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ABSTRACT

The oxidative thermal decomposition of a non-fire retardant and a fire retardant polyurethane foam is
investigated over 1 — 60 °C/min of heating rate. From the thermogravimetry results under the oxidative
environment of air, additional oxidative reactions which are heating rate dependent compete with the
pyrolysis reactions over similar temperature range. The decomposition behaviour differs for the foams
and the heating rates investigated. Due to the presence of fire retardant additives, the oxidative thermal
decomposition from heating rates of 1 — 20 °C/min occurs at a higher rate and over a narrower
temperature range for the fire retardant foam. However, at 60 °C/min, the fire retardant foam shows a
reduced decomposition rate spreading over a wider temperature range. This shows the fire retardant foam
can decompose rapidly at low heating rate, under the condition of low temperature with ample of oxygen.
This is similar to the incipient phase of a fire, and ignition inhibition is possible when coupled with the
gas phase fire retardant mechanisms of the fire retardant foam. The char residue formed by the solid
phase fire retardant mechanism slows the decomposition rate, and as the heating rate increases, the
decomposition extends over a greater temperature range due to improved thermal stability. For both
foams, the increase in heating rate shows a gradual reduction to the influence from oxidative reaction of
foam, shifting towards the pyrolysis reaction of polyol. Kinetic properties of Arrhenius equation
governing the decomposition rate are estimated graphically using the Inflection Point Methods and the
model shows reasonable agreement with the experimental results. From the heat flow results, the heat of
reaction for the oxidative thermal decomposition of foams is calculated and is found to be exothermic.
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INTRODUCTION

During smouldering combustion, condensed solid undergoes decomposition which is chemically
more complex when compared to flaming combustion. This is caused by the presence of oxygen
which results in additional oxidative reactions that compete with the pyrolysis reactions in
smouldering combustion. A number of researchers have presented the science and physical
phenomena in great details relating to smouldering combustion [1-5]. In flaming combustion, the
oxygen is mostly consumed in the gas phase, producing flame which is an oxidative reaction zone
[6]. While this assumption is valid for most condensed solid, the porous nature of flexible
polyurethane (PU) foam allows oxygen to permeate the material by means of convection and
diffusion hence the influence of oxidative reactions in flaming combustion could be significant [7].

A number of researchers have demonstrated that the thermal decomposition behaviour of flexible
PU foam in air is more complex than under an inert environment [7-13]. These researchers have
estimated the kinetic properties governing the decomposition via graphical method or genetic
algorithm; however, the information is scarce as the studies mainly involved flexible foam without
fire retardant additives, and at relatively low heating rates, below 20 °C/min in comparison with
heating rate achieved in flaming combustion, 200 — 400 °C/min. Based on the thermogravimetry
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(TG) results [9], Rein et al. [10] proposed a 2-step pyrolysis mechanism to describe the thermal
decomposition of flexible foam under inert nitrogen environment, and included 3 additional
oxidative reactions for the decomposition under oxidative air environment. The proposed 5-step
oxidative decomposition mechanism was further validated by Valencia et al. [11, 12] and Rogaume
et al. [13] via detailed experimental studies involving Thermogravimetric Analysis (TGA),
Differential Scanning Calorimetry (DSC), tubular furnace and Fourier Transform Infra-Red (FTIR)
spectroscopy, leading to an improved understanding of the competition between pyrolysis and
oxidative reactions and the characterisation of the gaseous products released during each macro-
scale decomposition step. Krédmer et al. [7] demonstrated that the oxidative decomposition behavior
changes with heating rate, and for heating rate experienced in flaming combustion, the 2-step
mechanism was found to dominate under both nitrogen and air environments.

This paper aims to supplement the current knowledge on oxidative thermal decomposition of PU
foam by presenting the experimental study on a non-fire retardant (NFR) and a fire retardant (FR)
foam using Simultaneous Differential Scanning Calorimetry and Thermogravimetry Analysis
(SDT), at four different heating rates, 1, 5, 20 and 60 °C/min, under inert nitrogen environment and
oxidative air environment. The kinetic properties consisting of reaction order (n), pre-exponential
factor (A) and activation energy (E), relating to the oxidative and pyrolysis reactions are established
using the Inflection Point Methods [14] from the temperature varying TG results. The heat of
reaction (Ah,) relating to the oxidative thermal decomposition is established from the heat flow
measurements attained from DSC.

EXPERIMENTAL TECHNIQUE AND POLYURETHANE FOAM SELECTION

The instrument used is SDT 600, a product of TA Instruments which simultaneously acquires both
DSC and TGA measurements from the same sample. The experiments were conducted in dynamic
mode where the foam sample was subjected to a constant heating rate within a purged furnace from
room temperature (~20 °C) up to a maximum of 600 °C for inert nitrogen environment and 900 °C
for oxidative air environment. The sample mass ranged between 3 and 4 mg, comprising shredded
flexible foam fragments within a half-filled 90 pL alumina cup. The sample was tested in open
configuration without the presence of a lid to allow the release of volatiles from decomposition. The
relatively small sample size ensures negligible thermal gradient spatially through the specimen
during the transient heating process thus satisfying the assumption of a lumped capacitance system.
The TGA measurements are the changes in sample mass during decomposition, registered based on
the current signal required to correct a taut-band meter movement. The DSC measurements are the
changes in enthalpy, registered based on the heat flux concept where the heat flow is determined
from the changes in sample temperature according to the thermal equivalence of Ohm’s Law. The
heating rates investigated were 1, 5, 20 and 60 °C/min, and for each heating rate, three replicates
were tested. The selected heating rates were limited by the allowable maximum of the instrument at
100 °C/min.

The flexible PU foams investigated are referred to as NFR-SB-31 for the non-fire retardant foam
with a density of 31 kg/m® and FR-Y-36 for the fire retardant foam with a density of 36 kg/m’. The
polyurethane foams are manufactured from the polycondensation of toluene diisocyanate, water and
polyalkoxy polyether polyol. The polyol also contains styrene and acrylonitrile polymer. In smaller
quantity, other ingredients include inorganic fillers, plasticisers, extenders, antimicrobial agents and
pigments. The fire retardant additives within FR-Y-36 comprise melamine and halophosphate which
have solid and gas phase fire retardant capability. In the gas phase, chlorine from the breakdown of
halophosphate neutralises the reactive radicals produced by foam decomposition [15] while the
breakdown of melamine also releases ammonia and nitrogen gas which dilute the concentration of
combustible gas to inhibit combustion [16]. Melamine and phosphate structure are also reactive
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towards the gaseous isocyanates released, forming residue hence reducing the quantity of
isocyanates available for gas phase combustion [17, 18]. In the solid phase, melamine reacts with
phosphoric acid from halophosphate breakdown to form thermally stable cross-linked residue or
char at varying temperatures, melam at 350 °C, melem at 450 °C and melon at 600 °C [19]. Further
details relating to the experimental technique, calibrations and selection of flexible PU foams have
been documented in a few publications for reference [20-22].

PYROLYSIS AND OXIDATIVE REACTIONS OF POLYURETHANE FOAM THERMAL
DECOMPOSITION

Thermal decomposition of PU foam is described by the plot of decomposition rate, da/dT versus
reaction temperature, T where a peak over a defined temperature range signifies the occurrence of a
solid phase reaction. a is defined as the fraction decomposed and the decomposition rate is
normalised by dividing da/dt by the heating rate f. The decomposition behaviour of NFR-SB-31 is
shown in Fig. 1 a — d for the different heating rates while the different line types on each plot denote
the different environments, solid line represents air, dashed line represents nitrogen and dotted line
represents the derived oxidative reactions. Decomposition under nitrogen environment shows a
consistent 2-step pyrolysis mechanism at all heating rates as follow [13].

(1) PU Foam - Regenerated Polyol + Gaseous Isocyanates
(2) Regenerated Polyol = Char + OH Species, H,CO, CH, and H,0
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Fig. 1. Decomposition rate versus temperature of NFR-SB-31 in air and nitrogen, and the derived oxidative
reactions. (a) 1 °C/min; (b) 5 °C/min; (c¢) 20 °C/min; (d) 60 °C/min.
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The decomposition under air environment shows the outcome of a series of reactions overlapping
closely across similar temperature range. The decomposition behaviour is also heating rate
dependent where the peak of the curve shifts towards higher temperature as the heating rate
increases. Assuming that the 2 pyrolysis reactions proceed and remain unaffected by the additional
oxidative reactions under air, subtracting the decomposition under nitrogen (dashed line) from that
of air (solid line) and setting all negative values to zero, yields the derived oxidative reactions
(dotted line). These derived results illustrate the presence of 3 additional oxidative reactions as
follow [13] which produce final and secondary products similar to the pyrolysis reactions, and also
the common products of combustion such as carbon monoxide and carbon dioxide.

(1) PU Foam + O, > Regenerated Polyol + OH Species, CO, and H,O
(2) Regenerated Polyol + O, = Char + OH Species, H,CO, CH,, CO, CO, and H,O
(3) Char + O, > OH Species, H,CO, CH,, CO, CO, and H,0

The pyrolysis and oxidation of foam overlap over a similar temperature range, competing for the
same reactant. The oxidative thermal decomposition initiates with the pyrolysis of foam but the
competing oxidative reaction is able to accelerate and reach its peak first. With increasing heating
rate, the reduction of the influence from oxidative reaction of foam (dotted line) is noted where the
peak value reduces from ~9.1x10™ to 3.1x107 1/°C. The competing reactions for foam are followed
by the oxidation of foam decomposition product, polyol which shows a fairly consistent influence at
all heating rates, ~7.7x10” 1/°C. Similar to foam, there is also a competing pyrolysis reaction for
polyol but this is sufficiently separated over a higher temperature range. As heating rate increases,
the influence from the pyrolysis of polyol (solid line) becomes more prominent where the peak
value increases from ~2.3x107 to 8.0x10° 1/°C. Lastly, the char from pyrolysis and oxidation of
polyol undergoes oxidation, and its magnitude is relatively small compared to the other main
reactions. Nonetheless, a reduction in the influence of char oxidation is noted as the heating rate
increases. The sequence of pyrolysis and oxidative reactions for the oxidative thermal
decomposition of NFR-SB-31 is found to be consistent with the literature [11-13].

The decomposition behaviour of FR-Y-36 for the different heating rates is shown in Fig. 2 a — d
based on the same legends of NFR-SB-31 for the different environments. Note that the vertical axis
of (a) and (b) have greater magnitude than (c) and (d). Similar to NFR-SB-31, the decomposition
under nitrogen of FR-Y-36 shows the consistent 2-step pyrolysis mechanism at all heating rates.
The decomposition under air also shows overlapping and heating rate dependent reactions but the 3
oxidative reactions are not always apparent, different from NFR-SB-31. At 1 and 5 °C/min,
following the initial pyrolysis reaction of foam, a single peak is noted from the derived oxidative
reactions suggesting that the oxidation of foam and polyol overlap each other closely. This is
possibly due to the fire retardant additives within the foam, where the acidic condition generated by
the breakdown of halophosphate and the reactivity of melamine towards the products of foam
decomposition might have catalysed the oxidation of foam and polyol, allowing these to proceed at
lower temperature under such heating rates [17, 18]. This lowers the ignitability of the gaseous
products released and also allows the gas phase fire retardant mechanisms via means of
neutralisation and dilution to be more effective. At 20 and 60 °C/min, separated peaks are noted for
the oxidation of foam and polyol, and the influence of these oxidative reactions has diminished with
increasing heating rate, from ~2.7x107 at 1 °C/min to 4.6x10~ 1/°C at 60 °C/min.

While the influence from pyrolysis of polyol is negligible at 1 and 5 °C/min, this has increased at
higher heating rates but compared to NFR-SB-31, the peak of the reaction is not as apparent. The
char oxidation shows a similar trend to NFR-SB-31 in relation to heating rate but with greater
magnitude due to char formation from melamine. According to Chao et al. [4], oxidative reaction is
believed to be favored by slow heating and comparing Fig. 1 and Fig. 2, the results support this,
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showing the oxidative reactions having greater influence than the pyrolysis reactions at low heating
rate. The temperature range where the main reactions occurs is ~200 °C for NFR-SB-31,
consistently between 200 and 400 °C but for FR-Y-36, this range can vary from ~100 — 250 °C. The
main reactions occur between 200 and 300 °C below 5 °C/min, between 200 and 400 °C at 20
°C/min, and increasing to between 200 and 450 °C at 60 °C/min. The extended temperature range of
FR-Y-36 at high heating is due to the char formation from the breakdown of melamine which
improves the thermal stability of the decomposing sample.
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Fig. 2. Decomposition rate versus temperature of FR-Y-36 in air and nitrogen, and the derived oxidative
reactions. (a) 1 °C/min; (b) 5 °C/min; (c¢) 20 °C/min; (d) 60 °C/min.

APPLICATION OF INFLECTION POINT METHODS

Based on the decomposition behaviour noted in Fig. 1 and Fig. 2, the kinetic properties, n, A and E
for the 2 pyrolysis reactions and 3 oxidative reactions for the oxidative thermal decomposition of
NFR-SB-31 and FR-Y-36 are determined using the Inflection Point Methods [14]. This graphical
approach has previously been applied to determine the kinetic properties for the thermal
decomposition of NFR-SB-31 and FR-Y-36 in nitrogen environment [21]. These references have
presented the assumptions and derivation of the graphical technique and the description of the TG
results analysed, from the start of a reaction to its peak. In Eq. (1), the temperature dependent rate
constant, k is presented as the decomposition rate, do/dT divided by the nth order kinetic model, (1 —
a)". On the right hand side, the remainder of the Arrhenius equation is in temperature basis by
dividing A with the heating rate, B and R is the universal gas constant, 8.314 J/mol-K. At the peak of
a reaction or the maximum inflection point, n = (E/RTQ)(I — a)/(da/dT) and rearranging Eq. (1)
yields Eq. (2) where @ = Tz(d(x/dT)/(l — o), and all inputs for n and @ are inflection point values.
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_.do/daT __E (A
ln(k)—lnm— RTHH[B]’ (1)
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dl') R O] T B

The determination of the kinetic properties for the derived oxidative reactions of NFR-SB-31 at 60
°C/min is presented in Fig. 3 a — b as an example calculation. From the plot of In(da/dT) versus
[In(1 — a)/®@] — 1/T in Fig. 3 a, as per Eq. (2), the value of E/R is determined from the slope for the
1%, 2" and 3™ reactions which correspond to the oxidation of foam, polyol and char, respectively.
Applying E/R determined into n yield 37.71, 10.38 and 31.27, respectively for these reactions.
Applying n found into Eq. (1), from the plot of In(k) versus 1/T in Fig. 3 b, E is determined from the
slope and A is determined from intercept. The pair of values are 315 kJ/mol and 1.36x10%* 1/s for
the 1™ reaction, 352 kJ/mol and 6.23x10°* 1/s for the 2" reaction, and 109 kJ/mol and 5.98x10'" 1/s
for the 3™ reaction.
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Fig. 3. Application of Inflection Point Methods on derived oxidative reactions of NFR-SB-31 at 60 °C/min.
(a) In(da/dT) versus [In(1 — a)/®] — 1/T; (b) In(k) versus 1/T.

KINETIC PROPERTIES AND HEAT OF REACTION

Wang et al. [23] described a multiple-component decomposition scheme where the overall
decomposition rate, do/dt is the summation of the decomposition rate of each component, (do/dt);
based on the respective mass fraction, c; as per Eq. (3). This decomposition scheme is adopted as a
simplified approach to model the competing pyrolysis and oxidative reactions of the heating rate
dependent oxidative thermal decomposition of PU foam. Treating each reaction as a separate
component, the model also contains a number of simplified assumptions, including (1) the 2
pyrolysis reactions can proceed, unaffected by the additional oxidative reactions, (2) the c; for each
component can be reasonably estimated from the area under the curve of do/dT for each reaction,
and (3) the residue generated from each reaction is considered negligible. The last assumption is the
least pertinent as pyrolysis and oxidation of foam is known to generate polyol; however, given there
are negligible amount of residue formed following the final oxidation of char, the overall impact of
this assumption is perhaps lessened.

da da E,
= | = A " - ’, 3
,~ (dt 1 E A exp( RTJ(l or) 3)

dr [
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The refinement of kinetic properties introduced by Wang et al. [23] is also applied to refine n and c;
to achieve a reasonable comparison between the model and experimental do/dT. The refinement is
qualitatively based on matching the peak values of each reaction, between the model and the
experiment. Table 1 and Table 2 present the refined kinetic properties for each reaction
implemented in the model where the subscript represents the different reactions, (1) oxidation of
foam, (2) pyrolysis of foam, (3) oxidation of polyol, (4) pyrolysis of polyol and (5) oxidation of
char. Also included in the tables is Ak, calculated from the DSC heat flow measurements, the details
of this analysis are presented later in this manuscript. A few reactions with low magnitude over an
extended temperature range, such as the final char oxidation, the negligible polyol pyrolysis of FR-
Y-36 from 1 — 20 °C/min, and the negligible foam oxidation of FR-Y-36 at 60 °C/min, have been
excluded due to difficulty in calculating the kinetic properties and modelling the reaction with
reasonable accuracy. Based on the single peak observed in Fig. 2 a — b, the oxidation of foam and
polyol for FR-Y-36 are not differentiable at 1 and 5 °C/min so these merged reactions are simply
denoted by subscript (1).

Table 1. Refined Kinetic properties and heat of reaction for NFR-SB-31 at all heating rates

Reaction Parameter 1 °C/min 5 °C/min 20 °C/min 60 °C/min
n; 18.50 20.80 13.00 22.00
o A; (1/s) 3.96x10% 3.04x10° 1.45x10% 1.36x10%
Foam oxidation
E; (kJ/mol) 639 597 350 315
¢ 0.206 0.186 0.143 0.107
n 3.50 4.50 6.58 9.50
) A, (1/s) 8.27x10° 5.68x10° 7.73%10° 5.41x10°
Foam pyrolysis
E; (kJ/mol) 134 121 121 127
1) 0.279 0.314 0.298 0.298
n; 9.50 10.30 13.30 6.70
o A; (1/s) 1.08x10°' 3.78x10° 4.59x10% 6.23x10%
Polyol oxidation
E; (kJ/mol) 539 579 700 352
3 0.206 0.267 0.297 0.298
ny 1.04 0.96 1.20 1.36
) A, (1/s) 1.07x10" 2.22x10" 1.95%10'® 2.47x10"
Polyol pyrolysis
E, (kJ/mol) 189 181 251 265
cy 0.175 0.233 0.262 0.297
ns 4.70 excluded® excluded* excluded*
o As (1/s) 2.34x10™ excluded® excluded® excluded®
Char oxidation
E5 (kJ/mol) 511 excluded? excluded* excluded®
Cs 0.134 excluded® excluded* excluded*
Overall Ah, (J/g) 5499 4900 5252 5315

“Reaction has been excluded from the model.

From Table 1 and Table 2, the heating rate dependency of the oxidative reactions have resulted in
greater variation in the kinetic properties across the heating rates investigated when compared with
the pyrolysis reactions. From the trend of c;, there is a notable reduction to the influence of foam
oxidation as the heating rate increases while the influence of foam pyrolysis remains relatively
constant. The reduction is compensated by the increase to the influence from oxidation and
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pyrolysis of polyol, particularly the latter showing notable increase at 60 °C/min. Figure 4 shows
examples of the modelled decomposition rate for NFR-SB-31 and FR-Y-36 at specific heating rate,
including the individual reactions that constitute the overall oxidative thermal decomposition.

Table 2. Refined kinetic properties and heat of reaction for FR-Y-36 at all heating rates

Reaction Parameter 1 °C/min 5 °C/min 20 °C/min 60 °C/min
n; 6.10 22.00 51.00 excluded*
o A, (1/s) 1.02x10™ 2.57x10'! 7.03x10'3° excluded®
Foam oxidation
E; (kJ/mol) 753 1266 1446 excluded®
¢ 0.582 0.454 0.053 excluded®
n, 2.00 3.10 4.80 6.70
) A, (1/s) 5.46x10° 4.27x10" 1.20x10" 1.12x10°
Foam pyrolysis
E, (kJ/mol) 130 137 141 118
) 0.418 0.333 0.340 0.385
n; excluded? excluded® 3.10 2.90
Polvol oxidai A; (1/s) excluded® excluded® 3.80x10" 7.37x10'°
olyol oxidation
Y E; (kJ/mol) excluded? excluded? 185 149
3 excluded? excluded® 0.394 0.372
ny excluded? excluded® excluded® 1.91
Polvol murolvsi A,y (1/s) excluded® excluded® excluded® 3.07x10%
olyol pyrolysis
YOLRYION E, (kJ/mol) excluded? excluded? excluded* 331
Cy excluded? excluded® excluded* 0.243
ns excluded® 1.10 1.70 excluded*
- i As (1/s) excluded® 2.46x10° 2.56x10" excluded®
ar oxidation
E5 (kJ/mol) excluded? 156 155 excluded*
Cs excluded® 0.213 0.213 excluded*
Overall Ah, (J/g) 8362 5657 6045 6786

“Reaction has been excluded from the model.

Based on the sequence of the individual reactions, the modelled oxidative thermal decomposition
initiates with the pyrolysis of foam, followed closely by the oxidation of foam which forms the first
peak of the decomposition illustrated in Fig. 4. FR-Y-36 at 60 °C/min is an exception where the
oxidation of foam is excluded from the model due to minimal influence on decomposition as noted
in Fig. 2 d. The modelled decomposition continues with the oxidation of polyol which forms the
second peak of the decomposition for NFR-SB-31 in Fig. 4 a and the plateau for FR-Y-36 in Fig. 4
b. FR-Y-36 at 1 and 5 °C/min are exception where the oxidation of polyol is not modelled because
this reaction merges with the oxidation of foam to form a single peak. Unlike the pyrolysis and
oxidative reactions of foam which closely overlap, the pyrolysis of polyol occurs over higher
temperature and is relatively distanced from the oxidation of polyol as seen in Fig. 4 a for NFR-SB-
31. FR-Y-36 from 1 — 20 °C/min are exception where pyrolysis of polyol is not modelled due to its
negligible influence on decomposition as seen in Fig. 2 a — c. The pyrolysis of polyol captures the
third and final peak of the main reactions. Lastly, the oxidation of char captures the extended
decomposition at high temperature but this reaction is mostly excluded due to its minor contribution
to the overall decomposition and the difficulty in accurately estimating its kinetic properties.
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The comparison between model and experimental decomposition rate are illustrated in Fig. 5 and
Fig. 6 for NFR-SB-31 and FR-Y-36, respectively at all the heating rates investigated. The solid line
represents the experimental results while the dotted line represents the model results.
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Fig. 4. Modelled decomposition rate versus temperature for oxidative thermal decomposition of PU foams. (a)
NFR-SB-31 at 60 °C/min; (b) FR-Y-36 at 20 °C/min.
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Fig. 5. Decomposition rate versus temperature between model and experiment for NFR-SB-31 in air. (a) 1
°C/min; (b) 5 °C/min; (¢) 20 °C/min; (d) 60 °C/min.

The simplified model is able to capture the general trend observed experimentally for oxidative
thermal decomposition of foams where the maximum da/dT shifts from an initial lower temperature
region towards a final higher temperature region with increasing heating rate. This is due to the
reduction in the influence of foam oxidation and the increase in the influence of polyol pyrolysis.
Three peaks for the oxidative thermal decomposition of NFR-SB-31 are evidenced from 5 — 60
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°C/min, and these are captured by the overlapping individual reactions modelled. FR-Y-36 exhibits
more variation in decomposition behaviour with a single peak at 1 — 5 °C/min which transitions into
a plateau at 20 °C/min, and these features are captured by the model with reasonable accuracy. Note
that the vertical scale utilised in Fig. 6 a — b is different to the others. Due to the simplified
assumptions and the difficulty in accurately determining the kinetic properties of extended, low
magnitude reaction, the model has not been able to capture the final stage of decomposition
involving char oxidation. The model also consistently shows oxidative thermal decomposition
initiating and occurring over slightly higher temperature range compared to the experiment, and
such inherent mismatch is not uncommon [24]. The likely causes of mismatch include the selection
of data points analysed and the adopted graphical technique to determine the kinetic properties, the
assumptions made to establish the derived oxidative reactions, and the exponential nature of
Arrhenius equation where minor change of inputs translate into relatively greater change of outputs.
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Fig. 6. Decomposition rate versus temperature between model and experiment for FR-Y-36 in air.
(a) 1 °C/min; (b) 5 °C/min; (c) 20 °C/min; (d) 60 °C/min.

Table 1 and Table 2 also presents the heat of reaction for the oxidative thermal decomposition of
foams, determined from the DSC heat flow results. The method of analysis adopted has previously
been applied to determine the heat of reaction for foam and polyol decomposition under inert
nitrogen environment [22]. In oxidative air environment, the decomposition is exothermic in nature,
releasing energy to its surrounding in lieu of endothermic where energy is absorbed for the thermal
decomposition as noted under nitrogen environment. For NFR-SB-31, the exothermic heat of
reaction ranges from 4900 — 5499 J/g while for FR-Y-36, this has a higher magnitude from 5657 —
8362 J/g due to the oxidation of additional char from the fire retardant additives [4]. This amounts
to approximately 19 % for NFR-SB-31 and 26 % for FR-Y-36, in terms of energy released during
complete combustion while the remaining 81 % and 74 % are released in the gas phase upon
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ignition, similar to the findings in [13]. The breakdown of fire retardants within FR-Y-36 probably
amount to the higher heat of reaction measured and the reduction in the amount of energy released
in gas phase. The heat of reaction measured for the 2 pyrolysis reactions of foam and polyol ranges
from endothermic 610 — 1023 J/g and 164 — 295 J/g, respectively and it is evident that significantly
more energy would be released than absorbed over the oxidative thermal decomposition of foam.

CONCLUSIONS

The oxidative thermal decomposition of PU foams is represented by a total of 5 reactions, 2
pyrolysis and 3 oxidative. From TG experiments, the 2 pyrolysis reactions demonstrated consistent
trend with increasing heating rate while the additional 3 oxidative reactions are noted to be heating
rate dependent. A simplified model is developed and applied to simulate the experimental
behaviour. The model captures the essential heating rate dependent trend where the influence of
foam oxidation reduces and the influence of polyol pyrolysis increases towards higher heating rate.
The fire retardant additives of the FR foam, halophosphate and melamine appear to show
characteristics which potentially improve the foam’s fire performance. These include the notable
decomposition over lower temperature region at low heating rate where the gaseous fuel released
could be neutralised or diluted by the gas phase fire retardant mechanisms, and at high heating rate,
the decomposition occurs over greater temperature range with lower magnitude due to char
formation. However, the literature has also showed that FR foams can be prone to smouldering
combustion due to the complex char formation and oxidation. The toxicity of smouldering
combustion and its likelihood of transitioning into flaming combustion can diminish the fire
performance of FR foams. Going forward, the research can benefit from better understanding on the
impact of varying local oxygen concentration has on the oxidative thermal decomposition.
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