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Comparison of an industrial- and a laboratory-scale furnace for analysis of
hydrocarbon intumescent coating performance
Abstract
Due to increasing demands for fire protection in high-risk environments, such as petrochemical
processes and offshore platforms, so-called hydrocarbon intumescent coatings are increasingly used
to protect structural steel in the event of a hydrocarbon fire. For these coatings, the fire-resistance
performance is typically evaluated in a series of costly experiments with industrial-scale (i.e. 1-10 m3)
furnaces, programmed to follow a standard hydrocarbon fire test curve. In the present work, we
propose a laboratory-scale furnace for coating evaluation, which can simulate the conditions of a
typical hydrocarbon fire curve, i.e. the standard UL1709. In a case study with five hydrocarbon
intumescent coating formulations, the correlation between the laboratory- and the industrial-scale
furnace was investigated and a good agreement was found for the temperature progression of the
coated steel plates. The physical and chemical properties of the intumescent coating chars were also
similar for the two furnaces. In summary, the low-cost, time-efficient laboratory-scale furnace can
provide reliable screening of hydrocarbon intumescent coatings, and is recommended as a
complementary tool for industrial fire tests.
Keywords: Structural steel; hydrocarbon intumescent coatings; standard fire-resistance test.
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1. Introduction
In the event of a fire in buildings, infrastructure (e.g. airports or skyscrapers) or at onshore or offshore
oil rigs, the temperature of unprotected steel constructions may rapidly reach a critical value (around
500 oC), where the probability of equipment or building collapse becomes prohibitively high. To avoid
such incidents, so-called intumescent coatings can be used as passive fire protection of the steel
structures.1 Under the influence of heat, an intumescent coating, swells up to 100 times its original
thickness and forms a multicellular char layer.1–3 The high degree of expansion and the low-density
structure make the char layer an insulating barrier that can prolong the time (1-3 h) for safe evacuation
of people.4
A real fire has a rather complex temperature-time response; it depends on the structure dimensions,
the amount and type of combustible materials, and the air available for combustion.5 On the other hand,
to simulate the evolution of realistic fires and meanwhile, unify the fire test procedures for different
experimental facilities and conditions, standard fire test curves with fixed temperature-time responses
have been defined.6 Depending on the primary “fuel” for the anticipated fire scenario, standard fire
test curves are divided into a cellulosic (e.g. ISO 834) and a hydrocarbon (e.g. UL 1709 and BS 476)
temperature-time relationship. In Figure 1, three such examples, of which further details can be found
elsewhere,1,4 are provided. In general, the transient temperature rises of the hydrocarbon curves are
much faster than those of the cellulosic type (Figure 1).
The essential parameter of industrial fire tests is the critical temperature at which the structural steel
retains only 60% of its original strength.4 For regular loaded components, such as onshore platforms,
a temperature of 550 oC is generally selected as the standard critical temperature, while for heavily
loaded components in high-risk environments, such as petrochemical complexes and offshore
platforms, a temperature of 400 oC is normally selected as the standard.4,6 In accordance with the
classification of the standard fire test curves, intumescent coatings are grouped into cellulosic- and
hydrocarbon intumescent coatings. The former is typically a water- or solvent-based acrylic coating
with a dry film thickness of 0.2 - 5 mm, while a two-component (solvent-free) epoxy system, that
permits a film build of 2 - 40 mm, is particularly suitable for intumescent coatings for hydrocarbon
fires.
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Figure 1 Comparison of the three main standard fire test curves: hydrocarbon type (UL1709, accredited in the US and
Canada; BS476, accredited in the UK) and cellulosic type (ISO834).

Industrial fire tests, which are required for third-party approval, are intended to evaluate the ability of
an intumescent coating to withstand realistic fire scenarios. However, they are costly to perform and
have significant footprints when installed in-house.2,4,7,8 Moreover, the coating application is laborintensive (typically four coated steel plates are required for a single experiment) and the testing itself,
due to hour-long cooling times of the furnaces, is time-consuming. In addition, the repeatability of the
results is often rather poor.2,4 As a consequence, accelerated methods are needed for screening of
intumescent coatings and for this engineers and scientists use devices like the Bunsen burner,9–11 the
Gaslamp,12 and the cone calorimeter.13–15 However, a serious limitation of these devices, due mainly
to the limited heating rate (cone calorimeter and radiator) or the unstable/excessive flame temperature
(Bunsen burner), is that they cannot meet the requirements of the heating curves defined in the
standards (Figure 1). This is a challenge for hydrocarbon intumescent coatings in particular. Moreover,
the coated steel plates used in these testing devices often have insufficient or no insulation at all for
the sides, allowing heat to dissipate to the surroundings.9–13,16 The intumescent coating chars formed
under the lower heating rates and temperatures may exhibit incomparable morphological structures
and chemical compositions, as well as uncorrelated fire-resistance performance.17–19 The design and
construction of reliable laboratory-scale furnaces, which can meet the standard fire curves and thereby
boost the development of intumescent coatings, such as the rapid screening of formulations and the
mapping of the underlying mechanisms, are therefore highly needed.
Several research groups have designed novel testing methods to replace the industrial cellulosic fire
tests.2,4,20–22 For instance, for simulation of the standard cellulosic test curve ISO 834, a Heat-Transfer
3

Rate Inducing System (H-TRIS) was developed by Elliott et al.2,8 and Mariappan et al.20 developed a
bench-scale furnace. However, the hydrocarbon testing curve, which exhibits a high heating rate (more
than 200 K/min) to a temperature in excess of 1100 oC, is still a great challenge for laboratory-scale
ovens. As an example, the heating curve for the H-TRIS, due to the limited maximum incident heat
flux of the radiant heaters in the system, deviates significantly from the desired temperature-time
relationship.2 Only in the investigations conducted by the group of Bourbigot were it specified that the
lab-scale fire-resistance experiments met the requirements of the UL1709 curve.17,21,23–26 However,
none of these works included validating comparisons with industrial fire tests.
In the present work, a laboratory-scale furnace, which can assess the efficiency of intumescent coatings
exposed to a standard hydrocarbon fire curve, is presented. To validate that the furnace allows for a
representative approach, fire-resistance experiments (including char expansion) with the setup were
carried out and the results, including the physical and chemical properties of the chars formed, were
compared to those of an industrial furnace.

2. Experimental
2.1. Coating materials and application
Five hydrocarbon intumescent coating formulations (F1 – F5) were used in the fire-resistance
experiments. The ingredients of the two-component formulations can be found in our previous work27
and, for the sake of brevity, the details regarding the compositions are not provided as they are not
necessary for discussion. The coating application was initiated by mixing binder and curing agent
according to an amide/epoxy functional group stoichiometric ratio of 0.867. The coating thickness was
targeted to 6 ± 0.2 mm and the substrate used was a grit-blasted steel plate (area of 60x60 mm2 and 3
mm thickness for the laboratory-scale fire-resistance experiments; area of 200x300 mm2 and 5 mm
thickness for the industrial fire tests). Plates of 5 mm thickness are the standard for the industrial fire
tests, while the dimension of the steel plates for the laboratory-scale furnace experiments has to be
fixed to precisely match with a tailor-cut insulation material (described in the section below). To
benefit a long-term investigation with the laboratory-scale furnace and allow comparison with earlier
laboratory work (e.g. refs 17,23,28,29), the most common and accessible steel plate thickness, i.e. 3
mm, was selected. No mesh was used to reinforce the coatings. All samples were cured for 24 h at
room temperature before use.
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2.2. Fire-resistance experiments
Fire-resistance experiments were performed with a laboratory-scale furnace (in the following referred
to as “laboratory-scale fire-resistance experiments”) and an industrial-scale furnace (termed “industrial
fire tests” in what follows). Although the use of the same hydrocarbon fire curve would be beneficial
for a direct comparison, the laboratory-scale fire-resistance experiments and the industrial fire tests
were conducted with two different standards (UL1709 and BS476, respectively) due to the limitations
of the setups. The industrial furnace was not capable of following the temperature-time profile of
UL1709, while the laboratory-scale furnace could not tackle the rapid temperature rise (more than 700
o

C/min) during the first minute of the BS476 curve. Considering that both standards are industrially-

recognized for evaluating the effects of hydrocarbon fires, it was therefore assumed that the
performance of hydrocarbon intumescent coatings is comparable when exposed to the two fire curves.
Such an approach was also used by Jimenez et al.,4 who disregarded the difference between the targeted
curve (UL1709) and the experimental curve (similar to BS476) performed with a gas-fueled benchscale furnace.
2.2.1. Laboratory-scale furnace
A compact furnace (LHT 01/17D from Nabertherm GmbH), modified with an opening in the furnace
door for installation of samples, was used to perform the laboratory-scale fire-resistance experiments.
A photo and a schematic diagram of the modified furnace are shown in Figure 2. Prior to an experiment,
a coated steel plate is mounted vertically with a tailor-cut insulation material (50 mm) between the
plate backside and the accessories that immobilize the coating and the insulation material in the furnace
door opening. This particular arrangement ensures that the sample is well insulated on its unexposed
surfaces. The temperature rise of the furnace was measured by a B-type thermocouple (labeled as 2 in
Figure 2b) and simulated the temperature-time curve as defined by the UL1709 standard. The
temperature-time response of the steel plate was recorded by a copper-disk thermocouple (K-type, 0 –
700 oC) attached to the central area of the non-coated backside of the steel plate. Once the temperature
of the steel plate reached 550 oC, the furnace heating was turned off, the transient experiment thereby
covering both of the critical temperatures, 400 and 550 oC. For each of the five hydrocarbon
intumescent coating formulations (F1 – F5), a repetition of the laboratory-scale fire-resistance
experiment was performed.
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Figure 2 (a) Laboratory-scale furnace for fire-resistance experiments and (b) Schematic diagram of the furnace (seen from
above): 1. heating elements of the furnace; 2. thermocouple wrapped with ceramic cap (for monitoring the gas temperature
of the furnace chamber without influence of radiation); 3. built-in insulation material of the furnace; 4. tailor-cut insulation
material (VIP12-HT from Skamol A/S); 5. the intumescent coating; 6. the steel plate; 7. contact point of a copper-disk
thermocouple (for measuring the steel temperature); 8. metal accessories for immobilization of samples.

2.2.2. Industrial fire tests
Industrial fire tests were performed according to the BS476 hydrocarbon fire standard. The furnace
applied has a chamber volume of 7.5 m3 and the furnace door is equipped with four wall penetrations
(200 x 300 cm) (Figure 3, right). Covering each penetration is a steel plate with intumescent coating,
the coating facing the furnace chamber. Two copper-disk thermocouples (K-type, 0 – 700 oC) were
attached to the non-coated side of the plate. For insulation of the backside of the steel plate, a fiber
blanket (around 5 cm in thickness) was used, and fixation of a sample in the door was secured with a
support panel and tools as shown in Figure 3 (right). Four plates at a time were used for
experimentation. The temperature-time response of each plate was the average recorded by the two
thermocouples attached (the maximum deviation at any time was less than 30 oC). Once the
temperature of all four plates reached 550 oC, the furnace was shut down. To evaluate the uncertainties
involved, the industrial fire tests of each hydrocarbon intumescent coating were repeated four times.
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Figure 3 The industrial gas-fired furnace (left) and the outside of the furnace door (right). The steel panels with fixation
tools, seen on the right, are not the actual coated steel plates, but merely support panels for the coated steel plates and
backside insulation material placed in the door penetrations. The white material framing the support panels is insulation
material (fiber blanket).

2.3. Thermal degradation of hydrocarbon intumescent coatings
Thermogravimetric analyses of the hydrocarbon intumescent coatings were performed at 213 oC/min
or 21 oC/min in a flow of N2 (79 mL/min, purity grade 5) and O2 (21 mL/min, purity grade 5), using a
Netzsch Jupiter F1 STA. The powdery samples (approximately 45 mg), ground from the free films of
the intumescent coatings, were put in alumina crucibles and heated from room temperature to 1000 oC.
2.4. Identification of crystalline phases of intumescent coating chars with X-ray diffraction
The crystalline phases of the intumescent coating chars, produced in the laboratory-scale fireresistance experiments and the industrial fire tests, were identified on a Huber G670 powder
diffractometer with Cu-Kα1 radiation (λ=1.54058 Å, 40keV, 40mA) using a focusing primary
monochromator, in transmission mode in the range 3 to 100° in 2Theta for 30 minutes.
2.5. Digital microscope recordings of the intumescent coating char structure
The intumescent coating chars were cut in half with a scalpel, and the morphological structure of the
cross-sections were analyzed with a digital microscope (VHX-6000, from KEYENCE) with a VHZ20T lens, which magnifies up to 200 times.
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3. Results and discussion
In the following sections, the experimental results are described and discussed. To address the
challenges of developing the laboratory-scale furnace to simulate the standard hydrocarbon fire test
curve, the effects of heating rate on intumescent char structures are first considered. Then follows an
investigation of the performance of the laboratory-scale furnace and its correlation with the industrial
counterpart in terms of assessing fire-resistance properties of hydrocarbon intumescent coatings.
3.1. Effects of the furnace heating rate on the behavior of hydrocarbon intumescent coatings
In the literature, laboratory- and industrial-scale furnaces typically employ rather different heating
rates. This process parameter is therefore an important point to consider when comparing data from
the two scales of operation. However, only in a few studies were the influence of heating rate on the
fire-resistance performance and development of the morphological char structure of intumescent
coatings considered. Lucherini et al.30,31 used the so-called Heat-Transfer Rate Inducing System (HTRIS) test method and found that the onset of swelling of intumescent coatings is directly influenced
by the heating conditions at the exposed surface. Nørgaard et al.32 found that, unlike the case in regular
fire testing, the mechanical resistance of cellulosic intumescent coating chars formed under rapid
heating rates (shock heating in a muffle oven), cannot meaningfully be correlated to the degree of char
expansion.
As a consequence of these findings, it is essential to consider the effects of heating rate on the behavior
of hydrocarbon intumescent coatings, prior to presenting the performance of the laboratory-scale
furnace in comparison to the industrial-scale counterpart. For the purpose of demonstration,
formulation F3 was selected for the investigation of the possible influences caused by different heating
rates. Figure 4 shows the char cross-sections of the coating F3, formed in laboratory-scale furnace
experiments using the UL1709 standard (i.e. approximately 210 oC/min from ambient temperature to
1093 oC) and a non-standard (i.e. 21 oC/min from ambient temperature to 1093 oC) fire curve,
respectively. Here, the heating rate of 21 oC/min, which is near to the value (20 oC/min) reported in
the literature for examining char expansion and structure,11,16 is an example of non-standard heating
conditions. The experiments were halted when the temperature of the steel plate reached 350 oC. At
this temperature, it is reasonable to assume that the very bottom layer of an intumescent coating has
gone into the melting stage (temperature interval of the expansion) and that the intumescent coating
has fully expanded.27 The chars formed in the laboratory-scale furnace experiments were taken out for
observation when the furnace had cooled to room temperature. It can be seen in Figure 4 (and
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repetitions not shown) that compared with the UL1709 curve, the low heating rate conditions give a
denser and more lamellar char structure.

Figure 4 Hydrocarbon intumescent coating chars (formulation F3) formed in a laboratory-scale furnace experiment under
different heating conditions: (a) according to the UL1709 curve (i.e. a heating rate of around 210 oC/min from ambient
temperature to 1093 oC), and (b) a heating rate of 21 oC/min from ambient temperature to 1093 oC. The significant voids
formed, in particular for the conditions underlying the left-hand figure, are emphasized with red markings.

The structure of a fully developed intumescent coating char is mainly a result of the intumescence
process, which occurs at temperatures of around 235 to 375 oC, and is characterized by a distinct
dynamic viscosity drop of the coating.18,27,33 The different interior char structures shown in Figure 4
may, therefore, be explained by the impact of heating rate on the intumescence process. A high heating
rate leaves a short time for the intumescence to take place, whereby gases from blowing agents are
released at an extreme rate, leading to a structure with big voids (Figure 4). Slower (desired) heating
rates may lead to a homogenous structure with small cell volumes.
The heating rate may also influence the thermal decomposition (e.g. gas release of blowing agents)
and the chemical composition of an expanding char. Figure 5 shows the chemical degradation of the
intumescent coating F3 during the thermogravimetric analyses performed under different heating rates.
Even though the residue weights (Figure 5a), at the end of the analyses, are more or less the same,
regardless of the different heating rates, the rates of mass loss (Figure 5b) clearly indicate that the
thermal degradation steps are strongly related to the heating conditions applied. In particular, the
degradation of the coating exposed to the heating rate of 213 oC/min occurred mainly before 450 oC
(expeditiously lost 76% of the total mass loss), while the case using the heating rate of 21 oC/min
9

degraded more progressively in the whole temperature range of the measurement. It seems plausible
that different chemical degradations of an intumescent coating (especially during the intumescence
process) can make a difference for the char structure, although the explicit relationship between the
degradation and the char structure is not yet known in any details.

Figure 5 Mass loss curves (a) and the corresponding mass loss rate (b) for the intumescent coating F3 under different
heating rates. Note that the two y-axis for the rate of mass loss curves in (b) are different because the time scale for the
measurements varied with the heating rate.

In summary, the results demonstrate that the choice of heating rate selected for the fire-resistance
evaluation of hydrocarbon intumescent coatings, especially for formulations that form crumbly chars
with big cells under a high heating rate (e.g. F3 in Figure 4), is crucial. These fragile char structures
are not expected to resist the strong turbulence in a hydrocarbon fire scenario.34–36 However, the denser
structures formed under too low heating rates may, on the other hand, lead to a wrong assessment of
the performance of these coatings.
3.2. Performance of the laboratory-scale furnace
For the laboratory-scale furnace to be a reliable tool for evaluation of fire-resistance performance of
intumescence coatings, the ability of the furnace to simulate the standard hydrocarbon fire curve and
replicate the fire-resistance experiments must be ensured. Figure 6 presents the ability of the
laboratory-scale furnace to follow the gas temperature of the UL1709 curve. It can be seen that the
experimental curve performed by the laboratory-scale furnace is in very good agreement with the
standard (an average temperature of 1093 ± 56 oC must be reached within the first 5 min37).
10

Figure 6 Comparison between the standard and the experimental (laboratory-scale furnace) hydrocarbon curve UL1709.

The repeatability of the furnace was assessed with repetitions of the laboratory-scale fire-resistance
experiments with the five hydrocarbon intumescent coatings (F1 – F5). In general, the exposure time
of coated steel plates to reach the two critical temperatures (400 and 550 oC) are repeatable to a relative
standard deviation of 3 %. Figure 7 shows examples of the temperature-time response for the bare steel
plate and the steel plates coated with intumescent coating F1, F3, and F5. The deviation is seen to be
negligible, confirming the good repeatability throughout a laboratory-scale fire-resistance experiment.

Figure 7 Repeatability runs of the laboratory-scale furnace using a bare steel plate and steel plates coated with intumescent
coating F1, F3, and F5.

11

3.3. Correlations between coating performance in the laboratory-scale fire-resistance experiments
and the industrial fire tests
The potential for using the laboratory-scale furnace for accelerated screening and development work
of hydrocarbon intumescent coatings was studied by comparing the two furnace scales with respect to
the insulating behavior of the coatings (F1 - F5), as well as the physical and chemical properties of the
chars formed in the fire-resistance experiments. In the following paragraphs, the results and
correlations obtained are presented and discussed. It is noted that the five intumescent coatings serve
as a case study for the potential correlations between the laboratory-scale and the industrial furnace.
The mechanisms underlying the different performances of the coatings have not been the focus of the
present work and therefore they are not discussed in great detail.
3.3.1. Fire-resistance performance of intumescent coatings
The insulating behavior of the hydrocarbon intumescent coatings was examined in fire-resistance
experiments with both the laboratory- and industrial-scale furnace. The temperature-time curves of the
coated steel plates, each an average of the results from repetitive experiments, are shown in Figure 8.
In the case of formulation F3, the measurements from the industrial fire tests showed large
uncertainties in the critical times to 550 oC (the temperature where the fire-resistance experiments were
halted), and the average temperature-time response was therefore not available after times longer than
71.6 min (or temperature higher than 500 oC).
A high consistency can be observed in the temperature-time curves of each coating obtained with the
laboratory-scale furnace and industrial furnace. All the curves are composed of two arched parts,
connected by a transition point at a temperature of approximately 280 oC (marked with dashed lines in
Figure 8). These very similar arched parts suggest that the coated steel plates, in the two setups,
generally experienced the same exposure conditions.
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Figure 8 Steel temperature-time curves (industrial and laboratory scale, respectively) for the five coating formulations. The
dashed line indicates the approximate transition point of the two arched parts of the curves.

The temperature development is emphasized in Figure 9 where the first derivatives of the temperaturetime curves are plotted with respect to time. For the laboratory-scale furnace experiments, the curves
show two distinct peaks. The origin of these peaks can be attributed to the major temperature-related
actions of hydrocarbon intumescent coatings: intumescence (from 235 to 375 oC) and char degradation
(mainly thermal oxidation, from around 540 oC to the temperature at the end of the experiments).27,33,38–
41

It is generally acknowledged that the intumescence (i.e. the foaming process) limits the rate of

increase of the substrate temperature as a result of the insulating char and the associated endothermic
reactions.42 Therefore, after a more or less linear temperature rise in the first 5 min (dictated mainly
by the flow pattern and the external heat transfer coefficient of the furnace [38]), the intumescence
process significantly reduces the heat conduction to the underlying substrate, thereby slowing down
the temperate rise of the steel plate.
Due to transition of the char structure from a closed-cell foam to an open-cell sponge induced by
carbon loss, thermo-oxidation reactions can decrease the insulating properties of intumescent
chars.27,33 When the behavior of the intumescent coatings went from intumescence domination to that
of thermo-oxidation, the alleviated temperature rise shown in the downhill of the first peak started to
increase again (the second peak). At the later stage of the experiments, the main actions of the
13

intumescent coatings were completed, yielding a relatively stable carbon-inorganic char. At this point
in time, the temperature difference within the system of the steel plate, the residual char, and the
furnace chamber (1093 oC) started to decrease, which made the temperature rise of the steel plate
descent to a low value.

Figure 9 The rate of steel temperature rise (i.e. the first derivative of the temperature-time curve) of coated steel plates
with respect to time. The red arrows show the boundary between the first and second peak of each curve.

The results in Figure 9 clearly show that the temperature response of the steel plates in the industrial
furnace experiments are driven by the same mode of actions as in the laboratory-scale furnace
experiments. The laboratory- and industrial-scale furnace experiments have the boundary between the
first and second peak (demonstrated with red solid arrows in Figure 9) at more or less the same
temperature (280 oC). This temperature, corresponding to the term of ‘‘transition point’’ in Figure 8.
The time to the transition point and the maximum of the second peak show the same sequence (ranking)
of the coatings in both of the testing methods.
The correlations between the temperature responses obtained with the laboratory- and the industrialscale furnace are emphasized in Figure 10. The dashed line indicates the approximate position of the
transition point, which divides the curves into the intumescence and thermo-oxidation region (see
Figure 9). An almost linear relationship is evident in the intumescence region, which starts to deviate
14

after going into the stage where the thermo-oxidation reactions dominate. At still higher temperatures,
the slopes of the curves gradually recover to values comparable to those in the intumescence region.

Figure 10 Comparison of temperature responses of the steel plates coated with intumescent coatings obtained in the
laboratory- and industrial-scale furnace. The dashed line indicates the transition point defined in Figure 8.

The deviation of the linear relationship observed at the beginning of the thermo-oxidation region,
suggests that the thermo-oxidation in the laboratory-scale furnace may be more severe than that taking
place in the industrial furnace, resulting in the much faster temperature responses and inclination of
the curves towards the x-axis.
Thermo-oxidation of intumescent coatings is affected by oxygen concentration which varies widely in
a real fire scenario.41,43 In a well-tuned industrial furnace chamber the oxygen concentration is around
4 mol %,39,41 while the counterpart in the laboratory-scale furnace chamber was plausibly higher, as
the chamber was connected (through the exhaust in the roof of the furnace) to the atmosphere with 21
mol% of O2. The difference in the oxygen level may account for the different thermo-oxidation
conditions in the laboratory- and industrial-scale furnace experiments.
Depending on the anti-oxidation properties of the coating, the more severe oxidation environment in
the laboratory-scale furnace would have different impacts on the deviation of the curves. Therefore, as
shown in Figure 10, the inclination degree of the curves after the transition point apparently differ for
different formulations. Nevertheless, except for the case of F3, the curve progressions are highly
consistent with each other and the sequence of the curves is generally constant within the temperature
range. The exception observed with F3 for which the curve intersects with the case F5, was caused by
surge of the temperature response in the industrial furnace due to detachment of the intumescent char.
15

As demonstrated above, the laboratory- and industrial-scale furnace experiments clearly show a strong
correlation in terms of the thermal behavior of intumescent coatings and the associated temperature
response of the steel plates. This is thought to be due to these two testing methods having similar
heating conditions, including heating rate and dwell temperature of the fire curve, and the heat
dissipation. Therefore, the performance of the coatings (i.e. the exposure time of the steel plate to
critical temperatures) is expected to show a good connection between the laboratory- and industrialscale furnace experiments. The average exposure times to reach the critical temperatures are collected
in Figure 11. For each coating, the results from the laboratory- and industrial-scale furnace experiments
are comparable. Apart from the cases of formulation F3 and F5 in Figure 11b, the average time to
approach the critical temperatures (400 and 550 oC) in the laboratory-scale furnace experiments is
moderately shorter than that in the industrial furnace. It is, as explained above, mainly related to the
more severe thermo-oxidation conditions which speed up the temperature rise of the steel plates in the
laboratory-scale furnace. The exceptions in the formulations F3 and F5 are related to char defects (e.g.
detachments and/or cracks) formed in the industrial furnace and discussed in the next section. The
most important observation in Figure 11 is that the intumescent coatings show the same ranking of
exposure time to reach the critical temperatures in the laboratory-scale and industrial furnace
experiments:
𝐹𝐹3 > 𝐹𝐹5 > 𝐹𝐹4 > 𝐹𝐹1 > 𝐹𝐹2

Moreover, compared with the industrial furnace, a better repeatability with negligible standard
deviation is seen in the results from the laboratory-scale setup. These results indicate that the
laboratory-scale furnace can be an effective device to ranking of the fire-resistance performance of
hydrocarbon intumescent coatings, and for studies of the underlying mechanisms.
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Figure 11 Average exposure times for the coated steel substrate to reach (a) 400 oC and (b) 550 oC. Error bars correspond
to the standard deviation of repetitive furnace experiments.

3.3.2. Physical appearance of intumescent chars
The intumescent chars from the furnace experiments were taken out for analyses once the furnace was
cooled to room temperature. The aim was to study the interrelationship between the chars formed in
the laboratory- and industrial-scale furnace experiments. The relative expansion of the intumescent
coatings (i.e. the average height of an intumescent char relative to its initial coating thickness) was first
examined, because char thickness is usually one of the most crucial parameters for good protection
performance.33 The results for the relative expansion of the coatings are presented in Figure 12 with
error bars given by standard deviation of the repetitive experiments.
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Figure 12 Char expansions after furnace experiments, relative to the initial coating thickness. Error bars represent the
standard deviations.

It can be seen that the expansion of the coatings in the laboratory-scale furnace experiments is less
than those of the industrial furnace. The limited expansion is probably related to the edge effects
introduced by the reduced sample size in the laboratory-scale furnace experiments. For a given coating
sample, the edges were protected by the use of insulation materials during the furnace experiments
(e.g. see schematic diagram of the laboratory-scale furnace in Figure 2). This .configuration gives an
arc-shaped intumescent char for which the expansion close to the edge can be seen to be somewhat
restricted. The restricted area apparently constitutes a higher proportion for the samples with a reduced
size. The difference in char expansion among the coatings evaluated with the laboratory-scale furnace
(except for formulation F3) is quite small as shown in Figure 12. However, the sequence of the relative
expansions in the case of the laboratory-scale furnace, follows the same order as that of in the industrial
furnace experiments:
𝐹𝐹3 > 𝐹𝐹1 > 𝐹𝐹4 > 𝐹𝐹5 ≈ 𝐹𝐹2

The agreement in the relative expansion is another important advantage of the laboratory-scale furnace
for assessment and development of hydrocarbon intumescent coatings, aside from the fire-resistance
ranking described above. Nevertheless, it should be noted that many recent studies have pointed out
the limitation of char thickness in predicting the performance of intumescent coatings, especially in
the circumstance of hydrocarbon intumescent coatings.27,33 Mechanical stability and thermal antioxidation of intumescent chars are increasingly emphasized as means to resist the high temperature
and violent thermal shock of hydrocarbon fire scenarios. Figure 13 shows the cross-sections of the
18

intumescent chars from the laboratory- and industrial-scale furnace experiments. No distinct
differences were found between formulations F1 and F4 with respect to the cross-sectional structure
(and also the relative expansion if the deviations in Figure 12 are taken into account). Therefore, the
cross-section of F4 is taken as being representative. For better observation and comparison, the
magnified images of the cross-sections were recorded with a digital microscope and the results are
shown in Figure 14.

Figure 13 The cross-sections of the intumescent coating chars (after use of a scalpel) formed in the industrial (a) and the
laboratory-scale (b) furnace. For reasons of space, a photo of the F1 char is not shown (it looked very similar to the F4
char).
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Figure 14 The structures of the char cross-sections magnified by a digital microscope (30 x magnification). The intumescent
char F3 was very fragile and crumbly and could not be placed on the stage of the digital microscope without falling apart.
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The cross-sections in the cases of the industrial furnace experiments (Figure 13a and 14a) show
different characteristics depending on the varying formulations. A two-layered structure is observed
in the chars from formulation F2 and F4. The top layer has a sponge-like light grey appearance, and
the bottom is a bulk of black dense char. The main difference between the chars F2 and F4 is in their
top layers. Compared with char F4, char F2 exhibits smaller cell size in the spongy structure and a
particular yellow film on the char surface which is probably the result of severe oxidation. The
Formulation F3 gave a fragile and fluffy char, which is challenging to maintain while performing the
cross-sectional cutting and microscope recordings. The magnified image of char F3 is therefore not
shown in Figure 14 because it fell apart. On the contrary, a tough and dense char with delaminated
shell and white oxidized layer on the top was obtained with formulation F5. The tricky structures from
formulation F3 (crumpled ashes) and F5 (cracks and delamination) bring large deviations in
determining the relative expansion of the coatings, as seen in Figure 12.
The images in Figure 13b and Figure 14b clearly show that the chars formed in the laboratory-scale
furnace experiments are rather similar to those developed in the industrial tests. One difference is that
the structural defects (detachment and cracks) are more severe in the industrial furnace experiments
due to its strong turbulent flow from gas combustion. The structural defects, especially the detachments,
can significantly speed up the temperature rise of coated steel plates, which may explain the exceptions
mentioned earlier in Figure 11b; the coatings F3 and F5, when exposed in the industrial furnace,
exhibits a shorter time to 550 oC than in the laboratory-scale furnace. Nevertheless, the similarity in
the relative expansion and morphological structure suggests that hydrocarbon intumescent coatings
assessed in the laboratory-scale furnace can provide valuable information on the physical properties
of the chars, comparable to those observed in the industrial furnace tests.
3.3.3. Crystalline phases in the intumescent char layers
Apart from the physical appearance, the chemical compositions of the chars were examined to
comprehensively establish the correlations between the chars formed in the laboratory- and industrialscale furnaces. The chars were divided into three zones (layers), based on color and structure, as
described elsewhere.27 The crystalline phases in each layer were analyzed using X-ray diffraction
(XRD) and the results are presented in Figure 15. The comparison in terms of formulation F1 was
excluded due to its resemblance to F4 in fire-resistance performance and physical appearance of char.
The objective here is to compare the diffraction patterns of the chars produced in the two furnaces,
rather than to investigate the details of the crystalline phases in a sample. Therefore, instead of
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identifying all the peaks in the X-ray diffraction patterns, only the main crystalline phases are marked
out.
Figure 15 shows that the diffraction patterns vary with the different formulations and layers of a char.
Titanium phosphate and titanium dioxide (rutile crystal form) are the main phases in all the chars,
while the diffraction signals of boron phosphate present in particular in the patterns of the char F4 and
F5. The diffraction intensity of these main phases and other unidentified peaks varies with the depth
of a specific char. This makes sense because thermal degradation of intumescent coatings is a
continuous process which moves from the coating surface toward the layer just above a steel plate.
Different layers of a char are at different stages of degradation, which therefore results in distinct
chemical compositions.
When focusing on a specific formulation and a “layer”, for instance, the top layer of char F2, it can be
seen that the patterns barely diverge, regardless of the furnace used for the experiments. The high
affinity of the patterns implies that the chars produced from the laboratory- and industrial-scale furnace
share not only the identifiable crystalline phases but also the non-recognized amorphous signals. A
strong correlation is therefore demonstrated between the chemical compositions of the chars formed
in the two furnaces.
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Figure 15 X-ray diffraction patterns of the three layers of the intumescent coating chars.
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4. Conclusions
A laboratory-scale setup, modified from a commercially available furnace, is proposed for the fast
evaluation of hydrocarbon intumescent coatings in the laboratory. Taking advantage of the high
heating rates of the furnace, the setup can perform fire-resistance experiments according to the standard
fire test curve, UL1709. The reliability of the setup was examined by comparing its efficiency with an
industrial furnace with respect to fire-resistance performance of coatings including physical
appearance and chemical compositions of the chars. Temperature responses of the steel plates obtained
in fire-resistance experiments showed a high accuracy and repeatability, supporting the use of the
laboratory-scale furnace for investigation and screening of hydrocarbon intumescent coatings.
As a case study, five hydrocarbon intumescent coatings were selected and assessed in the laboratoryscale and industrial furnace experiments, respectively. Owing to the similar heating conditions (dwell
temperature, heating rate, and heat dissipation), the two types of furnace experiments showed a high
consistency in their temperature response of steel plates coated with a specific coating. The exposure
times to critical temperatures, obtained in the laboratory-scale furnace, showed the same ranking of
the coatings as that in the industrial furnace. An investigation of the chars formed in the experiments,
showed that the laboratory- and industrial-scale furnaces can be correlated for the physical appearance
(relative expansion and morphological structure) and chemical composition (crystalline phases) of the
chars, although the char defects (e.g. detachments and/or cracks), due to turbulence from gas
combustion and scaled-up sample size, were much more pronounced in the gas-fueled industrial
furnace. Nevertheless, these good correlations suggest that the laboratory-scale furnace is a promising
tool to evaluate fire-resistance performance of hydrocarbon intumescent coatings and to provide a
reliable indication of the char potential for thermal insulation.
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