the temperature of coated
steel plates asymptotically tends to a temperature range between 300 and 350°C, regardless of
the heating condition or the applied initial DFT. When the coating completes its swelling
process, the steel temperature increases above 350°C. This aspect is supported by the material
characterisation obtained by TGA experiments: the swelling reaction occurs at temperatures
between 350 and 400°C and it can be considered to be completed at about 400 °C.
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'] The swelling reaction occurs in the proximity to the steel-coating interface. The intumescent
coating swells and insulates the steel substrate by displacing the already-swelled coating
towards the direction of the source of heat. This explains why coated steel temperature acts as
an indicator of the swelling process of intumescent coatings.

] The measured in-depth temperature profiles within the swelling coating suggest that the
intumescent porous char has similar thermal and physical properties, regardless of the heating
conditions or the applied initial DFT. The thermal gradient within the intumescent coating is
governed by the swelled coating thickness.

] The heating conditions and the initial thickness differently influence the swelling process of
intumescent coatings: the applied initial DFT governs the maximum swelled thickness, while
the external incident heat flux at the coating surface governs the swelling rate. Using the
empirical correlations derived based on the experimental results, the swelling of the tested
intumescent coating can be predicted.

Future studies should focus on quantifying the thermal and physical properties of the intumescent
porous char and implementing heat transfer models able to simulate the response of intumescent
coatings. In particular, it would be interesting to understand if the net heat flux to the virgin coating,
which is located behind the swelled porous char and sustains the swelling reaction, may be
correlated to the swelling rate. Finally, the authors believe that the product tested in this
experimental study represents a common behaviour of typical thin intumescent coatings
commercially available in the market. However, other products with different formulations should
be investigated before generalising research outcomes.
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Figure captions
Fig. 1. Illustration of the experimental setup based on the H-TRIS test method.

Fig. 2. Different aspects of the experimental setup designed to gauge the thermo-physical response
of intumescent coatings during heating exposure.

Fig. 3. TGA results in nitrogen (left) and air (right) atmospheres.

Fig. 4. Comparison of the evolution of the coated steel temperatures and the swelled coating
thicknesses for the different applied initial DFTs and different constant incident heat fluxes.

Fig. 5. Typical porous chars developed by the intumescent coating at the end of the thermal
exposure for different constant incident heat flux (“High DFT”).

Fig. 6. Envelopes of the temperature evolution at the coating surface for the different external
constant incident heat fluxes (all experiments with different applied initial DFTs are included).

Fig. 7. Comparison of the measured temperature profiles at the end of the heating exposure for
different applied initial DFTs and different constant incident heat fluxes.

Fig. 8. Swelled coating thicknesses as a function of the coated steel temperature for different
applied initial DFTs and different constant incident heat fluxes.

Fig. 9. Comparison of the evolution of the temperature profiles (in-depth and surface) at different
instants during the heating exposure with different applied initial DFTs exposed to 50 kW/m?.

Fig. 10. Relationship between the applied initial DFT and the maximum swelled thickness of the
intumescent coating.

Fig. 11. Relationship between the external constant incident heat flux and the swelling rate of the
intumescent coating.

Table captions

Table 1. Test matrix.

18



