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Abstract

In this work, 30 wt. % glass fibre reinforced pdiyfylene terephthalate), PBT, was modified
with brominated polystyrene combined with antimonyioxide or aluminium
diethylphosphinate (Alpi) with/without organicallijodified Montmorillonite clay (Nano-
MMT). The efficiency of these fire retardants (FR&s investigated in the cone calorimeter
in both horizontal and vertical orientations by sw@éng, at six different heat fluxes, key
flammability parameters such as time to ignitioeathrelease rate (HRR), smoke carbon
monoxide and carbon dioxide yields and efficien€xa@ambustion. All formulations exhibit
charring burning behaviour having two peaks inniess loss rate (MLR) and HRR because
they leave a residue while pyrolysing consistingjlass fibres and char and/or nanoparticles.
Compared to the base formulation, (PBT-GF), bromeieshgolystyrene does not reduce the
MLR but reduces significantly the HRR because brmmieleased in the pyrolysis gases
inhibits combustion producing excessive carbon ma®and smoke. Alpi alone has limited
effect on the reduction of both MLR and HRR but,ewhcombined with Nano-MMT, a
significant reduction occurs of MLR and HRR witharn increase in CO and smoke. The
decrease in mass loss rate is due to the improwedistency of the residue (glass fibre,
nanoparticles and char) produced by Alpi in thespnee of nano-MMT whereas the
reduction in the HRR is due directly to the redmetin the MLR because the measured heat
of combustion is close to the heat of combustiothefbasic formulation. Burning behaviour
in horizontal or vertical orientations is similakcept that lower HRRs are measured in
vertical orientation owing to reduced flame heak#is compared to the burning in horizontal
orientation. No dripping was observed in verticaéotation for all formulations. In addition,
LOI and UL94 results for these materials are comgavith the key flammability parameters
in the cone calorimeter.

Introduction

In the past few years, the environmental and tdagioal hazards of brominated flame
retardants (BFRs) have been highlighted by sewtualies. It was demonstrated in [1-5] that
for some of the BFRs results in a strong bioaccatian in aquatic and terrestrial food
chains, and a growing number of BFRs is found traasing concentrations in the human
food chain, human tissues and breast milk. FurtbeznBFRs have also been found in indoor
environment such as in dust at homes [6]. BFRsvany persistent and show serious
toxicological effects such as endocrine disruptiBrain and nervous system were identified
as one of the most vulnerable targets for the texitons PBDE’s [7]. It is therefore not
surprising that some of the BFRs are or will berspbased out. Consequently it is essential,
for ecological and economical reasons, to investigavailable environmental friendly
alternatives. However, banning specific BFRs maglyma serious risk if the introduction of



non-brominated alternatives is not properly assessgarding environment and human
health. It is also important that substitution op# do not affect the functionality and
reliability of the end products and the fire beloaviis one of these aspects. This paper
presents an evaluation of alternatives of bromuhgielystyrene in glass-fibre-reinforced
poly(butylene terephthalate) (PBT-GF) for its fie¢ardancy. Other environmental aspects are
being studied within the ENFIRO Project.

Materials

Four formulations listed in Table 1 are investighite this study. The base formulation, PG1,
consists of PBT reinforced with 30 wt. % of glagsds. A halogenated formulation, PG2,
contains 10 wt. % brominated polystyrene, with 5 % antimony trioxide to seek a

synergism effect. Two halogen free flame retardéidtS-Rs) are studied: PG4A contains 15
wt. % aluminium diethylphosphinate (Alpi) and PG88Bntains 15.5 wt. % Alpi combined

with 2.5 wt. % nano-montmorillonite (Nano-MMT).

The virgin polymer and fire retardants were drigtbpto extruding at 120°C under
vacuum in an oven for 6 hours. A Prism Twin Scrextrider (TSE) 16 TC was used to
process the samples. The temperatures correspotudihg front zone, centre zone and rear
zone were 255°C, 245°C and 240°C, respectivelythadcrew speed was set at 60 rpm. The
extruded polymer was then pelletised and driedala®ve. A BOY 22M was utilised to
injection mould the samples. The temperatures spaeding to the rear zone, centre zone,
front zone and nozzle zone were 240°C, 250°C, 25@t@ 260°C, respectively. These
temperatures were varied by + 5°C depending oretled for fire retardant present. The melt
temperature was 255°C and the water-cooled moukl sea at 80°C. The thickness of the
samples is 2.9mm with a surface area of 0.1 x 6.1 m

Table 1. Examined PBT-GF formulations.

Compounds % weight of formulations Commercial prqduct name and
PG1l| PG2| PG3B| PG4A suppliers
PBT-GF30 100] 85 82 85 Arnite TV4 261 from DSM
Brominated polystyrene 0 10 0 0 Milebrome 7010 from MPI Chemie
Antimony trioxide 0 5 0 0 Timonox Red Star from @itara
Alpi 0 0 15.5 15 Exolit OP 1230 from Clariant
Nano-MMT 0 0 o5 0 Cloisite 30B from Southern Clay
Products

UL94 and LOI Tests

Prior to the cone calorimeter tests, LOI measureésand UL94 vertical tests were conducted
using 3.2mm thick samples, according to BS EN 666P30 and BS EN ISO 4589-2
respectively. The results are summarised in Tabkhg2 three FR-containing formulations are
VO rated while PG1 formulation does not pass ULéxt tn vertical position. From the UL94
results alone, it is not possible to differentib&haviour of flame retarded polymers because
all these formulations are VO rated. For the LOlaswements, PG4A has the highest LOI
(35.5%), followed by PG3B (31.5%), PG2 (28%) andLR®9.5%). The fact that Alpi alone
achieves a higher LOI than Alpi with Nano-MMT isnsehow unexpected. This result
highlights that although LOI measurement providesuanerical result convenient to rank
materials, it does not correspond to an intrinsatemnal property and LOI value depends on
experimental characteristics such as effective heatsfer coefficient to the sample for
instance [8]. Clearly, the efficiency of the FR taned in the polymer in real scale fire
conditions cannot be revealed by UL 94 vertical B@d tests only. In comparison, the cone



calorimeter test provides much more realistic lngrbehaviours that are observed in real fire
conditions and also a means to deduce the fundam#ammability properties of these
materials.

Table 2. Results of limiting oxygen index and UL 94 tests.

PGl| PG2 PG3B | PG4A
LOI (%) 19.5| 28.0 31.5 35.5

UL-94 Vertical (nom 3.2mm) Fail | VO Pasg VO Pass VO Pass

Experimental details

Tests were conducted at six heat fluxes, i.e. 20545, 60, 75 and 90kW/nin horizontal
position and at 75kW/min vertical configuration. Each test is repeated br three times.
Time to ignition (TTI), heat release rate (HRR),s®doss rate (MLR) and production of
carbon monoxide, carbon dioxide and smoke weredecb The exposed surface of the plates
is covered with carbon black. Before the testssathples were kept in a conditioning room
maintained at an atmosphere of 50 + 5% of reldtiwaidity and at 23 + 2°C until their mass
was stabilized. All the experiments were carried with an insulation consisting of four
layers of low-conductivity cotronic paper at theckha@f the specimen in order to reduce heat
losses to the sample holder [9]. Aluminium foilused to avoid melted polymer to soak in
insulation paper.

Results and discussions

Visual observations

After the tests, sample residues present differéistial aspects depending on both
formulations and external heat fluxes. For the RE1RG2 formulations, small pores due to
glass fibres are visible at the surface of thedresiand colour goes from white (high heat
fluxes) to dark grey (below 30kW/An These residues are mainly composed of glasssfilars
the weight of the residues is similar to the inigkass fibre content in these formulations. For
PG3B and PG4A formulations, black residues are rgbgse For PG4A, this carbonaceous
char is bumpy and porous whereas it is smoother siifter for PG3B. Observed
carbonaceous chars for PG3B and PG4A are an imaticat solid phase action of Alpi and
Nano-MMT.

Timeto ignition

Table 3 summarises the average ignition times Hertésts in horizontal configuration. At
heat fluxes lower than 45kW/mflashes were often observed before a sustainedbastion.
The ignition behaviour of PG2 is different at thés& heat fluxes: flashes were still observed
but the sparkle igniter had to be maintained muaciyér when first flames appear in order to
reach sustained combustion. This illustrates the phase action of the brominated
polystyrene contained in PG2 samples. The measutevhéhe ignition times is consequently
less accurate for PG2 as it is difficult to diffetiate transitory flaming from sustained
flaming.

Table 3: Averaged time to ignition (s) at different helades (KW/nf)
Formulations| 22.5kW/nt | 30kW/nt | 45kW/nf | 60kW/nt | 75kW/nt | 90kW/nt

PG1 228 101 44.5 26 15 12.5
PG2 335 116 43 26 12 9.7
PG3B 329 158 55 32 14.5 11.2

PG4A 390 150 51.5 29 16 9.3




It can be seen from Table 3 that at the two loweathfluxes, the action of flame
retardants seems very efficient on delaying ignitibor PG2 and PG3B, an increase in the
TTI of about 30% compared to PG1 is observed d&k82/m’ and 40% for PG4A. However,
at higher heat fluxes PG2 has actually lower Thisnt PG1, indicating that the action of
brominated polystyrene on TTI is less efficientrthidne one observed for Alpi or Alpi
combined with Nano-MMT. Similar findings were reped in [10,11], which show that Alpi
increases the TTIs of PBT-GF [10,11].

Determination of effective thermal properties

The average TTls can be used to determine thetetethermal properties of the materials.
For thermally thick conditions, theory and expemtsehave suggested that ignition usually
occurs at a constant temperature, independenteointiposed heat flux, and that thermal
properties can be determined from the unpyrolysederal by plotting the inverse square
root of the ignition time versus the external Haat [12]. However, if materials are thermally

intermediate or thin, a modification of plottingnigon time data is required in order to
correct thermal properties and the critical heaix fof the material [13]. The thermal

diffusivity, «, is then adjusted to obtain the same interceptf@dh curves. This intercept

corresponds to 64% of the critical heat flux. Thigical heat flux is then used to find the
ignition temperature with a energy balance at tindase of the material when no ignition
oCCurs:

qgri = ga-(Tig4 _Tamb4)+ hc(Tlg _Tamb) (1)

For simplicity, the surface emissivityis assumed equal to 1 as the sample surface was
painted with carbon-black. The convection heat df@n coefficienth; is taken equal to
7W.m.K™ [14]. The density of the samples is determinedetamn the weight and volume.
The specific heat of the material is finally fouadsuming that the inverse of the slope of
thermally thick configuration is equal to:

V1, T ke @
An illustration of this method is plotted in Figfdr PG4A assuming a thermal diffusivity
of 5.5x10°m?/s. Results for all materials are listed in Tahle 4
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Figure 1. Corrected ignition times for PG44%5.5x10°m?s).



Table 4. Thermal properties of PG1, PG2, PG3B and PG4Arddrirom the ignition data.

Formulation| , » 5 | ¢ X2108 Oo Tig . ¢ koe |
(kg/m”) (ms) | (kwim?) | (K) | (W/m.K) | (J/kg.K) (kF/m* Ks)
PG1 1520 4.9 12.2 647 0.17 221% 0.56
PG2 1610 5.8 18.4 725 0.14 1490 0.33
PG3B 1495 51 19.9 742 0.13 1770 0.36
PG4A 1490 5.5 22.5 767 0.12 152( 0.28

Table 4 clearly shows that when FRs are added thene increase of the critical heat flux
(the minimal heat flux for ignition) whereas a dEase of the thermal inertigpc. When a
sample with low thermal inertia is exposed to thens heat flux, its surface temperature
increases faster than that one with higher thernmeadtia and thus it reaches its ignition
temperature more quickly. PG2, PG3B and PG4A hamoximately the same thermal
inertia, which explains why the TTls of the threatarials are similar.

The thermal penetration depth, is defined asg = /at, Where ais the thermal

diffusivity of the solid andig the time to ignition at a given heat flux. Therthal penetration
depths are calculated for the four formulationalatheat flux and plotted in Fig. 2, which
shows that for 22.5 and 30kWimeat fluxes, the samples are thermally thin cermediate
whereas they behave as thermally thick for higleat Ruxes.
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Figure 2. Thermal penetration depth of PG1, PG2, PG3B anlAPiGrmulations exposed to
22.5, 30, 45, 60, 75, 90kWfrheat fluxes.

Masslossrate

Figure 3 compares the mass loss rates of the foumulations at 45 and 60 kWfmThe
shapes of mass loss rate are characteristic ofichanaterial: the mass loss rate 1) increases
to reach a first peak, 2) decreases rapidly tohr@aplateau whose length depends on sample
thickness and external heat flux, 3) increasesnagaiform a second peak and 4) finally
decreases when most of the fuel is burnt. The dseref the mass loss rate after the first peak
is the consequence of the formation of a surfacelcsiby the accumulation of glass fibres
[15]. It reduces the pyrolysis gas supply to thembastion zone by retarding the heat transfer
from the surface material to the virgin zone. Theahid peak is to due to the backside effect.
When the heat reaches the back surface, there @ceumulation of energy due to the
insulation, which results in an increase of thegrlass rate.



The mass loss rates of PG1 and PG2 are very claséha first peak MLRs ranges from
0.2 and 0.33 g/s depending on the incident heat flthis result indicates that that the
brominated polystyrene does not act in the solidsphor, even if it does, its action is not
significant.

For PG4A, a thin char layer is formed at the samspléace after ignition, which could be
responsible for the reduction in the first peak Méspecially at higher heat flux (decrease of
30% at 75kW/rf). However, no effect is observed on the secondt,pghich sometimes is
even slightly higher than that of PG1. When Nano-MM added, the MLR is reduced
further by between 30 and 50% depending on themadt@eat flux. However, the pyrolysis
process is prolonged by around 40s at 75k¥\Mtm110s at 30kW/fm The reduction of the
mass loss rate and the prolongation of the pymlysicess for PG3B are due to the formation
of a char-like surface which absorbs some of tlerggnand reduces the backside effect.
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Figure 3. Comparison of mass loss rate (g/s) in cone cakter at 45kW/rh(left hand side)
and 60kW/n (right hand side) for PG1, PG2, PG3B and PG4A fdations.

Heat release rate

Figure 4 shows the heat release rates (normaligetiebexposed surface area) of the four
formulations at 45 and 60 kW/mwWhile the mass loss rates of PG1 and PG2 ardasi(see
Fig. 3), their heat release rates are very diffierBime brominated polystyrene reduces the heat
release rate by more than 70% at higher heat flugsgecially for the first peak. This
indicates a strong gas phase action of the brosdn&R, which basically consists in
interacting with the highly reactive free-radicpksies such as He and O by slowing down or
stopping the cascade-chain mechanism of the comhby46]. PG2 produces the lowest HRR
among all formulations at all heat fluxes.
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Figure 4. Comparison of heat release rate per unit arear(ky\ih cone calorimeter at
45kW/nt (left hand side) and 60kW/nfright hand side) for PG1, PG2, PG3B and PG4A
formulations.



For PG4A, it can be observed in Fig. 4 that at 8@/’ the MLR is only about 25%
lower than PG1 at its first peak, and then becositegar afterwards. The HRR of PA4A (see
RHS of Fig. 3), on the other hand, shows a rednaticabout 60% at its first peak and about
25% for the rest of the test. The different beharsmbserved for the MLR and HRR between
PG1 and PGA4A illustrate a gas phase action of Alipe present results is consistent with that
in [11], which showed a decrease in first peak editlrelease rate of about 45% when 20%
Alpi is used in PBT-GF and no difference in secpedk and decrease of heat release rate.

For PG3B, there is a further reduction of the HRffipared to PG4A. The peak HRRs
for PG3B is comparable with that for PG2, howevéhva prolonged burning process. The
reduction of the HRRs by Nano-MMT is likely duettee improved char strength of Alpi in
the presence of nanoparticles. It is the well-knaaation of Nano-MMT [17, 18] which
decreases the mass loss rate and the heat redéads forming a char-like surface due to the
migration of the nanoclays to the surface of thelyging sample. It is however worth noting
that though a reduction in the transient HRR, N1 does not decrease the total heat
release, indicating that the action of Nano-MMDidy physical.

Effective heat of combustion AH _

The effective heat of combustion is defined as pmeduct of the theoretical heat of
combustionAH with combustion efficiency , and can also be calculated using the total

c,theory

heat released (THR) divided by the total mass |bs$as:

_THR
c,theory — W

The effective heat of combustion normalized by thass PBT-GF contained in each
formulation is plotted in Fig. 5. It is assumedttiiae proportion of PBT and FRs in the
gaseous phase is the same as in the solid onea3s$usnption is correct for PG2 as most of
the brominated polystyrene goes in gaseous phassvever, for PG3B and PG4A
formulation, as Nano-MMT and a part of Alpi and P&bout 20 wt. %) remains in the solid
phase, it is expected that proportion of compoundgaseous phase is slightly different. For
PG4A and PG3B formulation, it induces an overedineof values plotted in Fig. 5.

AH, o = x[DH 3)

PG1 formulation has the highest effective heatarhloustion with an average value of
15.5kJ/g. PG2 formulation shows the lowest effectheat of combustion for equivalent
amount of PBT with values ranging from 5.6 to 833k It corresponds to a decrease of about
55% when compared to PG1 formulation. This decréasfective heat of combustion of
BrFR formulation illustrates the gas phase actibmrominated polystyrene. Although the
total mass loss for PG2 experiments is constantafoheat fluxes, the effective heat of
combustion increases with the external heat fluxe €fficiency of the gas phase action of
brominated polystyrene seems to decrease withastrg heat flux. It is also illustrated by
the difficulties to ignite PG2 samples describeevpusly and local extinction at lowest heat
fluxes. PG4A formulation shows a decrease of athéét in the effective heat of combustion
divided by the weight percentage of PBT-GF. As noer@d previously, this decrease is
underestimated and Alpi in PBT-GF therefore showsaation in gaseous phase. PG3B
formulation has equivalent effective heat of contimmrsto PG4A although PG3B burning
process lasts longer with lower mass loss rateoNAMT reduces the maximum heat release
rate but does not change the total amount of leéedised.
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Figure5. Comparison of effective heat of combustion (kgfy

Effective heat of combustion of 22kJ/g [19] wasaied for pure PBT and 21kJ/g for
PBT-GF [11]. A lower value of 15.5kJ/g is measufed PG1 in our experiments. Such
discrepancy could be due to the difference in tB& Bamples. Unfortunately, no pure PBT
samples were available for this work to suppor tiaim.

Production of smoke, carbon monoxide and carbon dioxide

Carbon monoxide, carbon dioxide and smoke vyields aaculated from the pre-ignition
period until the flame goes out. The smoke productate is calculated as the volume flow
rate in the exhaust duct times the extinction ¢oefiit. Results are plotted in Figs. 6 to 9.

PG1 has the lowest CO and smoke yields and praductites but highest GQield and
production rate. It illustrates a more complete bostion than the three other formulations.
The combustion of PG2 yields about 20% more smbka bther FR formulations and 55%
more than PGL1. Its peak values of smoke producttes are 2.5 times higher than those
obtained for PG1. PG4A yields more than 15% of @antPG2 and almost 80% more than
PG1. CO is produced 15% more by PG4A than by PGR. generally considered that an
increase in smoke and CO production by a factanoffe than two is the consequence of a
suppressed total oxidation process and is synonyna oadical trapping mechanism.
Consequently brominated polystyrene and Alpi may iac the gas phase as radical
scavengers. When Nano-MMT is combined with AlpP@3B, the same amount of CO, £0
and smoke is produced than when Alpi is used albtmvever, the use of Nano-MMT
reduces the rate at which these species are rdlégs45% 30% and 25% for CO, ¢@nd
smoke respectively.
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The temperature of the back of the sample was megdwy placing a type K thermocouple
with bead size of 0.5mm between the sample andththwation. The temperature histories at
60kWi/nt are plotted in Fig. 10. About 20 seconds aftertignioccurs, a sharp increase of the
backside temperature is observed for PG1, PG2 @#hPThis transition corresponds to the
time needed for the heat to be conducted to thé lmdicthe sample. The increase in
temperature for PG3B is not as sharp as for otbhendlations. This is consistent with

previous observations that lower HRR and MLR weoenfl for PG3B, owing to the

improved char strength by Nano-MMT, which prevehtsating transferring to the back

surface.
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Figure 10. Comparison of backside temperature during conaricater tests at 60kW/m



Cone calorimeter testsin vertical position

Cone calorimeter tests in vertical orientations raestly conducted for charring materials to
assess the strength of the char, because nonsghan@aterials such as thermoplastics will
whether melt and spill out of the trough of samipbdder or bend out of shape and separate
from the sample holder. If the char is strong empulge sample will stay in position and no
excessive melt or spill out will be observed. Bessathe char formed by Alpi in PG3B and
PG4A and that by glass fibre are strong enouglvag possible to conduct cone calorimeter
measurements to assess the action of FRs in differentations.

For PG1, it was observed that the base of the flamiecated in the trough, which
indicates that a part of the base polymer meltskamds from that trough. However, neither
excessive dripping behaviour nor spilling over tigg was observed for all formulations.
Figures 11 to 14 show the mass loss and heat eetates at 75kW/frin both horizontal and
vertical orientations. Both mass loss and heatselaates are about 30% lower in vertical
orientation than in horizontal orientation. Thisfelience is mainly due to different convective
heat transfer coefficient and flame radiation t@ thample. The action of brominated
polystyrene and Alpi is however similar for bothemtations.
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Figure 11. Mass loss rate (g/s) in horizontal
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Figure 14. Heat release rate per unit area
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Conclusions

Glass fibre reinforced PBT was modified with a lygoated fire retardant (HFR), brominated

polystyrene combined with antimony trioxide, andthalogen free fire retardants (HFFRS),

Alpi with/without Nano-MMT. The fire retardancy dhese materials was assessed in LOI,

UL94 and cone calorimeter. The major conclusionthisfwork are:

1) All formulations exhibit charring burning behaviowith two peaks in the mass loss and
heat release rates due to the shielding actioheofdsidue consisting of glass fibres and
char with/without nanoparticles.



2)

3)

4)

5)

Key flammability parameters such as time to igmtitveat release rate, efficiency of
combustion and smoke and carbon monoxide yielde werasured in cone calorimeter at
six heat fluxes and used to compare the fire belawf formulations and obtain some
material flammability properties.

a. The brominated polystyrene has no action in thi silase (Fig. 3) bubromine
released in the pyrolysis reduces the effectiva bEaombustion by about 55%
(Fig. 2). However it also produces CO and smokexaessive rates compared to
the base formulation (PGT+GF30%) (Figs. 6 to 9);

b. Alpi (PG4A) acts both in the condensed phase byityiad the char residue (Fig.
3) and in gaseous phase by decreasing the effduotiae of combustion (Fig. 2).
However the major effect is in the solid phase. Tise of Alpi increases the
ignition time (Table 3), provides the highest LOlatl formulations (Table 2) and
decreases the peak of heat release rates (Figlthpugh the Alpi formulation
produces less smoke than the brominated one (@&gases more CO than PG2
(Figs 6 and 9);

c. When Nano-MMT is combined with Alpi (PG3B), the L& lower than when
Alpi is used alone but it is still higher than P@able 2). In the cone calorimeter,
this combination, PG3B, provides better fire parfance than PG4A with higher
reduction of mass and heat release rates (Fids3 & 14). CO and smoke yields
of PG3B and PG4A are comparable (Fig. 9). The caoatlmn of Alpi and Nano-
MMT in PG3B appears to be the best alternativénéobirominated FR in PBT-GF.
The decrease in mass loss rate of PG3B is duestoriproved consistency of the
residue (glass fibre, nanoparticles and char) predby Alpi in the presence of
Nano-MMT whereas the reduction in the HRR is duedlly to the reduction in
the MLR because the measured heat of combustiodose to the heat of
combustion of the base formulation

Burning behaviour in horizontal or vertical orietidas is similar except that lower HRRs
are measured in vertical orientation owing to redutame heat fluxes compared to the
burning in horizontal orientation. No dripping walsserved in vertical orientation for all
formulations.

The present study also highlights the limitatiohd.©1 and UL94 measurements. UL94
test cannot differentiate materials with the saateng (VO in this case). The LOI results
in this work indicate that the formulation contaigionly Alpi (PG4A) has the lowest
LOI. However, the cone calorimeter results cleaihpwed that PG2 and PG3B have
similar HRRs, which are much lower than those o#4RGIn addition, LOI and UL94
tests cannot take into account smoke and CO prodiiathich are important hazards in
fires.
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