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Abstract

This paper presents a complete methodology for atgessment and modelling of the
flammability and fire resistance of carbon fibreFjGeinforced thermosets (three different

types of epoxy) and a thermoplastic resin (PEEkUsr the fuselage of modern aircrafts. A
global ranking of the composites is presentedHerrhally thin conditions (1mm thick) using

thermogravimetric analysis (TGA) and cone calorgneheasurements and four parameters
for thermally intermediate conditions (4mm thickgliuding a fire growth parameter, a smoke
parameter, a toxicity parameter and the final nmasglue. In addition, the shielding/charring

effect of CF layers was characterised by modeliiregreduction in the imposed heat flux due
to this layer together with the previously deteredirthermal properties. By measuring the
temperature at the back insulated surface of timeposite in the cone calorimeter, we can
also assess the fire resistance (integrity) of dbeposite and the heat transferred to the

insulation behind this fuselage composite matémisthe aircraft application.

Keywords. Carbon fibre reinforced polymer composite, epoREEK, cone calorimeter,

thermogravimetric analysis, pyrolysis model

1. Introduction

In recent years, fibre-reinforced polymer (FRP) posites have been increasingly used, as
alternatives to metals, in high performance appboa, which require light weight as well as
outstanding mechanical, thermal and chemical pt@serThe FRP composites are usually
made of glass, carbon or extended-chain polyetbyfédores with a polyester, vinyl ester,
epoxy or phenolic resin matrix. In the aviation ustty, carbon fibres (CFs) are generally

preferred to glass fibres because of their higltifpdensile modulus and lower weight.

The thermal decomposition and flammability aftion fibre reinforced polymer (CFRP)



composites has attracted significant researchtaitefe.g., Noel, et al., 1998, Régnier and
Fontaine, 2001; Toldy et al., 2011; Patel et @112 Branca, et al., 2011; Dao et al., 2013;
Rallini et al., 2013; Jubsilp, et al., 2013). Neéll. (1998) and Régnier and Fontaine (2001)
focused on thermal degradation of carbon-fibrefoeaed epoxy using thermogravimetric
analysis (TGA) and differential scanning calorimg®SC). Toldy et al. (2011) examined the
fire retardancy using limiting oxygen index (LOJL94 and cone caloirmeter and found that
the intumescence-hindering effect of the fibre fimicement was overcome by forming a
multilayer composite, consisting of reference cosifgocore and intumescent epoxy resin
coating layerPatel et al. (2011)] investigated the thermal dgumsition and flammability of
PEEK (polyether ether ketone) and its carbon aadsgfibre composites. Branca et al. (2011)
studied the oxidation behaviour of a toughened gpesin reinforced with carbon fibres
based on thermogravimetric analysis (TGA) measungsnddao et al. (2013) studied the
influence of carbon fibre concentration on the fieaction properties and on the gaseous
species release of an epoxy resin. Rallini et28l18) investigated the effect of boron carbide
nanoparticles on the fire reaction and fire resistaof carbon fibre/epoxy composites.
Jubsilp et al. (2013) examined the flammability atimetrmomechanical properties of
Dianhydride-modified Polybenzoxazine compositesfeeced with carbon fibre using TGA
and FTIR (Fourier transform infrared spectroscopy)e cone calorimeter data in these
studies have shown that (i) the carbon fibre iresathe ignition delay time due to high
conductivity of carbon fibre and decreases the halabse rate due to the thermal radiation
shield of the carbon fibre char and (ii) the carlfidlmne concentration has a very important

effect on the fire retardancy of the fibre-reinfedloccomposites.

Whist these studies certainly provide usefigight into the flammability and/or fire
resistance of carbon fibre reinforced polymer cosites, extreme caution should be taken if

one wishes to extrapolate these test results tositeiations because the sample size used in



these tests (as in most laboratory studies) is nsacéller than that being used in the end
products,. As a result, it is highly desirable andt effective to be able to assess or model the
flammability of materials by means of small scadsts before new formulations progress in
large-scale production of products made out ofd@hreaterials. The authors have developed a
systematic way towards achieving this goal (Zhah@lg 2009; Zhang and Delichatsios,
2010; Zhang et al., 2010; Zhang et al., 2012; belisios and Zhang, 2012) by performing
experiments in microscale (TGA/FTIR/MDSC/ATR), mseale (tube furnace, cone
calorimeter, and universal flammability apparatuontrolled oxidizer) and larger-scale such
as SBI and ISO Room Corner tests. Specificallyhaxe used the microscale tests to extract
flammability and toxicity material properties, whithrough material pyrolysis analyses and
computational fluid dynamics (CFD) gaseous combustnodelling, have been applied to
predict the fire behaviour in the cone calorimeted then, to predict that in larger-scale tests
such as SBI and ISO room configuration (Zhang .e28l10; Zhang et al., 2012; Delichatsios

and Zhang, 2012).

In parallel, the authors’ group also develog8dzanne et al., 2014), based on these
measurements, a set of fundamental parameterscématcharacterize and compare the
flammability and toxicity of materials and diffetéate their fire performance even after they
have achieved the passing of a standard appratahsefor example the UL-94 test. The fire
performance and toxicity of polymers is charactstissing basically three and possibly five
parameters based on measurements in the conencatleriat different heat fluxes supported
by thermogravimetric analysis (TGA), including &)ire spread and growth parameter, (ii) a
smoke parameter, (iii) inefficiency of combustidiv) mass residue and (v) heat release rate

for thermally thin materials.

In this paper, both methods are applied toattarise and model the flammability and

fire resistance of carbon fibre reinforced epoxyg &EEK (polyether ether ketone) resins as



part of the European project, AircraftFire (httywwWw.aircraftfire.eu). Epoxy and PEEK are
commonly used for the fuselage of modern aircrdifts. well known that epoxy resins have
excellent mechanical performance, chemical resistamd lower shrinkage on cure (Toldy et
al., 2011), but they exhibit low fire resistanceedo their chemical nature. In comparison,
PEEK resins have excellent thermal, chemical andhan@cal properties. The excellent
thermal properties were attributed to the stabitifythe aromatic backbone comprising the
bulk of the monomer unit (Patel et al., 2011). Hm of this paper is hence to investigate
and compare the fire performance of carbon-fibiefoeced thermoset and thermoplastics
and apply and validate our previously developedhodtlogies based on laboratory scale
materials to predict the fire behaviours of thesmplex polymer composites that are being

used in the aviation industry.

This paper is organised in the following ways#y, the description and derivation of
the flammability and toxicity parameters are disagsbriefly (more details can be found in
(Suzanne et al., 2014), followed by the deductibrthe effective flammability properties
(thermal, ignition, and combustion) from the igoititests. Subsequently, the pyrolysis model
previously developed and validated for polymer mamaposites and intumescent coatings
(Zhang et al., 2009; Zhang and Delichatsios, 2@h&ng et al., 2012) is used to model the
degradation of the carbon fibre composites. Finallgnethodology is also proposed to assess
the fire resistance (integrity) of the compositetenal based on the insulated back surface

temperature of the composites measured in the canameter.

2. Flammability and toxicity parameters

2.1 Fire Growth Parameter

The fire growth parameter is determined based ennteasurement performed in the cone



calorimeter at an external heat flux of 50k\¥/as:

PHRR?

Fire Growth Parameter =

(1)

tign
where PHHR is the peak heat release rate (IKA\amd tign the time to ignition (s).

This parameter represents a characteristic fireagpspeed for materials burning in a vertical
orientation for turbulent burning conditions (Délatsios, 2007). The higher the value of this
parameter, the more prone to flame spread the m@laie(Delichatsios, 1995; Nazare et al.,
2002). It is worth noting that the present defomtiof the fire growth parameter is different
from the one in (Sundstrom, 2015; Tewarson, 20@8yyhich the FIGRA (fire growth rate

index) is defined as the ratio of PHRR to the titmereaching PHRR, because cone

calorimeter represents a fixed area fire wheredsa3Bowing spreading fire.
2.2 Smoke Parameter

The smoke parameter is defined as the ratio ofmheke yield,y,, and the effective heat of

combustion4dH., as measured in the cone calorimeter as:
Smoke parameter = y, / AH, (2)

We include the heat of combustion in Eqg. 2 becaiseamount of smoke released during a
fire depends not only on the smoke yield but alseh@ mass pyrolysis rate. For a given heat
release rate, if two materials have the same snyadd, it is the one having the lower
effective heat of combustion that releases moreksmote that the carbon monoxide effects
are included in the smoke parameter because thgi€ldis proportional to the smoke yield,

at least for over-ventilated conditions (Uklejaakt 2013).
2.3 Toxicity Parameter

The toxicity parameter is defined as the ratiohaf éffective heat of combustion of the fire

retarded polymerAH rr poiymer) t0 that of the neat polymeAl; neat porymer):



.. AH¢FR pol
Toxicity parameter = 1 — ——L21% (3)
AHc,neat,polymer

This equation can be modified to take into consitlen different weight percentages of the
base polymer in different formulations (Suzannealet 2014). This parameter represents
unburned high molecular hydrocarbon, which is tlemnsource of toxic gases different from
CO. The correlation of this parameter with toxises from the tube furnace is shown in
(Ukleja et al., 2013). When this parameter is gretltan zero, this signifies that more of the
FR polymer (compared to the base polymer) is rekas unburned components including

CO and smoke.
2.4 Mass Residue

This parameter describes how much of the initiatemal is left behind as residue after
pyrolysis/combustion. This is not significant farefspread and growth but it can provide the
amount of total fuel load in a fully developed fifghis quantity can be measured in the cone
calorimeter or in TGA in nitrogen with experimensfiowing that these quantities so

measured have close values (Delichatsios and ZR2ai@).
2.5 Heat Release Rate for Thermally Thin Materials

We characterize the heat release rate under thgrttah burning conditions by the
maximum pyrolysis rate in TGA multiplied by the eftive heat of combustion in the cone
calorimeter normalized by the initial mass and lfindivided by the heating rate, which is

nearly proportional to the maximum pyrolysis rate.

1

. . _ dm AH,
Heat release rate for thermally thin conditions = E— ( o Vmax Heating rate (4)

This parameter is very similar to that proposed lypn and Walters (2002) with the
difference being that we use the effective heatcofmbustion measured in the cone

calorimeter whereas the total heat of combustios wgzd in (Lyon and Walters, 2002) .



3. Experimental Details

3.1 Materials

In total, four CFRP composites, which are usedthear fuselage of modern aircrafts, were
provided by Airbus France (a consortium partnethm AircraftFire project), including three
different types of epoxy resins and a thermoplasigin (PEEK). The epoxy resin contains
Bisphenol F Epoxy and Tryglycidyl-P-Aminophenol atfte PEEK was semi-crystalline
Victrex PEEK™ grade 450 P. The epoxy resin and PEBEEKaround 30% by weight. The
main difference of the epoxy resins is the layuphef carbon fibre layers. Unfortunately, the
exact composition of the materials and the oriemtadf carbon fibres or other additional
components of the materials were not available wueommercial confidentiality. It is
essential to point out that this lack of information the materials does not have an adverse
effect on the present methodology. In fact, onthefadvantages of the present methodology
is that it could be applied to any material if oty required set of tests are carried out. For
simplification and consistency with the projectodp, the three epoxy containing materials
will be referred to as AcF1, AcF2 and AcF7 and BiEEK containing material ACF6. The
thickness of the samples for cone calorimeter test+ 0.1mm. When presenting the
results for the flammability parameters, we wilkk@linclude, for comparison purpose, data
for cabin materials tested by P-Prime at CNRS antveysity of Patras, as part of the same
project. Results for FTIR and ATR are not includedhis paper, but a comparison of the
spectra showed that the major components in thelysys gases are due to the polymer resin

whereas the solid residue is 95% carbon fibre rizdter
3.2 Thermogravimetric Analysis

TGA and measurements were performed using a Mefibbedo 851 thermal analyser.



Approximately 1dng of samples (filtered through a sieve with gub mesh opening) were
placed in an alumina crucible and then heatedenTiBA apparatus from room temperature
to 800°C at constant heating rates. Tests were condutteitrogen with a constant flow rate

of 50mL/min. The experiments were performed at thregihgaates (10, 15 and 2C/min).
3.3 Cone Calorimeter

Measurements were carried out on a standard cdodnceter provided by the Dark Star
Research Ltd., UK. The cone calorimeter is the modely used standard test (ISO 5660,
2003) for studying material flammability and toxyci It represents the burning of a
horizontal sample with a typical sample size of b@d@d by 100 mm exposed to a cone heater.
The temperature of the heater can be adjustechiewaad the desired heat flux on the sample
surface. Tests can be done with (piloted ignition)without (spontaneous ignition) the
ignition source (typically spark igniter). In thigork, the composite samples were tested at
five heat fluxes: 30, 40, 50, 60 and 70k\¥/fests were conducted in a custom-made sample
holder with lower conductivity Cotronics paper dmetsides and back of the sample to
minimize conduction heat losses to the sample holléayer of aluminium sheet is placed
between the sample and the insulating materiafg@gent the melted polymer to soak into
the insulation. As this aluminium sheet is veryntht only absorbs a very small amount of
heat. The samples were ignited using a spark igrite each experimental condition, three
experiments have been performed to confirm theatapdity of the results. Experimental
measurements consist of time to ignition, mass fates heat release rate, and production of
carbon monoxide and smoke, based on which thete#ebeat of combustion and smoke
yield can also be deduced. These results togetitbr the mass loss rate/ pyrolysis rate
measured in TGA are used to deduce the flammalaihity toxicity parameters presented in

Section 2.



4. Results and Discussions

4.1 Thermogravimetric analysis

Figure 1 shows comparisons of weight loss (TGA) awmtblysis rate (DTG) of the four
materials at 16C/min. The results at other heating rates havel@irtrends. AcF2 and AcF7
have very similar onset temperatures of degradgtibout 390°C) and maximum pyrolysis
rates. For AcF1, there is a slight shift (about°@0higher) in both onset temperature of
degradation and the temperature at which the maximyrolysis rate occurs. This finding
would indicate that AcF1 is more stable than ACFAcF7. In comparison, PEEK containing
AcF6 has a significantly higher onset temperatufedegradation and a much lower
maximum pyrolysis rate that occurs at about #Z0which is similar to the one reported by
Patel et al., (2011). This result indicates thagrddation of carbon fibre composites in TGA

depends mainly on the thermal stability of the pody resins.
4.2 Timeto ignition and effective ignition and flammability properties

Table 1 summarises the time to ignition of all mate at different heat fluxes. AcF1 has the
lowest times to ignition among the four materi&ddlpowed by AcF2 and AcF7 having similar
times to ignition, and then by AcF6 with a sigréfit delay in time to ignition. PEEK
containing carbon fibre composite has much delaigrdtion than epoxy containing
composites, which is consistent with the TGA resirtFig. 1 showing that AcF6 degrades at
much higher temperatures. The fact that AcF2 anB7Altave longer ignition times than
AcF1 indicates that TGA alone is not sufficientgieedict the ignition of a given material,
because the mg samples in TGA are heated unifomtigreas in the cone calorimeter both
conduction heat transfer and pyrolysis gases phayn@ortant role on ignition. Also shown
in Table 1 is the time to ignition of the same Achkaterial but with reduced thickness (2mm).

Reduced times to ignition were observed at all Haaes for the thin samples demonstrating



the importance of sample thickness on ignition.

By plotting the time to ignition against thetenal heat flux it is possible to deduce the
critical heat flux/ignition temperature and effeeti conductivity and specific heat
(Delichatsios, 2005). These properties, togethén tie average density calculated based on
mass and volume of samples, are used in the nwhenimdel for analysing the pyrolysis of
the composites. The effective heat of combustibH,, determined by dividing the total heat
releases by the total mass released can be udatttthe stoichiometric ratio of a given
material §), and subsequently the smoke point height (SPIH) thie use of smoke vyield, i.e.,
SPH = 0.084(S +1)/y,. A summary of the deduced effective ignition arterial
properties is shown in Table 2. One important olz@n is that AcF6 has much higher

ignition temperature and critical heat flux for igon than other materials.
4.3 Heat releaserate

The histories of the heat release rate of all nateare shown in Fig. 2. The results show
that AcF2 and AcF7 behave similarly with an inifdak followed by a short steady period
and finally by a second peak due to the backsitdetefAcF1 behaves almost like a thermally
thin material with one single peak. In comparis&ok-6 has much lower values of HRR than
epoxy containing materials, because PEEK degratlesuah higher temperatures, which
would imply higher surface temperature and, assalteincreased re-radiation heat losses on
the surface. Note that the HRR of AcF6 at 30kWisnnearly zero as it was not ignited,
even though the mass loss rate data shows that isx@ome mass lost but the mass flux is

insufficient to achieve ignition.
4.4 Flammability and toxicity parameters

The experimental results in TGA and the cone caleter (Table 1 and Figs. 1 and 2) are

used to deduce the flammability and toxicity partreby using Egs. 1- 4. The results are



summarized in Table 3, where it can be noted tlt&i6Ahas the lowest values for fire growth

parameter, smoke parameter and heat release rakeefmally thin conditions.

A more meaningful way for comparison is to gdlo fire growth parameter against the
smoke parameter (Suzanne et al., 2014) as showigir8. As indicated in this figure, the
flammability is worst at the right top corner (higlalues of both fire growth and smoke
parameters) and best at the left bottom corner (l@les of both parameters). For
comparison purpose, data for cabin materials tastélie same project by P-prime at CNRS
and University of Patras, are also included. Theircamaterials include AcF8
(thermo-acoustic insulation), AcF9-1 (Phenolic),FAe6 (side bar), AcF9-7a (white layer of
Ceiling Panel), AcF9-7b (black side of Ceiling PnAcF10 (cable), AcF11-1 (blue textile
for seat), AcF11-2 (seat) and AcF12 (carpet). fit lba seen that the thermoplastic resin (AcF6)
composite has the best performance in terms ofyfioavth, whereas AcF10 (cable) produce
significant amounts of heat and smoke. Figure Padicularly useful for comparing the

flammability and toxicity of a large number of madds.

The mass residue shown in Table 3 is primdh&/ mass of carbon fibre which varies
little from 70-75%. The thermally thin parametefided in Eqg. 4 is plotted in Fig. 4 for three
heating rates using the TGA data, where AcF6 shinesest performance. It can also be

noted that this parameter is nearly independetiteoheating rate.

The toxicity parameter defined in Eq. 3 progidee toxicity level of the composite
relative to the polymer resin. The heats of combusdf the present materials are similar to
those reported in the literature for pure epoxyP&EK in the cone calorimeter conditions

about 20kJ/g, indicating that the composite ismote toxic than the original polymer.

4.5 PyrolysisModelling for Different Formulations

The numerical model was originally developed by thethors for a PA6 polymer



nanocomposite (Zhang et al.,, 2009) and then furthalidated for other polymer
nanocomposites (Zhang and Delichatsios, 2010) &ndbdard with intumescent coatings
(Zzhang et al., 2012). The fundamental parameted usecharacterize the effect of the
charring layer formed on top of the unpyrolysed enat is a heat flux ratio defined as
(Zhang et al., 2009; Zhang and Delichatsios, 2@b@ng et al., 2012),

/)
qnet _0

ratiog,, (t) = —
! et (1)

()

n

where ¢y , is the net heat flux on the surface for the caBenathere is no surface layer
and g (t) is the actual heat flux at the interface of tharcAnd unpyrolysed materials.
The heat flux, 4,4 o, can be determined based on the energy balanteecsurface and is
constant for a fixed external heat flux and coristgnition temperature. Prior to ignition,
Unee (1) is the same agy, ,, i.e. the heat flux ratio is one. After ignitiorje (t) will
decrease as the depth of char due to accumuldticerloon fibre on the surface increases. As
J.e () changes with time, it can only be determined nically by solving the 1d heat
transfer conduction equation with the use of expental mass loss rate. The effective
ignition properties deduced from the ignition testsSection 4.2 are used in the conduction
equation. The experimental mass loss rate canb&lassed to estimate the pyrolysed depth,
i.e., the thickness of the material that has pywedly because we know the final residue of the
materials based on the TGA data.

There are two assumptions in the model. Tt éine is one dimensional heat transfer.
This is reasonable as long as the sample lengttifvisdmuch larger than its thickness and
there is minimal swelling and deformation of thengée during the test. For the present

materials, we observed some strong non-uniform lpsi©burning, which would explain



some of the differences in the predicted and medsunass loss rate shown in the next
section. The other reason is that most of the Ce@les use 1D pyrolysis model and this
assumption makes the implementation of the presethodology in a CFD code much
easier. The second assumption is the heat lossles smmple holder are neglected because in
the experiments the back of the sample was ingulati¢h Cotronics that has very low
conductivity. In applications in which heat losses important, an additional layer should be

included in the conduction equation.
The above methodology is applied to the preseaierials at different external heat
fluxes and the deduced heat flux ratio is plottgdist the pyrolysed depth in Fig. 5 and the

following three cases are observed:

» For AcF1, the heat flux ratio increases linearlytwthe pyrolysed depth, independent
of heat flux, as found for typical charring matésia

* For AcF2 and AcF7, the heat flux ratio increasamost exponentially with the
pyrolysed depth independent of heat flux.

* For AcF6, the deduced heat flux ratio has signifidéuctuations (note shown here)
because of the complex burning behaviours of PERKadso the oxidation of carbon
fibres at high temperatures indicated by largetélatons in the mass loss rate data.
But the heat flux ratio seems to increase lineaiti1 the pyrolysed depth at the initial

stage and then remain nearly constant independéetad flux.

The relation between the heat flux ratio and pysislyepth can be used to predict the mass
loss rate at any heat flux and any thickness (Zlerag., 2009; Zhang and Delichatsios, 2010;
Zhang et al., 2012). This methodology is demonstiatext using AcF1 but it can also be
applied to other materials. The general relatioterdeined by the best-fit of the data as

shown in Fig. 5, together with the ignition propestin Table 2, is incorporated into the



pyrolysis model to predict the mass loss rate.

Figure 6 compares the predicted mass loss r@HdRs) for AcFl against the
measurements at different heat fluxes. The prexfistcapture well the experiment trends and
the predicted peak values of the mass loss ratealsee in good agreement with the
experimental data. A major discrepancy observelign6 is that the experimental mass loss
rate gradually decreases to zero whereas the pedditass loss rate suddenly stops when the
material becomes very thin. This difference caratbebuted to the assumption in the model
that heating up/pyrolysis is one dimensional, whglnly approximate as the experimental
observations suggested strong non-uniform pyrolysiaing behaviours of this material. The
conductive heat loss to the sample holder whiameglected in the model may also become
important near the end of the experiment when #mperature becomes very high.
Nonetheless, the present results show that thelesiogmcept of the heat flux ratio can be
used to explain and more importantly to predict thening behaviours of a complex

practical composite material with unknown thermalgerties such as AcF1.

We further apply the methodology to predict samplith different initial thicknesses
(i.e., 2, 4, 6 and 8 mm), under the same heatdfuBOkW/nf. The results shown in Fig. 7
demonstrate that when the sample is thin (2mm)rheerial behaves like a thermally thin
material with a much higher peak MLR. With an irage in the sample thickness, the peak

MLR decreases significantly whilst the time to fe@ag the peak MLR increases as expected.
4.6 Insulated back surface temperature and net heat flux

Figure 8 compares the predicted backside temperéduthe measurements at different heat
fluxes. At the initial stage (prior to ignitionhére is an excellent agreement between the two
sets of data indicating the validity of the effeetproperties deduced from ignition times. As

pyrolysis and combustion progress, the backsideé¢eature continues to increase and the



predicted temperatures become systematically higier the measured values at all heat
fluxes with a maximum difference of 8CQ. A possible reason could be the use of the wmiti
temperature concept in the model; pyrolysis/ignitionly occurs when the temperature
reaches the ignition temperature and remains tme $ar the whole duration pyrolysis. This
assumption is only approximate, as it is known tbgtolysis typically takes place in a
temperature range albeit small. Another possitdsor is that, as we mentioned earlier, the
model does not take into account conduction hesgel® to the sample holder, which could
become significant towards the end of the test wihenthickness of the material is small.
The difference is however reduced as heat fluxem®ees. It is also noted that in the
experimental data the temperature continues tease even after there is no more mass loss,

probably due to the oxidation of carbon fibresighbr temperatures.

Figure 9 shows the measured temperature histothie insulated back surface of the
sample for all materials at 50kW7mit is interesting to note that after about 1Cflghough
the temperature varies for different materials, thperature increase rate (the slope of
temperature historiesgT /dt, is similar for the four materials, approximatedgual to
300/200 = 1.8C/s. Using the slope of temperature historiespthss remaining (45g over an
area of 0.01 fA) and the specific heat of carbon fibrés= 0.5k//(kg - K), we can estimate

the net heat flux into the solid as:

mcr ar 45

o _mep dr 45
Onet A “CFar ™ 0.01x1000

x 0.5 % 300/200 = 3.4 kW /m? 5)

This heat flux will be imposed on the insulated enai behind the fuselage. We expect and
have shown (for heat fluxes up to 75kVjrthat same proportional reduction of the imposed
heat flux (by 90 %) occurs at higher imposed hkates and therefore, no flame through or
flame spread will occur behind the fuselage. Thiethoud can be applied to other similar

situations, such as tank fire or compartment foeassess the heat flux at the back of the fire



protection material and subsequently the likelihoaddlame penetration, provided that the
temperature at the interface is measured and thsitdeand specific heat of the char are
known or measurable. It should however be expetiaidthe reduction in heat flux will vary

depending on the characteristics of the char aicliriess of the sample.

5. Conclusions

We have presented two methods to evaluate and ntleeldlre performance (flammability

and toxicity) of four carbon fibre reinforced polgmcomposites three having epoxy resins
(AcF1, AcF2 and AcF7) and one having PEEK resineH@ using microscale (TGA) and

mesoscale (cone calorimeter) measurements. Thenfethod is based on a ranking method
using five fire growth and toxicity parameters whiare used to characterise the relative
performance of these materials (Suzanne et al4)284d the second based on predicting
using a numerical model mass the burning rate enctbne calorimeter using the effective
flammability properties deduced from the ignitioestt ((Zhang et al., 2009; Zhang and

Delichatsios, 2010; Zhang et al., 2012). The maimctusions of this work are:

1) The experimental TGA results show that for AcF6 EREcomposite) degrades at
much higher temperature than the epoxy composies1, AcF2, ACF7) owing to its
high thermal stability up to approximately 550°@dwed by AcF1 and then by AcF2
and AcF7. The final char residue is mostly dueaxbon fibre.

2) The cone calorimeter results are consistent with TGA results, with AcF6
achieving consistently better fire performance tldher formulations. There are
however considerable differences in the mass leasfielease rate between AcF1 and
other two epoxy formulations (AcF2 and AcF7) indicg the layup of carbon fibre

can have a significant impact on the fire perforoganf material in mesoscale, in



3)

4)

which heat transfer becomes important, as opposeith the TGA test in which
samples are heated almost uniformly.

The flammability and toxicity method confirms theperimental results (TGA and
cone calorimeter), with AcF6 has the lowest fir@vgth parameter and toxicity
parameter. This method can be used to assessédhalldire performance and toxicity
of a large number of materials as demonstratechblyding additional data for the
cabin materials collected from the same projece Tésults (Fig. 3) show a wide
range of these parameters due to the large difese(both chemical and physical) of
these materials.

The numerical model previously developed for nangoosites and intumescent
coating to assess the effect of char is used ferpitesent materials. The results
confirmed our previous finding that the reductiarthe heat flux due to the formation
of a char layer is independent of heat flux. Thoases were observed, a linear
increase of heat flux ratio with pyrolysed depthh ®CF1, a nearly exponential
increase of heat flux ratio with pyrolysed depthACF2 and AcF7 and for AcF6, the
deduced heat flux ratio has significant fluctuasia@lue to oxidation of carbon fibre at
higher temperatures. The predicted mass loss Htebfferent heat fluxes are in
reasonably good agreement with the measuremengstwidimain assumptions in the
model (i.e., one dimensional heat transfer and ldhek of the sample perfectly
insulated) as well as their potential impact on thsults are discussed. The one
dimensional heat transfer assumption is essental tiiis methodology to be
implemented into a computational fluid dynamics D3 fnodel for the prediction of
fire growth in large scale applications such aannSBI test (single burning item) as

demonstrated in previous work.



5) We have also shown based on measurement of theibackurface temperature that
the heat transferred in the back of a compositedbait 10% of the heat imposed on
the exposed side owing primarily to the re-radiatlosses from the surface (see
section related to Fig. 9) and so, do not expebtiee flame penetration. This method
can also be applied to other similar situationwlimch flame penetration is important,
such as tank fire or compartment fire, to asses$idat flux behind the fire protection
material and subsequently the likelihood of flamengtration, provided that the
temperature at the interface is measured and th&itgeand specific heat of the char

are known or measurable.
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Tables

Table 1. Time to ignition at different heat fluxes

30kW/m? 40kW/m? 50kW/m? 70kW/m?2
AcF1 (2mm) 60.3 48.7 29.7 17.0
AcF1 (4mm) 177 72 49 25
AcF2 144 93.5 69 35
AcCF6 No ignition 293 124.5 63
AcF7 141.3 93 67.5 33.7

Table 2. Effective ignition and flammability propies deduced from the cone calorimeter

tests

(4.r; is critical heat flux for ignition,T;, ignition temperature and SPH smoke point height)

Material Gori | T k p c |AH; | ys | Yo | SPH
kW/m?| °C | W/m-K| kg/m® |J/kg-K| kd/g| g/g | g/g| mm
AcF1 (2mm) 12 400 0.18 1560 1935 15 0.046044|10.96
AcF1 (4mm) 13 420 0.236 1480 1993 19 0.06843| 9.05
AcF2 11 395 0.52 1550 1860 18 0.085060| 6.83
AcF6 31 597 0.38 1480 1366 18 0.04¥.046|12.59
AcF7 11 385 0.51 1420 1890 22 0.1858057| 4.44

Table 3. Fire growth parameter, smoke parametessmesidue and thermally thin parameter

Fire Spread and. Smoke Mass Heat Release Rate for
Material Growth Parameter Parameter| Residue thermally thin conditions
kW?2/m4-s g/kJ wt% kJ/g-K
AcF1 (2mm) 1605.0 0.00307 - -
AcF1 (4mm) 836.8 0.00359 72.3 0.0745
AcF2 1622.1 0.00494 73.0 0.0677
AcF6 108.4 0.00261 74.5 0.0286
AcF7 1845.5 0.00723 75.3 0.0911
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Figure 1. Comparison of weight loss (TGA) and weigls rate (DTG) at 1%C/min in

nitrogen.
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Figure 2. Comparison of heat release rate in thhe calorimeter at different heat fluxes.
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Figure Captions

Figure 1. Comparison of weight loss (TGA) and weigBs rate (DTG) at 1%C/min in

nitrogen.
Figure 2. Comparison of heat release rate in thhe calorimeter at different heat fluxes.

Figure 3. Fire spread and growth parameter versikas parameter for fuselage materials
(AcF1, AcF2, AcF6 and AcF7) and cabin materialsR8cThermoacoustic insulation,
ACF9-1: Phenolic, AcF9-6: Sidebar, AcF9-7a: CeilPanel (white layer), AcF9-7b: Ceiling

Panel (back side); AcF10: Cable, AcF11-1: Blue ilexAcF11-2: Seat, AcF12: Carpet).
Figure 4. Heat release parameter for thermally ¢bimditions at three heating rates.

Figure 5. Calculated heat flux ratio plotted asction of the pyrolysed depth for AcF1, AcF2

and AcF7.
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fluxes for AcF1.

Figure 7. Predicted mass loss rate (MLR) of AcFthwlifferent initial samples thicknesses at

50kW/nf.

Figure 8. Comparison of predicted and experimdrdakside temperature at different heat

fluxes for AcF1.

Figure 9. Comparison of the experimental backsideperature at 50kW/m



Comparative study of flammability and fire resistance of carbon fibre (CF) reinforced
thermosets (epoxy resins) and thermoplastic (PEEK) using TGA and cone cal orimeter
Application of a ranking method based on flammability and toxicity parameters for
carbon fibre polymer composites

Modelling effect of carbon fibre layers using the concept of heat flux ratio developed
previously for polymer nanocomposites and intumescent coatings

Assessment of fire resistance (integrity) of carbon fibre polymer composites and heat
transferred to the insulation behind this fuselage composite materia based on
temperature measurements in the cone calorimeter



