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Highlights:

* Fire behavior of three carbon reinforced composites samples is evaluated for two

significant scales

* The FAA standard NexGen burner is used to evaluated the fire resistance at large scale

* Experimental mass loss demonstrate the superior thermal stability of carbon-PEKK

* No open plies are observed after fire exposure of Carbon-BMI samples
Abstract
In industrial and transportation system, composite materials are now commonly used.
However, despite their superior mechanical properties and weight reduction capacity, such
materials are highly vulnerable to fire. To access such risks in the aeronautical industry,
standard tests are performed at different scales on representative selected samples. In this
work, the fire behavior of three different carbon-reinforced composites (Carbon-phenolic,
Carbon-PEKK and Carbon-BMI) is evaluated at medium and large-scale using state of the art
techniques, such as Cone calorimeter and NexGen burner. To provide a detailed description of
the fire behavior of these three materials, mass loss as well as the backward face temperature

are provided and compared for the different scales. The results highlight better thermal
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stability of the carbon-PEKK and the carbon-BMI in comparison with the carbon-phenolic;

moreover the evolution of the phenomena between different scales is observed.

1. Introduction

In the aerospace industry, composite materials profoundly improved the design of aircraft due
to their main advantages in weight reduction, [1] and strong mechanical properties [2]
allowing significant cost reductions. Nevertheless, these materials also present many
advantages in every modern transportation systems, such as trains [3], planes [4], automobiles
[5] and even bicycles [6]. However, the quest of utilizing composite materials in modern
transport system 1is still in its infancy due to being vulnerable when exposed to fire or even
high temperatures. Unfortunately, during their thermal degradation, composite materials serve
as a fuel and also produce toxic fumes resulting in an explosive atmosphere. Thus, fire spread
might continue even after the original source of fire is extinguished or depleted [7].

To address these issues, various experiments involving composite materials were performed
at different scales to understand, to predict and to certify their behavior when they are
exposed to fire [8]. Particularly, in the aerospace industry, materials have to achieve standard
fire tests at large scale; following rules such as ISO 2685 [9] or FAA AC 20-135 [10]. These
tests, which involve flat panels or even complex airplane parts, aim at ensuring that every
constitutive element of the aircraft retain their function for the longest time possible to
guarantee the safety of passengers or carried goods.

Indeed, composite materials, in addition to their mechanical duty, are used to provide a fire
protection in aeronautics. The constant evolution of fire safety standards has raised the bars
for composite materials. Thus, to guarantee good protection from fire, these materials must
sustain fire as long as possible with low amount of fume production to allow passenger to

evacuate safely.



In the present work, the fire behavior is experimentally investigated at two different scales. At
meso-scale (samples about 10 cmx10cm) a cone calorimeter (radiative heating) device is
used, which is frequently employed to assess the fire behavior of composite materials
estimating heat release rate [11], flammability [12] or fire performances [13]. Moreover, this
kind of test is considered as a standard test for materials [14] providing a realistic degradation
environment (heat flux ranges from 30 to 120 kW/m?2). It provides Heat Release Rate (HRR),
surface temperature and Mass Loss Rate (MLR), which are the required parameters to
evaluate the fire behavior of composite materials; for example, MLR is one of the most
important factors as it is directly linked to the pyrolysis rate, and represents the initial cause of
the combustion process [15]. At large scale, a NexGen Burner (designed by the FAA) as per
the aeronautical standards with a kerosene flame is used [9, 10] to test samples (about 50
cmx50 cm) which are representatives of parts of aircraft structures. By comparing the results
obtained from these two scales, the relevance of tested materials at different scales are
evaluated and the degradation behavior of tested specimens using the two different heat
sources is compared (i.e. radiative heat flux and kerosene flame). . Therefore, to contribute to
the ongoing work on the assessment of fire behavior of composite materials at the above-
mentioned two different scales, the fire behavior of three carbon-reinforced composites cured
from pre-impregnated fibers are studied. The first is a thermosetting phenolic, which finds
multiple applications in the industry for thermal protection, especially in the aerospace
industry [7]; moreover, it is also used for automotive components or fire barriers in offshore
oil platform [16]. Under fire conditions, carbon-phenolic composites are characterized by a
high yield of char (up to 50% of the initial mass) and a low thermal conductivity [17]
involving a slow ignition time and an easy extinguishment [18] due to moderate number of
volatiles yield and reduced flammability [19]. Previous work done in this domain

demonstrates that degradation of the carbon-phenolic is driven by two reactions under inert



atmosphere with respective mass loss of approximately 20 %, and by four reactions under
oxidative atmosphere with complete depletion of materials at the end of test [20]. The thermal
characterization of the carbon-phenolic composite also illustrates that this material has a high
specific heat and reduced thermal conductivity at high temperature enhancing its ability to
withstand fire [17].

The second is the thermosetting bismaleimide (BMI), originally developed for structural
applications, these composites are known to be used where prolonged exposure to high
temperature or enhanced fatigue resistance is necessary [19]. Although, the Bismaleimide
(BMI) resin offers high mechanical and thermal performance for aerospace applications but
their brittleness and vulnerability to impact and damage due to high cross-linking density has
limited its effective utilization. However, after curing the maleimide groups, their high cross-
linking density gets better which might result in a superior thermal stability with a melting
temperature (Trm) between 300 and 350 °C and a glass transition temperature (Tg) between 150
and 250 °C [19]. Moreover, their composition, made of aromatic group and nitrogen ensures a
low amount of volatiles emissions and a flame retardancy effect [19].The thermogravimetric
analysis of the BMI resin demonstrates that the resin pyrolysis occurs between 300 and 400
°C [24]. Moreover, it has been observed that under oxidative atmosphere (Air) this composite
material loses about 10 to 20% by mass [24], showing a good thermal stability with low
degradation.

Finally, the carbon-PEKK thermoplastic is studied, this thermoplastic polymer which is
known for its high mechanical performance was originally designed for external structure and
cabin interiors in aerospace as well as automotive industry [20] [21]. The monomer of PEKK
resin is characterized by three aromatic groups in the main chain with ether and ketone
linkages, providing high thermal stability, with a glass transition and a melting temperature

of, Te= 156 °C and a melting temperature (Tw) equal to 338 °C respectively [22]. Moreover,



the high yield of stable carbonaceous char during the decomposition process (~60% of initial
mass) leads to a reduction in volatiles during combustion and display superior flammability
resistance [23]. Thermogravimetric analysis at small scale demonstrates that the resin
degradation starts at about 500 °C with a remaining mass loss of less than 20 %, whereas
under oxidative atmosphere, no residual amount of materials was found and it presents three
global reactions that are associated with the resin pyrolysis, char and carbon-fiber oxidation
[22]. The carbon-PEKK decomposition is driven by one major reaction under inert
atmosphere (resin pyrolysis) and three under oxidative atmospheres (resin pyrolysis, char and
carbon-fibers oxidation). Moreover, the measurement of thermal properties confirms the
higher thermal stability of the carbon-PEKK [17].

This study elaborates on a detailed description of this composite using a cone calorimeter and
a NexGen burner for the first time. Finally, the experimental observations and results, such as
the backward face temperatures, mass loss ratio and heat release rates support the scientific

finding of the subject matter.

2. Material and methods

2.1. Materials Description
The three carbon-reinforced composites (cured using pre-impregnated fibers) studied in this
work are manufactured and provided by the company DAHER. Among the three composites,
two are thermosetting i.e. a carbon-BMI and a carbon-phenolic and one is thermoplastic
carbon-PEKK. The two samples of thermoset considered in this work are a 6 plies carbon-
BMI sample (1.5 mm in thickness) with a fiber mass fraction of 40 % and a 6 plies Carbon-
phenolic (1.5 mm in thickness) with a fiber mass fraction of 42 %. Later, both thermosetting
materials are compared to a 12 plies of thermoplastic carbon-PEKK (1.9 mm thickness) with a

fiber mass fraction of 41%.



2.2. Cone calorimeter experiments
Based on the ISO 5660-1: 2002 standard [14], the meso-scale experiments are carried out

using a cone calorimeter. A10x10 cm sample with an exposed surface of 88.4 cm? was placed

at 35 mm from a heat source under a constant heat flux of 100 kW/m? and measurements were
recorded. The samples were placed horizontally and vertically to evaluate the result for both
configurations (cf. Figure 1). To experiments are performed twice to ensure the reliability of
the data obtained in this study. Moreover, the Mass Loss Rate (MLR), the Heat Release Rate
(HRR) and the Backward Face Temperature (BFT) are measured while performing the
experiments. In the vertical configuration the measure of the BFT is made using a Flir A600
infrared thermography apparatus which allowed to measure the temperature field on a zone of

40x40mm located at the center of the backward face of the sample covered by a graphite

layer (with a known emissivity of £=0.95). In the horizontal configuration, the MLR is
measured using a balance situated under the sample holder. The HRR is determined using the
oxygen depletion principle [25] based on the concentration of Oz, CO and COs». To this end, ,
smoke is absorbed at 24 1/s with a gas sampling of the combustion products at 58.3 ml/s. The

HRR is estimated with a global uncertainty of 5 %, and with a confidence level of 95 %.



1-Thermal camera
2- Vertical sample holder
3- Load cell
4- Sample
5- Horizontal sample holder
6- Cone heater
7- Exhaust hood
8- Gas sampling probe
9- Blower
10- Thermocouple
11-Pressure ports

Vertical configuration Horizontal configuration

Figure 1. Overview of the cone calorimeter experiments.

2.3. NexGen Burner experiments
Large-scale experiments are conducted in accordance to the fire standards accepted in the
aerospace industry (ISO 2685 and FAA AC20-135), using a next generation fire burner
(NexGen Burner,) designed by the FAA, (see Figure 2). This kind of test bench has been
designed for certifications and is a representative of realistic fire conditions, close to those
encountered in real-life accidents, particularly in areas around aircraft engines. As mentioned
in the standards, the samples must withstand a fire exposition of 15 minutes to a kerosene-air
diffusion flame without igniting the material or self-ignition in the unexposed areas. The
impinging flame must ensure a heat flux of 116 kW/m? + 10kw/m? and a mean flame

temperature of 1100 °C £ 80 °C [10].
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Figure 2. Overview of the NexGen Burner Test Bench.

These fire conditions are generated using a manually operated air supply circuit which is
providing to the burner air pressure ranging from 1.90 bar to 4.5 bar generated with a
compressor.. To ensure identical conditions for each run, the inlet temperature in the burner is
stabilized between 5 and 15 ° C. The air is passed through a water exchanger allowing it to
get cooled and then it is circulated in a coil stored in a freezer to stabilize the temperature, the
air is then passed through a sonic throat providing a constant flow at atmospheric pressure at
the outlet with limited pressure variations. The fuel used is Jet A-1 kerosene, which is
vaporized into the burner cone using a Delavan injector with a temperature between 0 and 10
°C. The injector ensures an approximate output flow of kerosene of 2.5 GPH (2.10x107 L.s™).
The ignition of the kerosene/air mixture is ensured by means of a spark plug fixed on the
upper part of the cone located at the outlet of the burner (see Figure 2). During the
experiments, the composite sample is placed at 100 mm from the outlet of the burner cone in
a sample holder equipped with a deflector to avoid any flame bypass (see Figure 2). The
flame temperature is measured by a rack of seven K-type thermocouples having diameter of
1/8 inch positioned at the same spot as the test sample (100 mm from the burner cone), 20
mm apart from each other, and 25.4 mm above the central axis of the cone burner

To deepen the understanding of composites’ fire behavior, instrumentation available for the

study of the degradation of composites has been employed. The mass loss of the composite



sample is measured using a SCAIME AG3 center support load cell located under the sample
holder (see Figure 2). The maximum mass supported by the sensor is 50 kg with approximate
uncertainty of 5 g, depending on the accuracy of the weighing sensor. Considering a sample
mass between 650 and 900 g a global uncertainty of 1 % with a confidence level of 95 % is
used. To ensure the validity of the mass loss measurement, the initial and final masses of all
the samples are measured using a different scale. A Flir ThermCam PM 595 thermal imaging
camera placed at the backside of composite, approximately 2.5 m from the sample providing
an entire view of backward face is used to measure the temperature of the backside of
composite samples during experiments. . The emissivity of the plate is considered as fixed
and equal to 0.9 for the duration of the measurement [26], resulting in a global uncertainty of

5 % with a confidence level of 95 %.

3. Results and discussion

3.1. Experimental observations
The photographs in Figure 3 illustrate different phenomena observed during the cone
calorimeter experiments performed with the horizontal configuration for the three composites
studied. The four photographs present in Figure. 3 correspond to different characteristic times
encountered during the tests. These characteristic times are the initial time (t = 0 s) where the
test starts, the ignition time, t = tj (approximately 20 seconds for carbon-phenolic, 25 seconds
for carbon-PEKK and 30 seconds for the carbon-BMI) and the time when the rate of heat
generation is maximum (t = MAXugrr) and the time at the end of which the degradation
reaction is terminated. The time for a maximum HRR can be different for each material (40s
for BMI, 38s for the carbon-phenolic and 45s for the carbon-PEKK). Thus, for the carbon-
phenolic sample, from the beginning of the test until t = tig, no flame is visible on the surface
of sample and its temperature increases gradually. Once the degradation temperature of the

resin is reached, decomposition starts, and the volatiles start getting accumulated on the



surface of the material. Once the concentration of the pyrolysis gases at the surface is
sufficient and the temperature reaches the auto-ignition temperature, the mixture self-ignites
(these condition might be promoted by the cone resistance). It was observed that eventually
from a certain time (about 120s for carbon-phenolic, 140s for carbon-PEKK and 140s for
carbon-BMI) no flame is visible on the surface of the two materials. This extinction can be
caused by the accumulation of char on the surface of the sample preventing the diffusion of
the pyrolysis gases [24]. A slight expansion of the sample at its surface is also observed. This
is probably due to the accumulation of gas between the plies of the composite, caused by the
degradation of the resin. Once the resin is largely degraded in the upper (thus porous)
laminate ply, these gases are transported to the surface. While comparing the photographs for
carbon-PEKK and phenolic carbon at the time of ignition (t = tig), it was noticed at the time of
inflammation that unlike carbon phenolic which has an intense flame at its surface, the
carbon-PEKK sample has a set of small flames located at different positions on the surface of

the sample
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Figure 3. Photographs of the main events during cone calorimeter exposition for the three composites materials
(horizontal configuration).
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Carbon-phenolic Carbon-PEKK Carbon-BMI

. N
Figure 4. Photographs of the different composite samples after cone calorimeter experiments (vertical
configuration —face exposed to heat flux)

Figure 5 shows three composites samples before their thermal degradation (5-a) as well as
their front faces (5-b) and backward face (5-c) after being subjected to the NexGen burner
flame for 15 minutes (under the standard temperature conditions). The exposed face of the
carbon-PEKK sample has been significantly degraded by the flame in the center of the first
ply of both resin and carbon-fiber. A weaker zone on the second ply seems degraded. It is
interesting to note that the same level of degradation was observed during cone calorimeter
tests (cf. figure 4). This significant consumption of carbon fibers on the first two plies reflects
the presence of oxidizing phenomenon, probably due to the presence of a lean flame condition
(i.e. presence of oxygen in the products of combustion). Regarding the front face, it has a
large area (all around the degraded zone) where the partially degraded resin has undergone
recrystallization during the cooling phase of the sample (solidification of the resin). This
phenomenon is interesting in a real case, because it could provide better mechanical strength
after the fire event, thus limiting risks of rupture. This behavior is one of the major advantages
of thermoplastic composites compared to thermosetting composites and has been highlighted
by Vieille et al. [27] and Maaroufi et al. [28]. On the back side, the resin seems less degraded

and the initial mechanical properties of the material can be preserved.
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Figure 5. Photographs of the different composite samples before and after NexGen burner experiments.

Since the degradation temperature of the carbon-PEKK is around 500 ° C [22], this
observation suggests that the maximum temperature encountered at the rear face is
approximately equal to this value. A slight swelling of the sample is also visible on the
degraded sample, suggesting that a slight build-up of gas from pyrolysis of the resin occurred
during the test or the residual mechanical constraint from the polymerization process.

For the carbon-phenolic sample, the front face presents a significant degradation of the first 3

plies of the material (the same phenomenon was observed on the different samples tested). In
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addition, a large amount of resin seems degraded; hence the structural strength of the material
is decreased. This large amount of degraded carbon fiber can be explained by the presence of
oxygen in the phenolic resin [29]. During the first degradation reaction of the resin, associated
with its dehydration (between 100 °C and 300 °C) [7, 30], the oxidizing pyrolysis gases might
promote the combustion of the carbon fibers. In addition, the greyish color of the composite
surface seems to be associated with a significant presence of char. The back face of the
sample presents an important amount of degraded resin with significant swelling of the
surface leading to an important decrease of the structural integrity.

Contrary to two other materials, the carbon-BMI sample presents no open ply on its exposed
surface, with an important amount of degraded resin. This suggests that the carbon fibers have
not been oxidized during the decomposition due to a lower temperature or an insulation of the
char produced during the pyrolysis of resin. A significant swelling of the exposed surface is
also visible on the center of the sample, which might be due to a significant build-up of gases
during the pyrolysis, which remained blocked by the non-degradation of the exposed surface.
Nevertheless, the backsides face of the sample present also a swelling of the surface
suggesting that a slight build-up of gas from pyrolysis of the resin occurred during the test.
However, contrary to carbon-phenolic, the resin at the surface of the backside face presents

less important decomposition level.

3.2. Experimental mass loss
The experimental mass loss obtained for the different materials, at both medium and large

scales in a vertical configuration are presented on Figure 6.
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Figure 6. Mass loss measurement on the different composites samples at medium scale (a) and large scale (b).

At medium scale, for the carbon-PEKK, the mass loss demonstrates similar evolution. The
mass is constant first up to 30 s, corresponding approximately to the ignition time, then a
monotonous mass loss is observed until 160 s and then it starts to stabilize. The obtained final
mass loss equals 15 % of the virgin sample mass. For the carbon-phenolic sample, different
phases observed are visible. Initially, for almost 20 s (approximately the ignition time) the
mass loss slightly changes, then an important and rapid mass loss between 20 s and 50 s is
visible, and finally the mass loss decreases after 50 s until 23 % of the virgin sample mass

was consumed. Finally, the carbon-BMI presents a mass loss like the one of the carbon-
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phenolic. A first stage with a quasi-constant mass until 35 s is followed by a significant mass
loss between 35 s and 110 s, and a monotonous mass loss after 110 s which concluded after
180 seconds, and a final mass loss of 28 % is found.

The differences observed in the mass loss behavior between the three materials are due to the
nature of their resins. Moreover, the good thermal stability and the high melting point [20]
[31] of the PEKK resin characterize its decomposition by a high yield of stable carbonaceous
char (approximately 60 % of the original resin mass at small scale [20]) which bring a
superior flammability resistance [32]. The thermoset phenolic and BMI resin decomposition
involves an important mass loss due to scission reactions between units along the polymer
chain [29]. These reactions are respectively around 300°C and 400 °C (corresponding to the
second mass loss stage in Figure 6). The third stage of thermoset phenolic resin mass loss
corresponds to the fusion of aromatic rings into carbonaceous char inducing superior fire
performances and resulting in less mass loss rate than at the second stage [33]. However,
contrary to both carbon-PEKK and carbon-phenolic, the carbon-BMI degradation does not
involve degradation on the surface of the sample. Indeed, no open plies are visible despite
important resin decomposition. This behavior might result in an interesting post fire
mechanical behavior despite the important mass loss during the fire exposure. Moreover, the
differences in the degradation behavior between vertical and horizontal configuration have
been discussed in a previous work [34].

At large scale, the evolution of the mass loss is slightly different for the three materials. For
the carbon-phenolic composite during their exposure to the NexGen burner flame (with an
average initial mass of approximately 595 g), the loss of mass does not show significant
variations between the three samples ensuring the reliability of the large-scale experiments in
each run. The carbon-phenolic samples are characterized by a two-phase mass loss curve. The

first phase starts as soon as the material is exposed to the flame and it continues for about
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100 s, during this period, a mass loss of about 13% is reached (corresponding to about 77 g).
This significant loss of mass, as soon as the material is exposed to the flame, can be
associated with the rapid degradation of the resin being present on the surface of the material
and causing the material temperature to increase rapidly over the first plies of the composite
sample. This behavior is also validated by Biasi [34], who demonstrate that the characteristic
chemical time is less important than the characteristic thermal conduction time, which
confirms this hypothesis. For the rest of the fire exposure, the thermal phenomena are more
evident and a thermal equilibrium is created between the front face and the rear face of the
composite, leading to a decrease in the MR, corresponding to the second phase. The mass of
the sample then decreases monotonically until the end of the test and the final mass loss
obtained is than of the order of 26% of the initial mass. As for the carbon-phenolic, the mass
loss of the carbon-PEKK samples can be divided into two distinct phases. During the first
phase, at the beginning of the test, an average mass loss of 6%, i.e. approximately 45 g, is
obtained (see Figure 6.b). It is interesting to note that this phase lasts also approximately 100
s. The behavior of the two samples differs for the rest of test. The mean total mass loss
obtained after 15 minutes for carbon-PEKK is approximately 11% of the initial mass. The
smallest mass losses obtained for carbon-PEKK compared to that of carbon-phenolic can be
explained by the better thermal stability of carbon-PEKK with thermal degradation starting
around 500 °C [22]. In addition, the carbon-PEKK has a thermal conductivity lower than that
of carbon-phenolic, between room temperature and 600 ° C [17] thus limiting the diffusion of
heat in the material, and therefore its degradation. Finally, as for the other two materials, the
carbon-BMI presents a mass loss behavior divided into two phases with a first phase also
during the first 100 s of the test. However, during this first phase the obtained mass loss is
more evident with a value of approximately 23 %. This important mass loss has been noticed

at small scale by Faraz et al. [36] and the rapid mass loss might be explained by the catalyst
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role of the carbon fiber accelerating the decomposition due to the presence of iron
particulates. For the rest of the test, the mass loss rate shows less change with a final mass
loss of 28% (after 15 minutes). This behavior might be explained by the important charring
behavior of the BMI resin as mentioned by Liu et al. [24]. It can be noticed that, over the first
seconds of the test an important decomposition of the resin operates then the resin induces the
production of an insulating layer at the surface of the sample, which limits the degradation
during the rest of the test and limits also the plies opening, as mentioned previously.
Nevertheless, the carbon-BMI presents more important mass loss compared to the two other
materials.

By comparing the experimental mass losses at both medium and large scale, it appears that
the final mass of the two tests are of the same order (despite tests with different duration)
highlighting the lower front face temperature of the flame compare to the cone calorimeter. In
both cases the carbon-PEKK presents less mass loss than the carbon-BMI. However, the
evolution is different, because at medium scale no mass loss is observed during the first 40
seconds of the test (almost until the ignition of the exposed surface) whereas at large scale a
mass loss is visible without any latency. This highlights the importance of resin degradation
and oxidation in occurrence of a flame. Nevertheless, the cone calorimeter experiments on
medium scale samples are representative of large-scale experiments regarding the mass loss
behavior. Regarding the differences in samples degradation, this highlights the more

aggressive degradation of the NexGen burner despite a less important front face temperature.

3.3. Experimental back face temperature
At medium scale, the average temperature profiles measured on the back faces are presented
in Figure 7.a. The values correspond to the mean temperature measured, using infrared

thermography, on a 40 x 40 mm zone in the center of the backward face of the samples.
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Figure 7. Temperature curves obtained with cone calorimeter (a) and NexGen burner (b) experiments.

For the three materials the temperature evolution can be divided into two phases, a transient
one with a quick increase of the BFT (Backward Face Temperature) followed by a constant
growth of the temperature.

For the carbon PEKK, two phases are visible in the temperature curves. The first phase
presents a fast increase of the temperature between 0 and 30 s followed by a short
stabilization (at about 300 °C) before a second temperature increase between 30 s and 90 s (of
approximatively 100 °C), Whereas Between 90 s and 180 s a final growth of approximately
100°C is observable. The latter can be associated with the stable phase. Regarding the carbon-
phenolic sample, within the first 30 s the temperature raises 450 °C before increasing again
over 650 °C which is the saturation temperature of the used infrared camera. Therefore, the
final exact phenolic sample stabilization temperature has not been measured. Finally, the
carbon-BMI samples also present a temperature evolution divided into three phases, between
0 and 20 s, the temperature increases from ambient to approximately 400 °C, then the BFT
rises again up to 600 °C between 20 and 100 °C to finally stabilize around 650 °C.

For the NexGen burner experiments, the average temperature evolution of a 1 cm x 1 cm area
(i.e. a square of 4 pixels), located at the center of the rear face of the different samples, is
computed for the totality of the test (15 minutes) and plotted on the Figure 7.b. It is interesting
to note that the overall change in temperature for both materials is similar. The temperature

evolution can be split into two phases. A first phase corresponding to the rise in temperature,
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between 0 s and 150 s, presented on the figure 7.b, this phase might be associated with the
significant degradation step visible on the MLR curve (figure 6.b). In second phase, the
temperature remains almost constant (between 150 and 800 seconds). The slight change in
temperature during this second phase agrees with the hypothesis put forward above, indicating
that a thermal equilibrium is created in the material between the front face exposed to the
flame and the rear face. At the same time, almost constant temperature leads to the very slow
degradation of the composite observed on the mass loss curve. Contrary to the cone
calorimeter experiments, the maximum temperatures obtained on the rear face of the materials
are approximately equivalent, with temperatures between 500 °C and 550 °C except for the
carbon-BMI with higher temperature, up to 700 °C. For the carbon-PEKK sample, whose
onset of degradation is at around 500 ° C [7], the maximum rear face temperature of around
550 °C justifies low degradation of the sample observed on the photograph of Figure 5. This
phenomenon probably reflects the appearance of an insulation layer (resulting from the
degradation of the resin on the surface of the composite). Meanwhile, the carbon-PEKK
temperature tends to increase slightly. This increase in temperature is probably due to the
opening of a fabric ply on the surface of the composite, resulting in a decrease in thickness of
the material and therefore a higher thermal conductivity. The evolution of the temperature for
the first 160 s of the tests is, in turn, visible in detail in figure 7.b for the three composites
studied.

As observed during the cone calorimeter tests, the temperature evolution of the carbon-PEKK
backward face has two points of inflection. A first point is visible at about 330 °C. This
inflection of the temperature curve is probably associated with the melting of the resin as
mentioned previously for the cone calorimeter experiments. The second inflection point,
visible between 450 °C and 500 ° C, probably reflects the beginning of the degradation of the

front face of the samples resulting in the production of char during the resin degradation
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coming to isolate the front face of the material. For carbon-phenolic, a single point of
inflection is visible between 250 °C and 300 °C. As observed for the carbon-PEKK, this point
might be associated with the beginning of the degradation reaction of the phenolic resin [7]
leading to the production of char coming having an insulating role. Unlike carbon-PEKK, this
inflection point was not as visible on the cone calorimeter tests. It is possible that the
combustion products of the flame in comparison with the atmosphere environment during
cone calorimeter testing is put forward this phenomenon.

Regarding large scale experiments, the temperature fields were measured using the infrared
camera placed approximately 2.5 m from the back of the samples. Figure 8 presents
instantaneous temperature field of the backward face of the carbon-PEKK sample after about
150 seconds of exposure to the flame. By comparing these photographs of the back of the
materials, it is possible to notice that the hottest areas visible in the figure correspond roughly
to the most degraded areas visible in Figure 8. It is in these areas that the carbon fibers begin

to oxidize leading to opening in the first plies on the carbon-PEKK and carbon-phenolic

samples.
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Figure 8. Temperature visualization for large scale samples after 200 seconds (a) and after 800 seconds (b) for
the carbon-PEKK.

As demonstrated with the mass loss, the experimental backward face temperature measured at
meso-scale and large scales present the same behavior with a transposition of the different

phenomena between the different scales. In spite of that a less changing temperature is
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measured during the NexGen Burner experiments; which indicates that, despite the same heat
flux range used to decompose the materials, the thermal exposure is different. Indeed, in
Figure 7b it is shown that there are very similar back face temperatures for PEKK carbon and
BMI carbon evolutions, but there is an important difference for carbon phenolic (600 ° C for
cone calorimeter test and 400 ° C for NexGen burner test) and carbon BMI where the
maximum temperature reach 800 °C. for the carbon-Phenolic, this difference can be explained
by the high swelling and delamination of the composite plies during the test inducing thermal
insulation by an internal gas zone, it is observed that the initial slope is identical for the 2
experiments, but the evolution obtained from burner is broken in the very first seconds
(between 20 s and 40 s) probably by a first delamination or swelling of the internal ply of the
test panel reducing the heat transfers during the decomposition. Moreover, this phenomenon
was not observed significantly for cone calorimeter test. For the carbon-BMI, this large
increase of temperature at the end of the test might be explain by the catalyst role of the
carbon fiber accelerating the resin decomposition, as explain before, which can lead to an

increase of temperature as less resin is present in the materials

3.4. Experimental Heat Release Rate
Figure 9 presents the Heat Release Rate (HRR) measured at medium scales and the HRR for
large scale is calculated using mass loss rate and heat of combustion [35] measured at large
scale. For the carbon-BMI composite, The HRR values presented at large scale are calculated
from the Heat of combustion calculated with the total Mass loss and the total Heat Release

Rate obtained at medium scale with the cone calorimeter experiments.
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Figure 9. Heat Release Rate curves obtained with cone calorimeter (a) and NexGen Burner (b) experiments.

At medium scale the experimental HRR (horizontal configuration) for the three materials
demonstrate the difference in the decomposition process among the materials. While
comparing the results of the three composites for HRR in horizontal configuration, the
carbon-phenolic presents a rapid increase of the HRR 540 kW/m?. The latter is caused by
scissions in the main polymer chain generating an important amount of flammable volatiles
ethane, carbon monoxide and hydrogen [36, 23], thus increasing the
flammability of the composite. At the same time, the fusion of the aromatic rings leads the
formation of carbonaceous char layer on the surface causing a rapid decrease of the HRR to a

constant value of 60 kW/m2. On the other hand, the carbon-PEKK presents a maximum HRR
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values of approximately 100 kW/m?2 with a larger peak presenting oscillation within a range of
20 kW/m? which might correspond to the flame oscillation on the surface, after that HRR
values are decreasing down to 35 kW/m?2 at 160 s and seems to remain constant till the end of
the test. This lower value of HRR might be caused by a decrease of the flammable volatiles
[37, 23] leading to a decreased value of HRR. Once the resin is decomposed, the HRR of each
material decreases to a residual value, which corresponds to the combustion of the char and
the fibers [37]. Finally, The Carbon-BMI present an intermediate behavior with a large peak
and a maximum value of 350 kW/m? at 45 s decreasing to approximately 40 kW/m? around
120 s. It is observed in Figure 3 that in each case after 160 s, no more flame is visible on the
surface of the three composites, which indicates that internal heat generation process occurs
[38] probably associated with the resin decomposition in the internal plies or the carbon fiber
combustion on the surface of the sample.

At large scale, the HRR of the three materials present a first period of rapid degradation at the
beginning of the test is visible, with a peak on the curve (between O and 100 s). It is
interesting to note that the maximum value of the HRR for all the materials is obtained at
around 100 s with a maximum value of approximately 160 kW/m? for the carbon-phenolic
and 50 kW/m? for the carbon-PEKK. For the second period (between 100 s and 900 s) the
HRR shows a different evolution between the two materials. The HRR of the carbon-PEKK
and the carbon-BMI slowly decreases to a value close to zero, whereas for carbon-phenolic
the HRR is almost constant until the end of the test (explaining the constant mass loss
observed on the Figure 6). While Comparing the HRR obtained at medium and large scale,
one can observe the evident difference in the HRR behavior. At large scale, the materials
exhibit similar behavior when exposed to fire of difference intensities, and the calculated

values of HRR are lower. Nevertheless, the material classification is conserved with a lower
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HRR for the carbon-PEKK, highlighting its superior fire behavior compared to the carbon-

phenolic.

4. Conclusion

In the present study, the fire behavior of three carbon-reinforced composites has been
evaluated experimentally at medium and large scale. The experimental characterization
performed at both scales gives an insight to different phenomena, and based on these
phenomena various results have been observed and explained.

The mass loss behavior obtained at medium and large scale demonstrates that the carbon-
PEKK composite presents a superior thermal stability with a less change in temperature and a
moderate backside face temperature. Moreover, this material presents a limited HRR value up
to five times less than that of carbon-phenolic and three times less than that of carbon-BMI,
thus limiting the fire spread. In the same manner, for both scales the temperature measures
performed on the backside face demonstrate a similar behavior. Although, there are very
similar back face temperatures for PEKK carbon and BMI carbon, but there is a big difference
for carbon phenolic. The high swelling and delamination of the composite plies can explain
this difference during the test inducing thermal insulation by a created space. These
experimental results for the three materials demonstrate that both experimental scales give
similar results despite the difference in the sample scale and thermal exposition (radiative vs
flame). This similarity of the phenomena observed for the two-studied scale reveals the ability
of the meso-scale experiments to provide a precise overview of the fire behavior of a material
before performing large scale experiments in order to reduce the number of tests and

consequently the developmental costs.
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