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ABSTRACT

The experimental study presented herein investigates the influence of the substrate thermal
conditions on the behaviour of thin intumescent coatings. Steel plates coated with a
commercially available solvent-based thin intumescent coating were exposed to a constant
incident radiant heat flux of 50 kW/m? in accordance with the Heat-Transfer Rate Inducing
System (H-TRIS) test method. The influence of different substrate thermal conditions was
investigated using sample holders capable of controlling the thermal boundary conditions at
the unexposed surface of tested steel plates and comparing them to coated timber samples.
Experimental results evidence that the substrate thermal conditions govern the swelling of
intumescent coatings, thus their effectiveness in protecting load-bearing structural elements.
The substrate temperature controls the swelling of intumescent coatings because it defines the
temperature experienced by the reacting virgin coating located close to the coating-substrate
interface. The physical and thermal properties of the substrate controls the capacity of the
system to concentrate/dissipate heat in proximity of the coating-substrate interface. In this way,
the substrate thermal conditions governs the temperature evolution of the reacting intumescent
coating, consequently the swelling process. Accordingly, high swelling rates were recorded for
highly-insulating conditions (timber substrate), while low swelling rates for poorly-insulating

conditions (water-cooled heat sink).
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1 INTRODUCTION AND BACKGROUND

The continuously growing urbanization and world population are pushing for the development
of vertical cities. For this purpose, steel represents an optimal construction material due to its
ductility, weight-strength ratio, durability and potential for modular constructability’.
However, the integrity and stability of steel structures can be compromised during and after a
fire due to material strength and stiffness losses, as well as thermally-induced forces and
displacements'-2. The application of different types of thermal barriers is the most common
measure to protect steel structures from direct fire exposure. Steel elements are usually covered
or wrapped with low conductivity materials to reduce the rate of temperature increase within
load-bearing elements®. Boards, fire blankets or cement-based spray-on systems are commonly
adopted fire safety solutions. However, they are usually deemed to be aesthetically unpleasant
and undesirable choice for visible steelwork. For this reason, intumescent coatings (also known
as reactive coatings) currently represent a worldwide mainstream solution for protecting
structural steel systems during fire. Their success is associated with their unique advantages,
such as the low impact in the attractive appearance of visible steel structures and their ability
to be applied on-site or off-site*. Upon sufficient heating, intumescent coatings swell to form a
low-density and low-conductivity porous char that prevents the load-bearing steel elements
from reaching critical temperatures that can cause structural instability>. In the built
environment, solvent-based or waterborne thin intumescent coatings are usually applied to a
Dry Film Thickness (DFT) no thicker than a few millimetres and, when exposed to heat, they
can potentially swell up to 100 times their applied initial DFT®. The coating swelling represent
a unique peculiarity of intumescent coatings and their insulating effectiveness relies upon the

ability of developing a thick, stiff and cohesive porous char.

The majority of the research studies related to intumescent coatings can be generally divided
into two main categories. The first category, led by chemists and chemical engineers, focuses
on the development and invention of new formulations and ingredients for more effective and
reliable intumescent coatings*®7-8. The second category, led by fire safety engineers, focuses
on investigating the overall insulating effectiveness of intumescent coatings as thermal barrier
for different structural elements and materials®. Based on the research goal, the swelling of
intumescent coatings 1s studied and assessed in different manners. Researchers focused on
intumescent formulations usually investigate the coating swelling at a small scale. New
ingredients and compounds are added and the swelling reaction is analysed in terms of mass

loss (Thermo-Gravimetric Analysis, TGA), calorimetry (Differential Scanning Calorimetry,



DSC) or spectroscopy (Fourier-Transform Infrared spectroscopy)'®!3. On the contrary, within
fire safety engineering practice, the insulating performance of intumescent coatings is usually
assessed at medium and large scales using furnaces of various sizes'+!°. These experiments
mainly focus on measuring the temperature evolution of coated samples and this parameter is
adopted as main performance criteria (i.e. failure is defined as a critical temperature for each
specific case). For instance, according to the European method based on the concept of
effective thermal conductivity, the complex thermal-physical response of intumescent coatings

20-21

is simplified in an effective parameter’~'. The temperature-dependent effective thermal

conductivity defines an equivalent thermal barrier provided by the intumescent coating to the

5,22-24

substrate material under a certain heating regime This parameter incorporates several

phenomena that occur in the intumescent coating, such as the swelling process, endo- and

9,18

exothermic reactions™ °. In this way, the swelling of intumescent coatings is indirectly assessed

in terms of a lower temperature rise in the protected material.

In general, the available literature presents limited research studies that have performed
detailed analysis of the swelling process of intumescent coatings for real-scale coated samples.
Research studies have highlighted the complexities in comprehensively gauging the swelling
process of intumescent coatings, both from the physical and thermal aspects’. In particular,
several challenges are usually experienced in experimentally measuring the actual swelled
coating thickness and defining the triggering conditions for the swelling reaction. A recent
study investigated how the thermal conditions at the surface of coated steel plates affect the
onset of swelling for thin intumescent coatings. Research outcomes defined the temperature
ranges for which the swelling reaction was initiated, in terms of temperature experienced by
the coating and the steel substrate?>. However, this research only reported the temperature
thresholds for onset of swelling, but the swelling mechanism for medium-scale coated samples
was not generally comprehended. In particular, how different thermal conditions at the exposed
or unexposed side of the intumescent coating would influence the coating swelling was not
fully understood. For example, within the research and regulatory community, ideal adiabatic
boundary conditions in all surfaces deemed unexposed usually represent the target conditions,

2021 - Steel elements coated with intumescent

e.g. in standard fire resistance furnace tests
coatings are commonly tested in configurations where samples are exposed from all
surfaces/sides (e.g. I-profiles) or one-side exposure (e.g. plates). In the two testing
configurations, the unexposed surface(s) are usually kept under adiabatic (or close to adiabatic)

conditions by placing insulation material in direct contact with the unexposed surface(s) of the



test sample. Since the swelling mechanism is still not fully understood, there is limited
understanding on how imposing different thermal conditions at the coating boundaries may

influence the swelling process and, in general, the effectiveness of intumescent coatings.

The experimental study presented herein aimed at investigating the influence of the substrate
thermal conditions and the effects that this can have on the behaviour of intumescent coatings.
Within the scope of this work, steel plates coated with a commercial solvent-based thin
intumescent coating were tested using high-performance radiant panels in accordance with the
Heat-Transfer Rate Inducing System (H-TRIS) test method?%. Firstly, the influence of different
thermal conditions of steel substrates was investigated using different sample holders that
simulate different thermal boundary conditions at the unexposed surface of the test sample.
Secondly, the response of the intumescent coating applied on timber substrate and exposed to
the same heating conditions was analysed. The described experimental results give a better
understanding of the swelling process of intumescent coatings and the influence of the thermal
conditions of the steel substrate. In particular, they evidence the direct influence of the substrate
temperature on the coating swelling, thus the effectiveness of intumescent coatings. Substrate
thermal conditions that do not enable the rise of the substrate temperature can limit the coating

swelling and therefore its effectiveness.

2  EXPERIMENTAL INVESTIGATION

2.1 Experimental methodology

The methodology adopted in this experimental study is based on the Heat-Transfer Rate
Inducing System (H-TRIS) proposed by Maluk et al., a well-established test method adopted
in research-driven and product development projects for investigating the thermal behaviour
of different materials at elevated temperatures®®. The methodology utilises high-performance
radiant panels and it enables the accurate control of the thermal boundary conditions imposed
on the test samples with high repeatability and low costs compared with traditional furnace
testing. Using a computer-controlled linear motion system, H-TRIS controls the relative
position between the target exposed surface of the test sample and an array of radiant panels.
In this way, within the limits of minimum and maximum proximities to the exposed surface,
test samples can be exposed to any specified time-history of incident radiant heat flux. The
experimental setup used within the scope of this work was assembled by combining four high-
performance natural-gas-fired radiant heater mounted on a supporting frame, forming a 300 x

400 mm? radiant source of heat and able to impose incident radiant heat fluxes up to 100 kW/m?
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(see Figure 1). Moreover, the experimental methodology enables the visual inspection of the

test samples during the thermal exposure (e.g. measuring the swelled coating thickness),

technically challenging during conventional standard furnace tests>?’.
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Figure 1. Experimental setup based on H-TRIS test method (Sample holder A).

2.2 Test samples

The test samples used in this experimental study were 200 x 200 mm? mild carbon steel plates
with a thickness of 10 mm, resulting in a section factor 4,/V (i.e. ratio between the exposed
surface and volume of steel) equal to 100 m™'. Based on the assembled array of radiant panels
and a theoretical study on view factors of radiant surfaces, 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%. Steel samples were prepared and coated with a thin layer of
a commercial solvent-based intumescent coating by a registered professional contractor using
airless spray equipment. The product is available in the worldwide market and it is commonly
designed for providing up to 120 minutes fire resistance to universal steel sections and cellular
beams. It is used for internal, semi-exposed or external applications and it is suitable for oft-
site and on-site application. The coating was applied in one hand without the use of any primer
or topcoat in accordance to the manufacturer guidelines (fast-track coating). After 1 month of
curing, the DFT applied on test samples were measured using a non-destructive film thickness
gauge at five different locations. The samples were selected in order to have a mean applied

DFT in the range 2.10 + 0.20 mm: the measured values are listed in Table 1.



2.3 Experimental setup

The coated steel samples were individually tested using the described H-TRIS test method.

Test samples were exposed for 60 minutes to a constant incident radiant heat flux of 50 kW/m?

at the coated surface. Based on previous research, the heating condition was chosen to ensure

a range of temperatures and heating rates higher than the thresholds for onset of swelling of

typical thin intumescent coatings?’. During the thermal exposure, custom-built sample holders

were used in order to hold the test sample aligned with the centre-point of the array of radiant

panels, in vertical orientation (Figure 1). In particular, two different sample holders were used

in order to control the thermal boundary conditions at the unexposed surface of the test sample:

1.

Sample holder A — Adiabatic conditions (Figure 2a). This setup aims at reproducing
adiabatic thermal boundary conditions at the unexposed surface of the test sample. In order
to minimise the heat losses, the test sample was insulated at the back using a layer of 20
mm thick ceramic wool (ISOLITE ISOWOOL 1000 BLANKET 100, bulk density 96
kg/m?) and 13 mm thick plasterboard (Knauf FireShield). The sample position was secured
using a squared stainless steel frame around the sample edges.

Sample holder B — Heat sink conditions (Figure 2b). A heat sink was in contact with the
unexposed surface of the test sample. The heat sink was a 20 mm thick mild carbon steel
plate adjacent to a 10 mm thick cavity. This cavity was designed to allow for the circulation
of chilled water (about 20°C). The water cavity was included between the heat sink and
the 8 mm thick back mild carbon steel plate and contained by a 10 mm steel board frame.
Water circulated inside the cavity thanks to a 1/4°’ inlet and 1/4°” outlet. The water flow
into the water cavity was controlled using a volumetric water flow meter. The test sample
was secured in place using four steel clamps, two at the bottom and two at the lateral sides

of the test sample.

Using the two described sample holders, the experimental investigation was carried out by

imposing four different thermal boundary conditions at the unexposed surface of the test

sample (refer to Table 1):

1.

Adiabatic conditions (ADC) — Heat losses at the unexposed surface of the test sample were
minimised by using Sample holder A.
Heat sink, low rate (HSC1) — The thermal mass represented by the heat sink was added

using the Sample holder B. No water circulated inside the cavity.



3. Heat sink, medium rate (HSC2) — The heat sink was cooled by a minor water flow,
controlled at 0.5 litres per minute (Sample holder B).

4. Heat sink, high rate (HSC3) — The heat sink was kept cold by a significant continuous
water flow, controlled at 10 litres per minute (Sample holder B).

200x200 mm?steel plate
a) 200x200 mm?steel plate sample holder support b) (test sample)
(test sample)

sample holder support
thin intumescent coating
(test sample)

thin intumescent coating
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10mm cavity for water circulation D)

10mm boarder frame
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13mm gypsum board
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sample steel clamps
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N 20mm diffusion plate
(stainless steel)
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Figure 2. Detailed schematisation of sample holders: a) Sample holder A reproducing adiabatic thermal
boundary conditions; b) Sample holder B reproducing different levels of heat exchange at the unexposed surface
of the test sample.

2.4 Instrumentation

Up to three K-type thermocouples were attached to the unexposed surface of the test samples
in order to measure the evolution of the steel temperature during the thermal exposure. In the
cases of experiments with the Sample holder B, two K-type thermocouples were placed inside
the heat sink at mid-depth by drilling 1.5 mm holes from the lateral side. The thickness of the
swelling intumescent coating was measured by image processing of video footages taken using
a high-resolution video camera placed at the side of the test sample, aligned with the surface
of the test sample (Figure 3). The real-time measurement of the swelled coating thickness was
also used for continuously adjusting the relative distance between the intumescent coating
surface and the array of radiant panels during the heating exposure. This was done to assure
that incident radiant heat flux at the exposed surface of test samples was maintained to the
specified value during the full duration of the experiments. In addition, the exposed surface
temperature of the intumescent coating was measured using an Infra-Red camera (model DLIR
SC655: 16-bit 640 x 480 pixel resolution at 50 Hz, spectral range 7.5 — 14 um, temperature
range up to 2000°C) (Figure 3).
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Figure 3. Experimental setup designed to gauge the swelled coating thickness and the surface temperature of
intumescent coatings during heating exposure (Sample holder B).

3 PRELIMINARY INVESTIGATIONS

Before running the main experimental investigation, a few preliminary studies were conducted
in order to understand the robustness of the proposed methodology. Following the experimental
setup described above, uncoated steel plates were exposed to a constant incident radiant heat
flux of 50 kW/m? for 30 minutes. The aim of these studies was to understand if the four
different thermal boundary conditions would have exposed the steel to a good variety of
temperatures, ranging between two extreme cases: adiabatic conditions and heat sink cooled
by a significant continuous water flow. Figure 4 shows the temperature evolution of uncoated
steel samples for the four different thermal boundary conditions at the unexposed surface. The
four different conditions leaded to a four distinctive quasi-steady state steel temperatures: about
640°C for adiabatic conditions and about 430°C, 300°C and 240°C for conditions involving the
heat sink, respectively. This aspect proved the good definition of the different experimental

conditions.
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Figure 4. Comparison of the steel temperature evolution for the four different thermal conditions of the steel
substrate.
In addition, the experimental results were compared to the solution of a lumped capacitance
approximation of transient heat conduction problem for an uncoated steel plate subjected to
well-defined thermal boundary conditions?®. The thermal boundary conditions at the exposed

1

surface were defined by the imposed constant incident radiant heat flux (q;,,.) and the resulting
convective (q'rony) and radiative (q’,,) heat losses to the surrounding environment. The
thermal boundary conditions at the unexposed surface were assumed as ideal adiabatic
conditions. General correlations and thermal and physical material properties of carbon steel
from the available literature were used?'?3?%, The good agreement between the heat transfer
model and the experimental measurements of the steel substrate temperature supports the
assumptions of the thermal conditions at the sample boundaries: adiabatic conditions at the

unexposed surface and the specified incident radiant heat flux (50 kW/m?) imposed by the H-
TRIS test method.

4 ANALYSIS AND RESULTS

4.1 Visual observations

Thanks to its open environment, the experimental setup based on H-TRIS test method allowed
for the visual inspection of the test samples during thermal exposure. As shown in Figure 5,
upon heating, the coating underwent different phases, typical of intumescent reactions®?’. First,
the virgin intumescent coating softens and gradually decompose: this can be observed by the

change in colour from white to dark/black and the release of volatiles (“Thermal decomposition



zone”). After that, the coating gradually swells (“Swelling zone”) and forms a carbonaceous
porous char (“Char formation zone ). Finally, the oxidation reactions occur at the surface of
the coating: the intumescent porous char progressively turns into a white/grey colour. In
addition, during this final stage, the formation of cracks on the intumescent coating surface is

observed: the cracks represent a key vulnerability for the thermal barrier provided by the

intumescent coating (“Char degradation zone”)*?°.

Figure 5. Different phases of the intumescent coating during thermal exposure (sample CP-HSC2-02).

4.2  Steel temperatures

The temperature evolution of coated steel samples for the four different thermal boundary
conditions was recorded by using thermocouples positioned at the unexposed surface of the
test samples. Figure 6 shows the evolution of the steel temperatures for all the experiments
carried out on coated samples. The good repeatability between experiments was confirmed by
the agreement of the different temperature readings. Throughout all the experiments, the steel
temperatures measured using thermocouples has deviations lower than +20°C. Figure 6 reports
the average values of the steel temperatures. In the graphs, the same colour collects all the
experiments with the same substrate thermal conditions, while continuous, dashed and dotted

lines reports single experimental repetitions.

As predicted in the preliminary investigation on uncoated samples, the four different conditions
leaded to a four distinctive quasi-steady state steel temperatures: about 340°C for adiabatic
conditions and about 250°C, 150°C and 100°C for the experiments involving the heat sink with
low (HSC1), medium (HSC2) and high water-cooling rate (HSC3), respectively. This aspect
confirmed the good definition of the different experimental conditions aiming at exposing the
steel plates to a range of temperatures. However, test samples with different substrate thermal
conditions achieved the quasi-steady state steel temperature at different instants during the

thermal exposure.
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Figure 6. Comparison of the steel temperature evolution for the four different thermal conditions of the steel
substrate.

4.3 Coating surface temperatures

The temperature evolution at the exposed surface of the intumescent coating was evaluated by
post-processing the data obtained using the Infra-Red camera. The coating surface temperature
was evaluated by setting a coating emissivity 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 experimental results can be significantly influenced by
this parameter. Therefore, 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+0.02, according to the values found in the available literature!®2>3°. Figure 7
shows the envelope of the temperatures measured at the coating surface in all the experiments
carried out on coated samples. During the different experiments, the coating behaved like a low
thermal inertia material (thermally thick characterised by a high Biot number) by quickly
reaching a certain surface temperature (650-700°C) and keeping a quasi-constant temperature
during the rest of the heating exposure. The substrate thermal conditions did not have a
significant effect on the evolution of the coating surface temperature. As expected, the surface
temperature of the intumescent coating remained quasi-constant under the same imposed

incident heat flux, after an initial transient period (first 5 minutes).
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Figure 7. Envelope of the temperature evolution at the coating surface for the four different thermal conditions
of the steel substrate.

4.4 Coating swelling

The time-history of coating swelling at the centre of each sample was estimated through image
processing of high-resolution video footages. In most experiments, the central area of test
samples swelled rather homogeneously and the swelled coating thickness was measured with
an accuracy of * 2 mm. Figure 8 shows the evolution of the swelled coating thickness for all
the experiments carried out on coated samples. Right after the application of the incident
radiant heat flux, the intumescent coating started swelling with different rates depending on the
substrate thermal conditions, i.e. the slope/derivative of the swelled coating thickness-time
curve. In the case of adiabatic conditions at the unexposed surface of test samples, the
intumescent coating continuously swelled during the thermal exposure, reaching a maximum
thickness of about 50 mm. In the case of different thermal boundary conditions applied using
the water-cooled heat sink, the swelling rate decreased for more extreme cooling conditions.
In particular, the maximum thicknesses reached at the end of the thermal exposure were about
18 mm, 7 mm or 5 mm for the experiments involving the heat sink with low (HSC1), medium
(HSC2) and high water-cooling rate (HSC3), respectively. As a result, the substrate thermal

conditions appear to directly govern the swelling of intumescent coatings.

This aspect was also confirmed by the char structures produced by the intumescent coating at
the end of the thermal exposure. Figure 9 shows photographs of typical char sections obtained
by horizontally slicing the intumescent porous char at mid-height at the end of the thermal

exposure. The char structures confirmed that the substrate thermal conditions can significantly
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influence the swelling of intumescent coatings. In the case of adiabatic conditions, the
intumescent coating swelled homogenously and created a thick, dense and compact
carbonaceous porous media able to effectively protect the substrate material from the thermal
exposure. On the other hand, for conditions involving the heat sink, the intumescent coating
scarcely swelled and formed a thin carbonaceous layer. In these cases, a large amount of virgin
un-reacted coating was observed in the final intumescent char. Figure 10 shows how only the
portion of the intumescent coating close to the surface reacted, recognisable by colour changes.
On the contrary, the portion of intumescent coating close to the steel did not react due to the
significant thermal losses due to conduction through the coating and towards the heat sink. In
all experiments, in proximity of the coating surface, it is possible to observe char oxidation:
the carbonaceous char turned into ash at the coating crust, characterised by a white-grey colour
compared to the dark/black colour of the coating char. Since the surface temperatures exceeded
600°C, oxidation was expected to occur at the coating surface due to the H-TRIS oxygen-rich
environment. Based on previous research, it is important to underline that the oxygen content
of the exposing atmosphere can have affected the mode and rate of char formation and

degradation?'.
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Figure 8. Comparison of the evolution of the swelled coating thickness for the four different thermal conditions
of the steel substrate.
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Figure 9. Comparison of typical char sections produced by the intumescent coating at the end of the thermal
exposure.

Figure 10. Details of the final intumescent char (sample CP-HSC3-01).

5 DISCUSSION

As underlined in the previous paragraphs, the thermal boundary conditions at the unexposed
surface of the test sample appear to directly govern the swelling of intumescent coatings. In
particular, each thermal condition of the steel substrate can be associated with a certain
evolution of the steel substrate temperature and the swelled coating thickness. Figure 11 shows
the swelled coating thickness as a function of the steel substrate temperature for the four
different experimental setups conducted on coated samples. The plot highlights a direct
relationship between the substrate temperature and the swelled coating thickness under the
same thermal exposure (50 kW/m?). At the same steel temperature, the swelled coating had a
very similar thickness for all the different thermal conditions of steel. Particularly, in the
experiments involving the water-cooled heat sink, the reduced coating swelling can be related

to the low temperature experienced by the steel plates.
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Figure 11. Comparison of the evolution of the swelled coating thickness as a function of the substrate
temperature for the four different thermal conditions of the steel substrate.
The described experimental results give a better understanding of the swelling process of
intumescent coatings and the influence of the thermal conditions of the steel substrate. Figure
12 shows a simplified schematisation of the thermal conditions of tested samples. Upon
heating, the swelled intumescent char, characterised by low thermal conductivity and low
density (thermally thick characterised by a high Biot number), quickly reaches a quasi-steady
state temperature at the surface (7s.s) and experiences a steep thermal gradient within its
thickness. Within the depth of the intumescent coating, the unreacted virgin coating is located
behind the swelled porous char and close to the interface between the steel and the applied
coating. At this specific interface, the swelling reaction typically take place. When the virgin
coating is above a certain temperature range, the material degrades and chemical reactions
occur. In these processes, a large amount of gases are usually produced by the activation of the
blowing agent, key compound contained in typical intumescent formulations. The released
gases are trapped within the coating thanks to the distinctive physical and mechanical
properties (e.g. density and viscosity). The entrapment of gases represent a fundamental
process during intumescence in order to optimise the coating swelling. Several researchers have
highlighted how the order and the matching of the chemical and physical processes are

essential, as they must happen in an appropriate sequence, as the temperature is raised®!%2>,

The reacting virgin coating located next to the coating-steel interface is characterised by a low
Biot number due to the relatively high thermal conductivity (compared to the swelled
intumescent char) and the limited physical thickness. Consequently, the virgin intumescent

coating behaves as a thermally thin material and its temperature can be approximated with the

15



temperature of the steel substrate (7s). Accordingly, the substrate temperature can be directly
related to the swelling process because it defines the temperature experienced by the reacting
virgin coating, which is located behind the swelled porous char and sustains the swelling
process. In particular, the intumescent coating swells and insulates the substrate by displacing
the already-swelled coating towards the direction of the heat source. This aspect was also
verified by a close investigation of the recorded video footages. As a conclusion, the substrate
temperature governs the swelling of intumescent coatings and thermal conditions that do not
enable the temperature rise in the substrate material can limit the coating swelling and therefore

its effectiveness.
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Figure 12. Schematisation of the mechanism of coating swelling.

6 APPLICATION TO DIFFERENT SUBSTRATE MATERIAL: TIMBER

The research community is currently looking into the possibility of applying intumescent
coatings to protect substrate materials different from steel. For instance, researchers are
exploring the advantages of applying intumescent coatings on concrete elements to mitigate
the destructive effects of fire-induced spalling and reduce the heat penetration thought the
concrete into the steel reinforcements®?-33. In addition, other recent studies have shown that
intumescent coatings can be efficiently applied on timber to prevent the occurrence of surface
ignition, reduce the flame spread, delay the onset of timber charring and decrease the charring
rate within wooden elements®*. In particular, a research study focused on the application of
intumescent coatings on timber elements was recently published®>. The exploratory
investigation adopted the same experimental methodology based on the H-TRIS test method
to study the behaviour of coated Cross-Laminated Timber (CLT) blocks subjected to the same

heating conditions: a constant incident radiant heat flux of 50 kW/m? for 60 minutes. The test
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samples had also identical dimensions of the exposed surface, 200 x 200 mm?. Test samples
were 100 mm thick, composed of 5 lamellae (20mm thick each) of Australian softwood. The
tested product was the same commercially available solvent-based thin intumescent coating,
applied to a mean Dry Film Thickness (DFT) in a similar range: 2.10 £ 0.20 mm (samples
series S21). This research study provides the perfect ground to apply the experimental

outcomes presented herein to the case of coated timber samples.

Analogously to this experimental study, the time-history of the coating swelling at the centre
of each sample was estimated through image processing of high-resolution video footages.
Figure 13 compares the evolution of the swelled coating thickness for all the experiments
carried out on coated samples with different substrate thermal conditions, including timber.
Contrarily, regarding the evolution of the substrate temperatures, it is difficult to produce a
similar plot to the one presented in Figure 6 for the timber case. This is related to the difficulties
of estimating the temperature evolution in proximity of the coating-timber interface and the
uncertainties related to measuring in-depth temperatures within a low conductivity material
like timber®3-3¢. Consequently, for the timber case, it is not possible to produce similar plots to
the ones shown in Figure 6 and Figure 11. Finally, considering the identical heating conditions,
the application of different substrate conditions using timber is expected to have a minor

influence on the temperature evolution of the exposed coating surface.

Figure 13 highlights how the timber sample defined another substrate thermal condition for the
intumescent coating, fundamentally different to the ones involving steel plates. The comparison
of the evolution of the swelled coating thickness confirms that the substrate thermal conditions
influence the swelling of intumescent coatings. In the timber case, right after the application of
the incident radiant heat flux, the intumescent coating rapidly swelled with a high rate (i.e.
slope/derivative of the thickness-time curve), even greater than the one measured for coated
steel plates with adiabatic conditions. In addition, the swelling process quickly concluded
during the thermal exposure (at about 25 minutes), while in the other cases the intumescent
coating continuously swelled during whole duration of the experiment. The main explanation
of the different behaviour of the swelling intumescent coating can be directly associated with
the thermal conditions produced by the timber substrate. Timber is a low thermal inertia
material: when exposed to a heat flux, timber tends to conduct less heat through its thickness
and increase its temperature in proximity of its surface. On the contrary, steel is commonly a
thermally thin material due to its high thermal conductivity. As a consequence, the temperature

evolution at the coating-substrate interface is expected to increase more rapidly than the steel
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cases. Following the principles explained in the previous section, the substrate thermal
conditions influenced the swelling of the intumescent coating and, in particular, the timber
substrate accelerated the swelling process: it created a faster rise of the temperature experienced
by the reacting virgin coating, which is located behind the swelled porous char and sustains the

swelling process.
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Figure 13. Comparison of the evolution of the swelled coating thickness for the different substrate thermal
conditions.
In general, the swelling of intumescent coatings and therefore their effectiveness are governed
by the thermal conditions of the substrate and, in particular, by the physical and thermal
properties of substrate system. These characteristics control the temperature evolution at the
coating-substrate interface, hence the virgin intumescent coating which regulates the swelling
reaction. Within the scope of this experimental study, the heating conditions at the exposed
surface of the intumescent coating were fixed to a constant incident radiant heat flux of 50
kW/m?. From this surface thermal exposure, the tested intumescent coating was expected to
receive a similar amount of energy for the different substrate thermal conditions. However, the
different substrate thermal conditions controlled the capacity of the system to concentrate and
dissipate heat in proximity of the coating-substrate interface. In this way, the substrate thermal
conditions controlled the temperature evolution of the reacting intumescent coating and they
consequently governed the swelling process. Figure 14 offers a schematic explanation of the
different substrate thermal conditions. The use of steel plates, insulated or in contact with the
water-cooled heat sink, or timber blocks control the net heat flux into the reacting intumescent

coating, defined as control volume within the scope of this experimental study. From the case
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that allowed faster coating swelling to the case that essentially prevented coating swelling, the

different substrate thermal conditions can be explained as in the following (refer to Figure 14):

a) Timber. The low thermal inertia of timber limits the conduction through its thickness (g}
and it enables fast temperature rise in proximity of its surface. Consequently, the
intumescent coating quickly reaches onset of swelling and it has a high swelling rate.

b) Insulated steel plate. The steel plate behaves as a thermally thin material due to the high
thermal conductivity of steel and the limited physical thickness of the plate. Accordingly,
no thermal gradient is expected to develop within the plate thickness. The heat losses at the
unexposed surface of the test sample are minimised by the insulation material (q} ). The
steel plate quickly increases its temperature, but it is damped by the relatively high thermal
mass of the steel plate (q'), compared to the coating. Consequently, the intumescent coating
swells with a lower rate compared to the timber case.

c) Steel plate with water-cooled heat sink. As in the insulated case, the steel plate behaves as
a thermally thin material and it increases its temperature according to the thermal mass of
the steel plate (q¢'). However, in this case, significant heat losses are caused by the water-
cooled heat sink in contact with the unexposed surface of the test sample (g, )- The steel
temperature rise is directly governed by the heat losses induced by the heat sink.
Consequently, the intumescent coating swells with lower rates compared to the insulated
steel plate case and the swelling rate decreases with higher cooling due to greater water

flows.

Similar concepts could be extended for different substrate materials and steel/timber substrates
with different characteristics. For instance, in the case of a thinner steel plate with adiabatic
conditions at the unexposed surface, the temperature of the coated steel plate is expected to rise
faster than the case of a thicker steel plate due to the lower thermal mass. Consequently, the
swelling rate of the intumescent coating is expected to be included between the one measured
for the timber substrate (upper bound) and the one measured for the adiabatic conditions of a
thicker steel plate (lower bound). Similarly, in the case of a concrete substrate, the swelling
rate of the intumescent coating is expected to be slightly lower to the timber case because of
the higher thermal inertia of concrete, compared to timber. Nevertheless, it is important to
underline that this experimental study did not investigate the potential consequences of
adhesion issues between the steel/timber substrate and the tested intumescent coating. The
experimental outcomes highlighted within this research assumed good adhesion at the coating-

substrate interface. In the case of different materials or intumescent product, particular attention
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should be paid for ensuring the good adhesion between the substrate and the protection
materials. For instance, in the cited research, the timber charring was avoided by applying a
thick intumescent coating (samples series S21) and keeping the temperature within the timber

samples below 300°C. Future studies should aim at inspecting this specific aspect.

Unfortunately, within the scope of this experimental study, the substrate thermal conditions
can be only explained and analysed in a qualitative manner. The quantification of the thermal
conditions obtained involving different substrate systems would be possible only by
formulating detailed and complex heat transfer models. However, the problem is characterised
by many uncertainties and unknown variables (e.g. thermal and physical properties of the
intumescent coating) that make it too complicated and prevent any experimental validation.
Overall, future performance-based designs of different systems protected with intumescent
coatings should involve the selection of accurate thermal conditions. This experimental study
highlighted how the substrate thermal conditions can influence the swelling of intumescent
coatings, therefore their effectiveness. At the testing and design stages, the thermal boundary
conditions at the exposed and back surfaces of the intumescent coating should be defined with
great care. Specifically, the thermal boundary conditions should be as close as possible to the
design scenario or they should target the closest critical scenario in order to ensure the safe

design of intumescent coatings applied on different substrate materials.
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Figure 14. Schematisation of the different substrate thermal conditions.
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7 CONCLUSIONS

The designed experimental setup and the systematic testing of coated test samples under
controlled and highly repeatable heating conditions (at the heated and unheated surface of test
samples) enabled the careful investigation of the influence of the substrate thermal conditions

and the effects that this can have on the behaviour of thin intumescent coatings.

Within the scope of this work, steel plates coated with a commercial solvent-based thin
intumescent coating were exposed to a constant incident radiant heat flux of 50 kW/m? using
high-performance radiant panels in accordance with the Heat-Transfer Rate Inducing System
(H-TRIS) test method. Firstly, the influence of different thermal conditions of steel substrates
was investigated using different sample holders that simulate four different thermal boundary
conditions at the unexposed surface of the test sample. Secondly, the response of the
intumescent coating applied on timber substrate and exposed to the same heating conditions

was analysed.

From the experimental results described herein, the following concluding remarks may be

drawn:

e The thermal boundary conditions at the unexposed surface of the test sample directly
govern the swelling of intumescent coatings, thus their effectiveness. In particular, under
the same thermal exposure (50 kW/m?), a direct relationship can be established between
the substrate temperature and the swelled coating thickness.

e The described experimental results give a better understanding of the swelling process of
intumescent coatings. The swelling reaction takes place at the virgin coating located
behind the swelled porous char and close to the interface between the applied coating and
the substrate material. The intumescent coating swells and insulates the substrate by
displacing the already-swelled coating towards the direction of the heat source.

e The evolution of the substrate temperature governs the swelling of intumescent coatings
because it defines the temperature experienced by the reacting virgin coating located close
to the coating-substrate interface.

e The physical and thermal conditions of the substrate control the capacity of the system to
concentrate and dissipate heat in proximity of the coating-substrate interface. In this way,
the substrate thermal conditions govern the temperature evolution of the reacting
intumescent coating and consequently the swelling process. Accordingly, the highest

swelling rate was recorded for the timber substrate (low thermal inertia), while the lowest

22



swelling rate was recorded for the water-cooled heat sink with the highest cooling rate

(high heat losses).

In general, this experimental investigation highlighted the importance of selecting accurate
thermal conditions for the performance-based design of different systems protected with
intumescent coatings. The thermal boundary conditions affect the swelling of intumescent
coatings and therefore their effectiveness. For example, the current design procedure requires
several standard furnace tests on coated steel elements, where some key parameters (e.g.
coating initial thickness, section factor and loading) are varied in order to assess the
effectiveness of intumescent products in different conditions?’. As regards the section factor,
different section geometries are usually tested within a certain range (e.g. 25-350 m™!) and it is
accepted to conservatively extend the results to lower or higher values. In the case of heavy
steel sections (low section factors), the thermal gradient within the intumescent coating is larger
due to the higher thermal mass. According to the experimental outcomes presented herein, the
larger thermal gradient may affect the swelling of the intumescent coating, therefore its
insulating performance. As a conclusion, the thermal boundary conditions at the exposed and
back surfaces of the intumescent coating should be defined and analysed with great care, as

close as possible to the design scenario in order to ensure a robust and safe design.
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Table 1. Experimental matrix.

Sample ID Substrate thermal DFTmean

conditions [mm]
CP-ADC-01 1.920
CP-ADC-02 Adiabatic 2.074
CP-ADC-03 2.014
CP-HSC1-01 2.140
CP-HSC1-02 Heat sink (low) 2.216
CP-HSC1-03 2.226
CP-HSC2-01 2.230
CP-HSC2-02 Heat sink (medium) 2.130
CP-HSC2-03 2.256
CP-HSC3-01 2.162
CP-HSC3-02 Heat sink (high) 2.300
CP-HSC3-03 2.300
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