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ABSTRACT

Rigid polyurethane foams of nominal density 30 kg m_3 contzining
variously tris(chloroethyl) phOSphate (TCEP), a reactive phosphorylated

polyol, and the isocyanurate ring were used.

The foams were studied in order to determine how they would react when
exposed to temperatures beyond their design limits and to assess the

degree of hazard they presented in fire emergency situetions.

Semples were subjected to thermal irradiation and hezt penetration was
followed with implanted thermocouples. Conditions neceSSany-for ignition
were measured. The'weight loss in'heated foams was analysed to find
global rate.constants, and the charred remains were gualitatively assessed,
and their activity measured. Differential thermal analysis was employed
to elucidate the reaction paths. & mass spectirographic analysis of the

volatile products of pyrolysis was made.

Values of the critical surface {temperziure for pilot ignition were found

to be 22500 for urethanes and 38000 for isocysnmurate based foams,

It was confirmed that the urethane group dissociated between 250°C'and
-30000. Between 30000 and 35000 there was formation of isccyanurate

rings, not as previously reported degradation of the trimer.

It has been estzblished that TCEP does not improve ignition
cheracteristics, but it does enhance heat transfer and, by promotion of

softening of the fozms, the rate of combustion.

DP4 sllowed elucidation of the stages of degradation, and the zctivation
energy for fracture of the urethane group was found to be in the range

125 = 460 kJ mole !,



llass spectromeiry provides evidence that the phosphorylated polyol

released volatile matter containing phosphorus at temperatures as

low as 25000.

It was shown how an empirical model describing the behaviour of =

foam when heated could be formed incorporziing experimental data.

Polyurethane foams have proved useful materizls within limited
conditions., ¥Further information is needed to extend the range of

application, and this work has identified weakmesses and indicated

directions for improvements,
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1 IFTRODUCTION

1.1 Although not predominant in the materials, it is {the urethane
group, -O—éiﬁ;, common to all members of the class that gives
polyurethanes their neme. As the urethane group is formed by the
reaction between the isocyanate and hydroxyl end groups of the sterting
materials, polyurethanes are block polymers of the general form;
-R.NH.C0.0.R .O.CO.NH.R.NH.C0.0.R +0.C0.NH~, Polyurethanes are often
referred to 31mply as Yurethanes! and occasionally as '1socyanate
polymers®. The 1dent;ty of the groups R and R can be varied almost
limitlessly andvso the nature of the resulting-material spans a wide
range. Urethanes can be formulated thal are elastomeric fibres,
thermoplastics capable of being extruded, thermosetting materials with
great abrasive resistance, or light weight foams of excellent-strength.
4 class of polymer with such a wide range of properties would be expected
1o have many uses, and indeed polyurethenes find application in fields
extending from flooring to .Qrseshoes;vand,paint additives to furniture.
The foamed polyurethanes can be produced with densities ranging from

- -
30 kg ©> (2 1b £47°) upwards.

Since the work of Bayer iﬁ 1937 which led to the development of the
synthetic fibre Perlon U, z linear polyurethane from hexamethylene
diisocyanate and 1.4-butanediol, there has been constant reéearch t0
develop the new polymers and the success is due To painsteking and

1
systematic efforts.

Up to 1957 the foamed urethanes were based on costly polyesters, dbutl the
commercizl entry of polyether polyols derived from propylene oxide

brought about major changes in urethane technolegy and market potential.

The usage of fozmed urethanes 1is still growing. 1In the UX in 1870,
70C0 tonnes of rigid and 40 COC tonnes of non-rigid polyurethane foems
2

were used: in 1972 the corresponcding figures were, rigid 17 500 tomss,
; 3
fléxible and semi-flexible 48 000 tonnes.
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The major use of rigid foams is in irsuletion appliceticns, insulating
pipework, commercial and domestic refrigerators, and increasingly,
internal and external walls in buildings, It also finds epplication as
structural and minor components of furniture, and as packeging. The
flexible foams are used extensively in packaging, clothing, soft
furnishings, automobile and air-craft tngs and some insulation
situations.

1.2 The common reactions of isocyanates can be split into two main

1
classes, viz;

a) The reaction of isocyanates with compounds containing active
hydrogen to give addition j:roducts

b) The polymerisation of isocyamates.

It is the éddition reactions with active hydrogen containing groups
gbout which mosf is known, and which are extensively used in urethane
production. The general reaction is shown in the equation,

RNCO + RE —  RNH.CO.R'

In detzil the reactions are

RNCO + R O —>  RNH.CO.O.R' (urethane)
t
RWCO + Rth —=  RNH.CO.NH.R (urea)
RNCC + HO0 — =~ R¥H.CCOH (cartamic acid)
RNH2 + CO"Q_
(rwcO)
¥
RNH.CO.IWH.R (urea)

1 ?
RICO + RCOCH —> R¥H,CO.C,CO.R
\

1
REH.CO.R + CO, (amide)



Isocyanates react with hydrosyl compounds to give urethaznes and with
emines to give ureas. Similar reactions occur with water, to form
carbpmic acid, and carboxylic acids to give the mixed acid anhydride.
However in both of these cases the product is unstable and carbon
dioxide is eliminated t0 give, in the reaction with water, an amine
which then reacts with isocyanate to give an urea, and in the reaction
with carboxylic acid, an amide. These reactions are the backbone of
urethane chemistry, and it can be seen that by incorporating the latter
two reactions into the polyurethane system the production of a relatively
~ineri{ gas can be made an integral part of the reaction, thus supplying
the blowing agent if a foemed product is required. The products of
these reactions can be seen 10 contain active hydrogen atoms, so further

reactions with isocyanates zre possible to give secondary products.

RNCO + - =HHeCO0aCr ——> ~NeCO.0-

(urethane) \
QC!NgR allophenate
(uzea) | : |
OC. NHR biuret
RHCO + ~WH.CO0~  —> ~N.CO-
(amide) %
OC'EHR acyl urea

Thus isocyanztes reasct with urethanes to give allophanates, with ureas
to give biurets, and with amides t0 give acyl ureas. Although these
secondary reactions occur to a much smeller extent than the primary
reactions their importance ought not to be underesiimated, for it is
these reactions, especielly the allophanate and biuret forming ones,
that play a vital pexrt in producing the cross-linking of the polymer
chains.which has a decisive effect upon the properties of the

polyuretnane.



The second clazss of isocyanate reactions comprises the polymerisation
reactions. Dimerisation to uretidine dionesis an equilibrium reaction
occurring at room temperature, although catalysts are needed to achieve

a reasonable reaction rate.

2 RNCO  —= VAR

The tendency towards dimerisztion is affected by the electronic and steric
influénces of ring substituénts. Eor example, ortho substitution

greatly retards the dimerisation of the NCO group, hence the isocyanate
group in the 2 position of 2—-4 tolylene diisocyanate is slower to

dimerise than the group in the 4 position, 4.4' diphenyl-methane
diisocyanate dimerises slowly on standing a2t room temperature even without
any catalyst. The isocyanate dimer is dissociaued at elevated
temperatgres. Aliphatic isocyanztes have not been observed to form
dimers.

In contrazst fo dimer formetion, trimerisztion is not an equilibrium

reaction, and both alipheatic and aromatic isocyanates can undergo this

reabtion.
]
i
[
. R\,/ \N/R
3 RNGO 7 Y 3 isocyanurzte
1 t
: g ring
C c
NS
AN / o
N
N
R

A wide variety of cetalyst have been reported for this reaction, and the
e . . . PN e . .

resuliing trimer is stable at over 200 C. The isocyanurate ring is

important in polyurethanes zs 1t lezds to crosslinking and increazsed

temperature resistance.



A third type of polymerisation reaction, resulting in the formation of
substituted linear polyamides, is only brought about at low temperatures

with the use of special catalysts, and is of no practical importance at

present.

1l
n RKCO —> -[-N—C

There is another reaction of isocyanates, a condensation polymerisation
whereby two isocyanate groups react with the elimination of carbon
dioxide to form a carbodiimide,

RNCO + OCH.R —> RN=C=HNR + 002

This is normally a degradation reaction of isocyanates, occuring at

high temperatures.

1e3 The polyols used in-production of urethane foams are generzlly
either polyesters or polyethers. In spite of their high cost polyesteré
stillvcommand the major place in flexible foams beczuse they produce
foams that are inherently less flammable than polyether foams% Polyesters
are built up by condensation of polyzlcohols and dicarboxylic acids, and

+he use of excess glycol affords predominantly hydroﬁyl endings to the

chains, although scme proportion of carboxyl terminations do persist.

. , '
HOOC.R.COCH 4+  HO.R .03
(dicerboxylic acid) (aiol)

v

4 1
HO.R 0. (OC.R.CO.CR .0)

st
(@}

' '
+ HC (OC.R.CO0.0R .o)n H +

(lineer polyester)



Glycols result in lineaf polyesters while the use of higher polyhydric
alcéhols leads to branched polyesters. Commonly used carboxylic acids
include adipic acid, phthalic anhydride, and dimerised linoleic acid,
while the simple glycols most common ere ethylene, propylene,

1, 3~butylene, 1,4-butylene and diethylene glycols. Glycerol is the
usual triol and pentaerythritol mey sometimes be used as a source of
crosslinking. The condensation reaction involves the exclusion of water
that must be removed to drive the reaction at a reasonable rate. This
is generally achieved by sweeping with an inert gas and the use of high
temperatures, although care must be izken to avoid decarboxylaxicn and
the formation of non-resctive chain endings which is known to occur

o 1
above 290 C.,

Under conditions of high relziive humidity and temperature polyester
foams degrade faster than polyether foams owing to hydrolysis of the
ester groups, and the presence of unreacted siarting material in commercizl

_ 5
polyesters reduces their hydrolytic stability.

1.4 Polyethers are produced by the base  catalysed polymerisation

of zikoxides with en initiator containing active hydrogen aiéms.
Propylene oxide is commenly used because of cost and the fect that the
resulting polyethers are less water solubée than those based on ethylene

oxide. Absorption of water is detrimental as it upsets the stoichiometric

balance of the formulation on which fozm properties depend.

Hearly all the end groups in prOpylene oxide polymers are secondary
ydroxyl groups which are less reactive to isocyanates than primary
hydroxyl groups. This protlem can be overcome by use of block copolymers
which zre made by reacting propylene oxide with the inifiator <0 form a
poly(oxypropylene) polymer znd then rescting this with ethylene oxide to

tip the block polymer with primary hydroxyl groups. The general cdiol of



this type can be represented by,
CH CH
3 l 3
H(O.CHQ.CHQ) (O.CH.CHQ).R.(CHQ.CH.O)‘ (CHQ.CHZ.O)H
a b c d
¥ore recently though this probvlem has been overcome by the judicious use

6
of a mixture of amine and +tin catalysts.

In addition to the simple glycols and irihydric alcohols used as
initiators other polyfunctional molecules have been used including
sorbitol, sucrose, penteerithritol and 2,2,6,6-tetrakis (hydroxymethyl)
cyclohexanol. Also used are some basic polyethers prepared by
propoxylation of nitrogen bearing initiators among which are

ethylenediamine, and toluenediamine.

1.5 Flexible foams are based on both polyesters and polyethers
depending on intended use of the foam?  The‘lower resilience of polyester
foams has led to an almost complete replacement by polyether foams in
upholstery zpplications, btut {the higher hardness, tensile strength and

elongation at break of the polyester foams has assured them of a

continuing place in most other zpplications.

Toluene diisocyanate (TDI) is used almost exclusively in flexible foams
as both the 80 : 20 and 65 ¢ 35 mixtures of isomers, and the blowing
agent to give rise to the foem is the carbon dioxide formed by reaction
of isocyenete with water included in the formulation. By varying the

percentage of water used the density of the foam can be adjusted at will.

1.6 Even though they were produced with ease in the laboratory, rigid

foams were slower 10 gzin a commercizl FTootnold because the technology
&

wes more complex. The high crosslinking in the polyesters coriginally
used made Tor viscous sysiems and poor mixing. The highly exothermic

reections with TDI hed to be very carefully controlled to zveid scorch
in the blocks of foam, znd to allow more freedom in temperature ceonirol
|

12



it wzs necessary to form a Yquasi-prepolymer! from the isocyanzste znd
part of the polyol. This was then reacted with the balance of
polyether and the other components to form the foam. The introduction
of diphenylmethane diisocyanate (MDI) removed this need azs it 4id not
react with such a high degree of exothermicity. I+t also had the
advantage of much lower volatility and toxicit; and allowed in situ

f£illing of spaces without hazard when the low viscosity polyether resins

were developed.

The difference in chemistry between fle#ible and rigid foams is
principally in the factors governing the stiffness of the polymer
network. The high crosslinking required to meet this stiffness facior
is controlled by the length of the polyether extensions and the
functionality of theAinitiétor. As flexibility increases with chain
length there is a limit beyond which the polyether chains become
Jincreasingly unsuitzble for rigid foams: in prectice the useful range

of molecular weight lies approximately between 300 and 1000.

The need for extraneocus catelysts for the urethane forming reactions can
be reduced by choice of an initiator containing nitrogen as the

resulting polyether has a degree of self catalysis. The use of an

Ao

nitigtor with an arcwatic rather than aliphatic nucleus increases the

b

stiffness of the polymer,

lost rigid foams are now blown with low boiling nalogenzied alkanes, of
which irichloroflucromethane, CFCl3 ig most widely used. The inert low
viscosity liguid plays no part in the rezciion but is vzporised by the
exothermic reaction between isocyanate and polyol, and remazins trapped
in the cells of the fozm where its low thermel ccrductiviity improves the

foam &5 &n insulant.

A surfectant is vital to conircl the size end stability of the cell size
and those developed for rigid urethane foams sre mainly polyoxalkylene—
polysiloxene copolymers.,

: .

i
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1.7 Flame retardants for use in polyurethane foams can be split into
two categories, inert additives and reactive molecules that are bound
into the foam structure. The use of solid powder type additives is
ruled out by the sensitive balance in the foaming process and the
inherent instability of {the bubbles before the foam has set and cured.
The other additive itype flazme retardants are generally organic liquids
containing phosphorus and halogens in varying amounts, and

tris (2-chlorethyl) phosphate is a good example of the widely used
halogenated phosphate esters. In 197é approximately 90% of the
retardants used in rigid foams were additiveg even though it is
fecognised that these liquids can be very easily boiled off if the bheat
front.reaches the foam before the flzme front and the self extinguishing

9

fozm converted to a,flammable material.

The methods in which the elements phosphorus and halogens affect their
flame reterdant eifect azre completely different. Chlorine containing
molecules are found to be'moré effective if they readily release
hydrogen chloride on. heating and il is»found that the grezter the
proportion of chlorine in the fozm, the more effective the protection.
The halogens act by competing for the free radicals in flame reaction
chainé? 1112 On the other hand the phosphorus compounds inhibit
oxidation by retarding the cerbon oxidation in the solid state. It has
been hypothesised that generated phosphorus acids are reduced by carbon
to free rediczal phosphorgs species, which are then readily oxidised
back to phosphorus acids'.-j In this sequence combustionable geses are
starved of oxygen and an impervious char bezrrier from the subsirzte

is promoted. In many cases the flame retardant is designed %o contain
both phospherus and a hzazlogen as there is a synergisiic effect petween

14

these elements,

75

Papa hes reviewed the reactive flame reterdantis for urethane foams zn

(92

has considered the merits of tne verious polyols containing phosphorus

end the dreawbacks they present. =Zolyels containing bremine and chioride

H
i
i
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show a tendency to produce scorch in the centre of a block of foem as
it is being cured because they decompose on heating., Isocyanates
containing halogens and phosphorus have also been assessed but are not
widely used. Of increasing importance is the promotion of low
flammability by incorporation of heat resistant groups into the polymer
chains. Selection of suitable catalysts can promote the formation of
isocyanurate, imide, biuret and carbodiimide groups all of which
improve the flame retardancy of polyu;ethane foams.

Phosphorus retention does not necessarily guarantee complete retention
of initial flame resistanqe? Other less obvious factors such as loss
of ability to charcoat brought about by polymer degradation, vériations.
in the proportions of volatile materials present, or changes in the
activétion energy required for oxidation caused by thermzally induced
chemical modifications, may greatly influence flamé'prOPerties even
though little phosphorus heas been lost. |

74

Piechota found that flammability resistance reached a maximum at 1.5%
‘phosphorus content, both for additive type and for reactive phosphorus

compounds.

1.5 Certain generalities mey be made gbout the effects of various
. 1,82

factors on the properties of urethane polymers.
The meclecular weight of the polymer has the effect of incressing the
strength, softening temperature and glass transition ftemperature, and
decreasing the solubility and brittleness as it incresses to a value

of zbout 10 000, but the rigid foams have large enough mclecular weights

not to show this effect.

Intermolecular forcesg, the results of hydrogen bonding, dipole moments
1 J & €1 P

and varnder Waals aitractions, tend to hold polymer cheins together in



a similar fashion to primery chemical bonds, but are much weaker and
are more readily affected by increased temperature. Strong
intermolecular forces in conjunction with good 'fit' favour a high
modulus ,tensile strength, density, hardness and low swelling by solvents.
Poor 'fit! in highly crosslinked polymers prevents full realisation

of these effects.

Chain units having very limited rotational or configurational
possibilities tend to stiffen polymer chains. ©Such uniis are typified
by aromatic rings, themselves rigid‘units. This stiffening effect
favours high melting point, hardness, strength and reduced elasticity
and solubility. On the other hand highly flexible groups, such zs the

ether group, favour softness, flexibility, elasticity and low melting

pOin'ba

Increases in the degree of crosslinking make amorphous polymers more
rigid and cesuse them to have higher sofiening points and glass transition

temperatures and reduce-eiongaticn and swelling by solvents.

The high crosslink denéity reguired for high thermzl sfability and
rigidity can be provided by using polyols end polyisocyanates of high
finctionality or of low molecular weight. Incorporzation of relatively
stable chemical groups such as ardmatic rings, carbodiimides,
isocyanurstes and imides increases the thermal stability gnd the amount

of char formed.

The urethane group forms hydrogen bonds that stiffen the polymer chzin
44

as evidenced by the high cohesive erergy of the group, but the

presence of the easily rotated —CHZ—O- groups increase the flexibility

of the chain.

1.9 The aims of the experiments in this work were io determine how the

foams would rezct when subjected 1o temperaiures beyond their designed

16



limits and te assess the degree of hezord they weuld present in 2

[

fire emergency situation,

By exposing the foams to Thermal rediztion it was intended Lo Follow
the changes in insulating ebility as thermel damege increased, and
to determine the conditions necessary for ignition. Spontansous

ignition of foams would appear to be relatively unimportant azs in mosi

circumstances there is a source of pilot ignition.

In order to determine at what temperatures the foems suffered
degradation and to identify {the effecis of varying the components of
the urethanes,differential thermel analyses were performed.
Identification of the products of pyrolysis would greztly assist in
elucidating the reactions by which degradation occurred, and the natures
of the.volatile products were investigated with the zid of mass

spectrometry, gas-liquid chromatogrephy and simple qualiiztive analysis.

From measurements of ithe weight lost cn exposure to elevated.
temperztures for varicus times, global rate constenis were evaluated
and evidence of the degradation route was gained., The charred remains
from the weight loss and ignition experiments were gualiltetively
assessed in order to ascertain the continuing protection;gffered when
polyurethane foams have suffered thermal damage, and the activiiy of
the chars was measured to see if they could be rekindled by‘a fresh

supply of air.

»
The measured ignition conditions allowed a theory.to be advanced for the
ignition process, and this and ihe other experiéental data wes

incorporated into a model designed to describe the behaviour of urethane

foam when heated.

1.70 Many reviews of the metheds of production of polyurethzne foams
6,41,76,17
have been made and the foams incorporating the isocyanuraie
36,42,78

W

ring have also received atiention.



1.11 Mezsurements of the flammability of various fozmed plariics,
_)0,79’&0’81

including polvuretnaneu, hzve been made utl develcpmernt of

o’

theoretical treaiment has been limited by the cemplex and varying
&o
nature of urethane foams. Hiladeo describes the processes involved

in the burning of cellular plastics and lists the following as

flammability characieristics of a material:

ease of ignition,
fire endurance,
smoke density,
flame spread,
fuel contributien,

and products of pyrolysis and combustion.

The apparent performance of =z material depends on the test being used,

but the differences in perfcrmance can be ztiribuied to basic behaviocur
79,8C
of the tes ed mauerlal, While small and medium scale tests are

useful for research and screening purposes, the large scale fesis

2
simulating fire conditions shculd te considered more realistic.

Ilodels have been formulaited for the ignition of cellulosic solids.
20

Simms and Law assumed that welt wood receiving consian%'radiative
intensity ignited wien the surface reached z fixed temperzture and

fitted their resuits 4o an empirical relationship. Alith wet wood the

cps . . s o
critical temperature for pilot ignition was 380 C and for sponizneous

)
4

ignition 545°C.

‘ 80
Using several test methods Hilzdo found thet tﬁe ignition temperature
for rigid polyurethene foam was in the range 310°C to 550°C, depénding

on the conditions preveiling,

: 22
Considering the piloted ignition of wood, Wesson et a1 concluded that

the time 1o ignition, ti, was approximately proportional to the density

18



of the viood. ti yas appreoximately inversely proveriional tc the cube
el the intensity of radiation, but was independent of cample thiczimess

A

when greater thzn 2 cm.
21
Garg ancd Stewart set up z model for pilot igniticn of wocd shavings

using an energy modulus and g cooling modulus end derived a family of

curves at varying Biot numbers,

The effect of surface area on the time of ignition was investigated by
29,67 63
Simms, and Alvares et al formulated = model for the dependence of
ignition time on the height of the vertical sample of cellulosic selid
to o _
subjectedirrediation, They found that below a itransitional intensity
of 18 X m"2 ti decreased with height of sample, but above it i, was
independent. This was explained in terms of the time required to set

up & steady state free convection boundary layer with position dependent

heat losses.

1.12 Combustion of polyurethanse foams occurs when the volatile
products of pyrolysis of the foam zre mixed with aif, thus there gre
reactions in {wo phases —. in the vgpour phase where the flame reactions
occur, and in the solid phase, usuzlly in the form of a surface, in
hich fuel for the gas reactions is being generated. Ffoﬁ.this it can
be seen that there are two ways in which flammability may'be controlled,
either by modification of the course of thevreactiogs in fhe solid to
produce less volatile matter, or by preventing burn%pg in the gas phase.
Reactions in the gas phase are usually cdﬁtroilqd’b& the incorporation
of 2 material tﬁat genéfates 2 hydrogen halide %hgﬁ heated, as these
effectively reduce flammzbility gy interfering witﬁ the free radical
chain reactions in the flamesi9’ 1 Chlorine containing compounds are
most widely used although it has been found that bromine‘has greaver
19,71,72,84
effectiveness as a flame retardent. The art in designing a

good fire retardent for a foam system lies in matching the temperaiure

at which the hydrogen halide is elimineted with the temperziture at which

19



pyrolysis occurs releasing small combustivle fregments. If this ic
done then tne flammeble mixture produced will contain the species
necessary to poison the flame. Care is needed to ensure that the
high temperatures rezched at the cenire of z 'bun' of foam do noi

15 ’
form acidic gases which then scorch the foem. An alternative means
of using halogens is to select a liquid additive that boils at the
temperature of pyrolysis and rely on the exothermip flzme processes 1o
cause the release of the HC1 or HBr. The problem with additives of
this type is that the heat front may reach the foam before the fire

9

froni and boil off the additive leaving the foam unprotected.

Control of the solid state reaciions is usually effected by use of
phosphorus containing molecules because they alter the nature of the
pyrolysis products to favour production of carbon rather than small

75,85 58

volatile fr ents and so iend to consolidate the char formatione.
_iragm

When both phoéphorus ant a2 halogen are present together in a foem there
is é synergistic effect whereby each element enhances the flame

12,14 84
retardant effect of the oiher, Pepa and Proops found that
bromine shows synergy with phosphales and phosphonites, but not with
phosphites.

.l‘

1413 The production of smoke during combustion ig dependent on the

- fire retardant used in the foam. Einhorn et azg have inVestigafed the
efTects of structure on smoke production and conc%uéé that foam
systems which develoﬁ char structure during com?ﬁstion prqduce
considerable quantities of dense smoke. The principle paraméters which

affect development of char structure, and as a consequence, smoke

develcpment ares

1 Degree of aromaticity in the polymer backbone - higher

aromatic polyols produce more smoke

Zo



2 lTzture and functionaliiy of the isocysnate ~ higher

functionaiity recults in more repid smoke producticn

3 liolecular weight per crosslink density, Mc—lcw values
of Mc procduced much smoke, and higher values gave foams

that were completely consumed on combusiion

4 £dditives incorporated into the polymer structure 1o
retard combustion -~ phosphorus additives gave rise to

more smoke than chlorine addiiives.
28 - -
Gross et al found that when they underwent non~flaming combustion

foams produced smoke at similar high rates whether they were fire
retardent or not. Hith flaming combustion the foam without additive
produced lifttle smoke, bui the foam with fire‘retaraant formed smoke
at a greater rate than it did in non—flaﬁing combustion.
4 1.14 NQﬁalii&iivemrﬁlaiionships“bstweén.thermalﬂstability gnd the
groups present in polyurethene foams have already been noted in

section 1.8.

The effect of the nature of the groups adjacent to the urethane group
86

has been recorded by Dombrow and are shown in table 1.%.

Table 1.1; Thermal stability of urethane group’

.//

Approx. top temperature
of stability,(°c)

/
s

Type of urethane group

”
=

n—alkyle FH.CO.0. n-alkyl 750

aryl. WH.CO.0. n-alkyl - 200
n-glkyl. TH.00,0.  aryl 180

eryl. M.C0.0.  aryl 120 o
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Studiec of urethane foams have generally pul the {rac

1~

(8] -
uretharne link in the temperature raznge 22C0°C to 2557C.

Between 250 and 350°C urethane foazms have been found to suffer a

weight loss of some 50% and this can be attributed to the breakdown
&7

of the polyol.

Poams incorporating the isocyanurate ring have been tested and

interpretation of the DPA results has resulted in assignment of a

temperature range 29500 - 32500 t0 the fracture of the isocyanurate

36,42,43,52
ring.
1.15  Meny studies of the pyrolysis products of various materials
7,28,53,88 &9
have beer made send Coleman concludes that plastics present

no great problems of {cxicity as the oxygen deficiency and the
concentration of carbon monoxide far outweigh eny HCN and EHC1 produced.,
90 . '
From animel experiments Sezder et a2l found that there was no
significart cause of death other than CO poisoning when rats were
S _ , 7 ,
exposed to pyrolysis products of isocyanurate foams. Zepp concluded
that polyurethane Toams are no more hazardous with respect to pyrolysis
products and critical pyrolysis temperature than any other foamed

plastic in common use,

52

Backus et al studied the volatile degradation products of rigid

polyurethene foams end his resulis are shown in table 1.2.

Foam 1 was a polyether urethane, Foam 2 z flame retzrdant polyether

urethane with a reaciive

o]

hosphonate, and Foam 3 a chlorinzted polyester
s o My, o ”lJ‘ 3 e — 3 +} PR EX = 3 PR M 1,-‘-.‘ 3
uretnene, Tnese resulis demonsiraie the elffect of nhoesprorylztion in

lowering reaction tempersiures. The alkene probably resulied from ihe

n)

voelyether cegradation in Feems 1 exnd 2 end Trom the glycol in Foam 3.



Teble 1.2 Volatile degradeiion preducis
ETemperature Foan 1 % Foam 2 Foam 3 é
; ! :
% 60-100°C % - % 002, uneaturated ges | -
: 150-160°C | - aFG1,, CO, g -
' Belou 200°C | €O, CFC1, - -
% volatile alkene |
Below 240°C | - | CFCl,, CO,, CO -
: mixture with ~IH, -CH,
é COH, CCC and H2O IR
; bands
Below 300°C H20, CO,, €O, CO,, CO, alkene, H,0, { H,0, CO,,

i
i

2

characterised by

alkene, mixture

-Im, O, COC, ester,

-aldehyde and COCH

mixture characterised ; CO, alkene,

: product

by —m{’. CH, . COC _:and-

mono-substituted %containing
S : ! '

phenyl I R Bands. | C-C1 bonds |

Possible phosphorus

containing product

Kadorsky and Straus

91

studied degredation of polypropylene

oxides and

1

found that the major products were acetaldehyde, acetone, and propene.

92

In his study of flexible polyurethzne fozms Woolley obvserved that the
7

foams decomposed to release the isocyanate content of the foam as a

-

/
volatile yellow smoke, stable to 750°%C. High temperature degradation

of the foam (‘> BOOOC) produced nitrogenocus wolecules of low molecular

weight, mainly hydrogen cyanide, acetcnitrile, zcryloniirile
&0y ’ ] ?

pyridene and bhenzonitrile.
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[o2

-
3
Linhoern et &l found the isocyanuretes produced little oxidiseble gas
. o c e . . . -
pelow 500 C, but zbove ihis the products included benzene, pyridenc,
toluene, amiline, tolunitrile, acetonitrile and acrylonitrile.

26
Gross, Loftus, Lee and Gray irrediated at 25 ki w2 intensity,

3

semples of zpproximate volume 130 cm™ in a box of volume 0.5 m3 with
end without pilot flames. The resulting gas concentration of some

toxic products are given in table 1.3.

Table 1.3; Gases produced by burning flexible urethanes

Gas concentrations ppm%

Semple  Test €O  HC1  HON |

15 | ¥ 50 o 2 :

N 50 0 2
P52 F 250 0 3
; | N 250 0 2
| zea 7 320 450 25

1y 460 25 2
1288 = F 150 2 2 ]
W 190 2 2 |

Flexible polyether foams of approximate density 30 kg n>
52, 1284 with fire retardant
15, 128B =no additive

F ~ with pilot flzme

ndustirial Co Lid has been

0
2]
}..J
o
Q
ct
3
’_l
Q
)
o
[}

developed with =ir being

'3

essed through the czmple ted at varying

O
Q

retes. inalveis of the cembustion producis of a polyester urethane

is given in table 1.4



™ - k- LS - PV SRR a4 - AL S,
Tazpie . 1.47 Product gases from conbvuslion of urethon

2

lAir Tlow imcunti of combustion product, mg/g of saumple
v~ . . !
co i G H i N1 :
1 hy 5 Co )3 &y C2h4 C2 s |
100 €66 173 3.3 21 14 1.4 E
50 1 625 160 1.1 AT 6.4 4445 |

56

Napier and Wong showed that phosphorus was released in the volatile
degradation products when it wes included in the foam as either an
2dditive or bound in as é phosphorylzted polyol. Einhorg1 hes
tentatively identified a bicyclic phosphate in the degradation

producis of rigid polyurethane'foam fire retaidea Wi%ﬁ Fyrol 6'

- (@iethyl-, N-bis (2 hydroxyethyl) aminomethyl phosphonate).
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2  EXPERIMENTAL
2.1 MATERIALS
Then this work was commenced five samples of polyurethane foam
were made available. They were:
Foam A Polyurethane, no additives.

‘The fTormmlation of this material was:

Component Parts by Weight
Daltolac 51%* : 135
- Glycerol 10
Fl1# : o 11
Silicone DC 193%* 1
Dimethylcyclohexylamine®* b.8
Supersec DN¥* : 201.5
Foam B ?olyurethane, 20 parts TCEP
Formuiation:
| Component Parts by Weight
Daltolac 51 135
Tris(2-chlorethyl)phosphate (TCEP) 20
Glycerol ‘ . 10
M1 | »i1
"Silicone IC 193 1
Dimethylcyclohexylamine 0.8
Supersec DN 201.5
Foam C Polyurethane, 30 parts TCEP
Formulation:
Component : Parts by Weight
Daltolac 51 ' 135



Foam D

TCEP
M1

Silicone DC 193

‘Dimethylcyclohexylamine

Dibutyltin dilaurate*
Vater
Supersec DN

Phosphorylated polyurethane

Formulation:

Foam E

Component

?ropylan RW33#
Propylan PA50%
Silicone DC 193

M1
Dimethylaminocethanol®*
Dabco*

Supersec DN

Isocyanurate based foam

PFormalation:

Component

Diphenylmethyl diisocyanate (MDI)

1

Activator G¥*

30

0.8

0.05

0.5
134‘

Parts by Weight

70

30
1;5

40
2
0.4

128

Parts by Weight
100
26
37.5

* Daltoléc 51 comprises 35 parts of F11 and 100 parts of Daltolac 50,

a polyether tertol produced b y the propoxylation of toluene diamine.

cell sizes and distribution meet requirements.

F11 is fluorotrichloromethane used as a blowing agent.

Silicone DC 193 is a surfactant used to ensure that the
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Dimethylcyclohexylamine, dibutyltin dilaurate, dimethylaminoethanol,;
and DABCO (triethyldiamine) are all catalysts.

Supersec DN is crude diphenylmethyl diisocyanate.
Activator G is a pre—formulated component including the polyol resin and
all necessary catalysts.

Propylan RF33 is a polyether produced by ‘the propoxylation of
sucrose, and has a functionality of 8. Propylan P450 is a triol con-
taining 7% of phosphorus formed by the propoxylation of phosphoric acid,

H3PO4.

The foams B, C, D and E were supplied in sheets of size 370 x 370 mm
- and thickness 76 mm. Foam A was in sheets of thickness 50 mm. The

3

nominal density of all the foams was 32 kg m ~.

2.2 HEAT PENETRATION

Apparatus: Radiant Heat Source

The first radiant heat source ﬁas é 50.8 mm diameter aperture ih’the
front of an electrically heated panel. The elements were tungsten
filaments of nominal resistance 60 ohms enclosed in silica glass tubes.
Four of these were mounted on a board of 9.5 mm thick Sindanyo at a
centre to centre separation of 25 mm, and another board of Sindanyo
fixed at a distance of approximately 70 mm in front of the elements. An _
aperture cut in the shielding panel provided the heat source (figure 2;1).
The resistance elements were wired in parallel and the intensity of
radiation adjusted by varying the mains supply voltage to the panel by
meéns of a variable rotary autotransformer.

This source had a brief stabilization time but was discarded as the
element life was short and unpredictable, owing to the susceptibility of

the elements to mechanical and electrical shock. The heating panel
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Figure 2.1 : Heating panel with tungsten/silica glass elemenis.
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required careful handling, and the resistance of the elements changed as
the length of service increased.

In view of the delicacy of tungsten elements it was necessary to
construct a more substantial source of radiant heat. Again the source
would be an aperture in the wall of a furnace, but the furnace was to be
a2 sturdier piece of equipment. The heating elements chosen were Crusilite
silicon carbide tubés manufactured by'Mofganite Electroheat Ltd. Crusilite
typevX'elements were of diameter 18 mm and overall length 465 mm with a hot
zone length of 150 mm. The hot zone is formed by a Spirai cutting of the
tubular element to increase locally the resistance per unit length of
element. Whén supplied the elements had a resistance of 1.2 ohms which
tended to increase but slowly with use. Four Crusilité rods were inserted
into & firebrick core, as shown in figure 2.2, which was then clad in 25 mm
thick lightweight asbestos board. Cladding with insulating board reduced
the heat losses from the furnace and made the operation more independent of
ambient conditions, thus allowing = cbn;tént heat flux to be obtained |
from the furnace. A hole of diémeter 52 mm cut in the centre of the front
panel provided the radiant soﬁrce. The Crusilite rods were connected in
series by means of clips and tapes of braided aluminium wire, and an A.C.
voltage applied to them by a 4.4 KVA rotary variéble autotransformer. The
current was monitored with a 0-20 A . ammeter.

Sample Holder

Cylindrical samples of foam of diameter 48 mm and length approximately
60 mm were to be used in the heat penetration experiments. A Pyrex glass
holder was designed to support the samples. 'It consisted of a tube of
internal diameter 48 mm and length 80 mm, closed at one end. To allow for
the insertion of thermocouples into the sample fbur access poris were made

in the holder as shown in figure 2.3.
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Pigure 2.2 : Core of radiant heat source.

The suppori medium was firebrick, the hesting. elements were
tCrugilite' rods, and this core was clad in 25 mm thick
lightweight asbestos board. A hole of diameter 52 mm cut in
the centre of the fronl panel provided the radisnt source.
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Figure 2.3 : Specimen holder for heat pehetration experiments.
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Temperaturs Measurement

The temperatures at the axis of the cylindrical sample were to be
measured by means of thermocouples inserted into the polyurethane foam.
Chromel/Alumel thermocouples were constructed from 0.3375 mm diameter
wires by welding the junctions in a gas/oxygen flame. The junctions were
washed after welding fto remove the borax that was used as flux. Silica
tubes were threaded over the wires before they were passed through the
silicone rubber bungs that retained the thermocouples in theAports of the |
sample holder. |

A thermocouple was positioned at the heated surface of the sample to
measure fhe temperature of any volatile materials evolved. To prevent it
receiving radiative heat from the source, this thermocouple was shielded
by a strip of copper that was attached to a heat sink. The area of the
shielding strip was kept to a minimum to reduce the shadowed ared of
sample face.

A Honeywell 16 point sequential épotting chart recorder was used to
record the temperatures. The recording cycle was 96 seconds, so the
'input was chaﬁged.and a point printed once every 6 seconds. As only five
' thermocouples were being used each could be connected to more than one
input, and the distribution was weighted in favour of thosevthermocouples
nearest to the heated face of the sample as at these points the tem?era~
ture_would be changing most rapidly.

As the full scale deflection of the recorder was 5 nv, and this
represents approximately 12500 for a chromel/alumel thermocouple 10, it
was neces;éry to insert.a voltage divider to reduce the sensitivity for
some of the points. Thermocouples need to be connected té a high
resistance to keep the current drawm to a minimum, and the chart recorder

inputs need to be a low resistance, so a compromise had to be made. An

i
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input impedance of 200 ohms was tried and it was found that this value ,
gave satisfactory accuracy and response. Figure 2.4 shows how the thermo-
cduples were connected via the voltage dividing network to the chart
recorder. The values of resistors used gave the following attenuwation

resulting in the temperature ranges shown, which were adequate to cover

the measurements to be made:

Thermocouple Position Attenuation Temperature Range
Surface | 1:3 0-13715°¢
10 mn 13 0—375°c
20 mm 1323 0 -2375° ¢
30 mm 1:2 0 - 250° ¢
40 mn 121 0 -125°¢

- The attenuation was verified by measurement of the ice and steam points
which proved to be correct within accuracy of measurement

Calibration of the Source

The intensity of the radiaﬁionbemitfed by the radiant source was
measured indirectly. A metal disc was positioned in front of the aper-
ture of the furnace and the system allowed to come equilibrium. The
temperatﬁré of the disc and its ambient temperature were measured. A
smaller aperture was then interposed between tﬂe source and the disec,
thus reducing the heat flux received by the‘disc, and when a new equilib-
rium had been reached the temperature of the disc and its surroundings
were remeasured. The heat flux was then calculated as in Appendix I. The
heat flux was caiculated for several settings of the voltage supply and
then by extrapolation between the measured settings it was possible to

adjust the current to give a desired heat flux.

A brass disc of diameter 50.8 mm and thickness 3.18 mm was used
originally for these measurements. Its temperature was measured by means

of a thermocouple welded to the centre of the back face and connected to
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Figure 2.4:

Connection of thermocouples through voltage divider network to
recorder.
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a Pye direct reading galvanometer calibrated to 1000° C. The calibration
of the galvanometer for a chromel/alumel thermocouple had been checked at
the ice and ‘S'beam pbin‘bs and at 420° €, the melting point of zinc. No cold
junction was needed for these measurements as the instrument had an auto-
compensating cold junction incorporated. Another thermocouple at a
distance of 5 mm from the disc back measured the ambient temperatiure. This
disc was satisfactory for the measurements of lower intensities of
radiation, but when the temperature increased the brass oxidised and the
surface of the disc blistered to such an £xtent that there was a large air
gap between the oxide skin and the underlying metal, which made the disc
quite unsuitable for the purpose of calibration.

The replacement disc was one of mild steel of the same diameter, 50.8 mn
but of thickness 5 mm. Aswelding the thermocouple to the disc would_have
presented praotiéal problems it was secursd in a different position. A
2 mm diameter hole was drilled into thg back of the disc at a distance of
12 mm from the edge. The thermocouple junction was inserted into this hole
and secured in a good thermal contact with the disc by a 6BA bolt in a
radial hole from the edge of the disc. Although not unaffected by the high
temperature the mild steel disc gave satisfactory service as the oxide film e
formed was stable, thin and did not separate from the subsirate. -Once
formed, the film protected the steel disc from further oxidation, even at
temperatures;iin excess .of 400o C.

The smaller aperture waé 2 33.4 mm diameter hole cut in a sheet of
asbestos that could be hung in front of the furnace opening. It was found
that the time taken for the furnase to reach steady state when the‘setting
was changed was approximately 60 hours so the furnace was kept rumming ‘
constantly, which also prolonged the life of the Crusilite elements.

Some fifty or so determinations of the heét flux were made and a 1og/lin :

least squares fit of flux versus current was made to get the best
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relationship in order that the flux could be set to any desired value by
means of the cufrent.
Method

The current through the furnace was set to give a radiant intensity
of 4.2 kW m—2 (0.1 cal cm'—2 5—1) and allowed to stabiligze. The amplifie£
of the chart recorder was switched on, and the thermocouple cold junctions
'were packed in ice.'.A_length of steel tubing with a sharpened end was
uséd»to cut cylindrical samples of diameter 48 mm from the sheets of foam.
One of theSe samples was introduced into the sample holder and bositioned
so that its end face was level with the open end of the holder. A steel
_pin was puéhed into the foam through the thermocoiple ports to make holes
for the thermocouples which were thén inserted so that the beads were at
the axis of the cylinder. The sample holder waé mounted in a clamp and
the shielded thermocouple positioned at the surface of the foam. The
chart drive was switched on and the sample holder pléced concentrically
in front of the aperture in the furnace so that the end face of the
' sample was in the same position as the disc had been during the éalibra—
tion. Immediately the sample was exposed a mark was hade upon the chart
to note commencement of the run. The exposure was continued until the
temperatures reached steady values or the trend was apparent. The usual
period was 15 to 20 minutes.

tlhen the samples were removed from the source care had 1o be exere
cised on removing the thermocouple from the foam, as in gome cases they
were held firmly in the char by hardened lacquer-like decdmpositioq
products. The condition of the samplé‘was'noted as it was taken from the
holder. |

Bach of the materials was in turn subjected to the radiant soufce,
and temperature-time histories for their axial points were constrqcted.
The intensity of radiation was raised to 8.4 kW m—2 and similar measure-

ments were attempted, but several of the foams burst into flames making
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any readings both erratic and unrepeatable.
2.3 SPONTANEOUS IGNITION
vADEaratus

The furnace used as the radiant source in the heat penetration
experiments was also utilised for investigations into the spontaneous
ignition of polyurethane foams. In the earlier experiments attempts were
made to measﬁre the temperature of the evolved volatile matter by means
of a shielded thermocouple similar to that used in the heat penetration
experiments. The thermocouple was connected with the Pye direct reading
galvanometer. Times were measured with a stopwatch.
Method | |
a) The intensity of radiant heat from the furnace was set to the chosen
value énd allowed to stabilise. The thermocouple and its shield were
attached to a stand by a boss and clamp. A second clamp held the sample
of foam, a slab of size approximately:9q x 90 mm and of some 25-40 mm
thickness, in place behind the thermocouple.‘_The stand was then re-
positioned to bring the sample before the aperture in thé furnace wall
and the timing commenced. When ignition accurred the watch was stopped
and the temperature indicated by the galvanometer recorded. The flame
was observed until extinction and the condition of the residue of the
sample was noted. ThisAprocedure was repeated for several values of the
intensity of radiation.
b) It was noted in the above experiments that when volatile materials
were being evolved at a high rate they were being induced into‘the
aperture in the front face of the furnace by a convective current.
Observation showed that when ignition occurred the flame emerged from
the aperture and flashed back on to the face of the saﬁple. As this did

not truly represent fhe conditions of spontanecous ignition that were
being sought, but rather a form of pilot ignition, it was deemed necessary

to obviate the induction of the evolved stream. To effect this end the
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furnace waé rebuilt, taking care to cement all gaps between the asbestos
board that formed the front face and the brickwork core. An additional
saféguard was provided by maintaining the furnace interior at a slight
positive pressure. This was achieved by means of a thin piece of.silica
glass tubing.(4 mm o d) inserted through a hole in the back of the
furnace. Through this tube was passed nitrogen at a rate of 11 min.—1
which effectively ensured‘that there was a continuous stream issuing from
the'aperture thus preveﬁting the ingress of any combustibles.

Further ignitién experiments were then performed, bui measurement
of the surface temperature was not attempted. The size of the sample was
100 mm x 75 mm x 50 mm thick and it was oriented with the longest side
vertical. The sample was held centrally before the aperture in a clamp
fof a period of five minutes during which timé observations of the
behaviour, including the delay before ignition and the duration of the
ignition Gere performed. On removal the sample was inspecfed and a photo-
graphic record of its condition made. " On occasion the sample was not
clamped securely enough and as combustion occurred the sample distorted
‘and fell from the clamp. When this happened the experiment was repeated
with a fresh sample of foam. | |

The intensity of radiation was varied from a value at which ignition
occurred for none of the foams to one at which all fhe,materials ignited.
2.4 WEIGHT LOSS AND CHAR FORMATION
2.4.1 WEIGHT LO3S
Apparatus

Samples of foam were heated in a vertical tube furnace, the core of
which consisted of a 300 mm length of méulded'fireclay tubing of intermal
diameter 63 mm woulld with nichrome wire to give an element resistanée of
aporoximately 50 ohms. The heating element was cemented to the base of
.a box made of Sindanyo board which was then filled with expanded vermicu—

lite to cut down heat losses, as shown in figure 2.5. Power was applied
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to the furnace through a variable rotary autotransformer rated at 4.4 kVA.

Calibration of Furnace

Power was applied to the furnace and severzl hours zllowed to elapse
during which time the furnace came to equilibrium. A chromel/alumel thermo-
couple comnected with the direct reading galvanometer was used for
temperature measurement. The hot zone was located by lowering the thermo-
couple down along the axis of the furnace and plotting the temperatures
and positions of the axial points to find the plateau. A hot zone of
approximately 120 mm length was found. The temperature of the furnace
and the wvoltage across the heating elements as measured by a voltmeter
were recorded. A range of voltages were applied and the associated
equilibrium temperature was measured each time "until a satisfactory cali~

Bration'graph of hot zone temperature versus applied voltage could be drawn.
‘The thermal capacity of the furnace was so great that introduction of a
sample did not disturb the equilibrium.

Method

In the preliminary experiments cylinders of foam of diameter 47 mm
were cut-from the slabstock, and a sample of each of the foam types
weighed. The furnace was set to the required temperature and allowed to
reach steady state.

A stiff steel wire of diamefer approximately 1.5 mm was used to
pierce a cylinder of foam along its axis. A leng{h of copéer wire was
threaded through the hole in the foam and then through the hole in the
centre of a 47 mm diameter disc of O.3mm thick alumihium foil.. The end of the
wire was bent to hold the disec and the sample gently pushed down to the
disc.. A hook was bent into the wire further along in such a position thaf
when suspended from a clamp fixed above the furnace the sample would be in
the hot zone. The sample was lowered into the hot zone of the furnace and
maintained there for an hour before it was removed. When it had cooled

the sample was taken from the wire and weighed.
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The procedure was followed for each of the materials for exposure
periods of both one hour and 3 hours, at three different temperatures.

Several facets highlighted the shortcomings of this procedure and
led to the adoption of a modified system of exposure. It was found to
be vital that the sample should be lowered centrally down into the
furnace as the clearance was not excessive and any misalignment
resulted in the exposure of the sample to temperatures in excess of that
prbjected, or even the adhesion of the sample to the wail if contact-
occurred. . BExposure to excessive temperaturés produced misleading results
- as did adhesionvto the furnace wall, for here there was the additional
.problem of the charred sample being broken. apart upon attempts of manoeuvre
within the furnace to rectify misplacement. |

At the temperatures of the experiments some of the materials undergo
a softening which leads to problems of inaccuracy and irreproducibility.
Although the aluminium disc was employed to minimise the risk of pull
.through of the supporting wire, a similar effect was achie%ed when the
sample shrank, at the same time adhering to both the disc and the wire.
This usually resulted in a coating of charred foam extending some distance
up the wire beyond the top of the foam, butvoften in the ruptured the
top surface of the sample which allowed material to escape from the .
interior without passing through the charred surface layers. In some
experiments the interior of the foam softened and gravitated to the
aluminium disc to‘then flow radially and exude beyond the surface, once
again by-passing the barrier produced by the charred foam.

It was also felt that the intrusion of the metallic wire into the
interior of the foam was detrimental éé it provided a route for the pre-
mature access of heat to the centre of the saﬁple, which might affect the
behaviour. When the interior of the fﬁam softened the wire provided a
support upon which the molten foam could collect and further reaét,

which was an unreal situation and undesirable.

W2,



In the revised procedure the sample was reduced by using a

cutter that produced cylinders of only 33 mm diameter rather than the
previous 47 mm. This ensured that the sample would not, by a minor mis-
alignment, contact the furnace tube. By virtue of the greater clearance
the sample was confined to the axial volume where the temperature
gradients were small compared with those near the wall.

| A handling system was devised that obviated the need to pierce the
sample. A flat bottomed dish of diameter approximately 45 mm and with a
side of height 7 mm was fashioned from' a pliece of 0.3 mm thick aluminium
foil to serve as a sample holder. This was in turn held on a siméle
carriage fabricated from brass strip of section 6.3 mm x 1.6 mm. The
carriage was in the form of a cranked veﬁical support with a horizontal
cross at the bottom, the ends of which were bent up to restrain the
sample holder (figure 2.6). Two clamps above the furnace held the
carriage in position and, when slackened, allowed it to 'bebslid. in c;r out
of the furance. Before each sample was exposed the sample. carrier was
weighed and then with the sample on it. The carrier was then placed on the
carriage and slid into the furance for the required length of time, then
removed and allowed to cool. When it had reached room temperature the
carrier with the charred sample was reweigheds From these n;ea;suz"emexrts the
original weigh‘t.and the loss of weight of the foam samplerwere derived.
~ The char was then carefully remo%red from the sample ca.rrier‘."t'd"i}hich it ha.d
occasionally become affixed by the lacquer-like degradation products and
retained for later inspection and assessment. o

Besides ensuring that the experimental conditions were ‘moz;e con— :
sistent, the introduction of the sample holder removed the éaﬁégé_ of
complaint that prevailed with the pierced sample. No longer was the
integrity of the sample destroyed, and unnecessary strains were not

imposed on the sometimes fragile Icharred skin. Any tendency to shrink
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Figure 2.6 3 Carriage for weight loss sample.
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‘was unrestricted except when the sample adhered to the foil holder.
2.4.2 CHARS

When the weight ioss experiments were completed the charred samples
were inspected. They were cut longitudinally into halves to permit
observation of the interior. Assessment was made of the strength, shrinkage,
ceil size and degree of melting of the char.

After manuval investigation the strength was assessed on an
arbitrary scale ranging frém 1, very frail, through to 5, asbstrong as the
original foam. It was the overall strength of the sample'that was
considered, not just the stronger skin or the insubstantial interior, but
a combination of these two extremes;

The volumetric shrinkage was estimated by the cross—-sectional area
of the bisected sample. Three arbitrary grades were used. 'Low' shrinkage
represented a volume reduction of less than 30%, fhigh' shrinkage more
than 75% reduction, and Ymedium' any intermediate value. Assuming that
contraction was symmetric in all dire;tions the limits of the categories
were represented by concentric rectangles on a card. Half of the sample
was placed centrally on this chart to see which boundary if lay inéide;

Cell size was an indication of the larger cells present, although
if one regiae did not predominate by virtue of there being two distinct
zones then both major sizes were recorded. The three divisions ﬁefe:-
ta¥, less then 1 mm, which included the original foam; *bt, 1 té 5 mm;
and 'c!, greater than 5 mm,If the sample was but a shell with no internal
structure, then this was noted.

If there was evidence that the foam had softened or melted during
exposure to the elevated temperature this fact was recorded. Enlargement
of the cells and a central pillar of compact char are typical signs of
melting.

Any other pertinent observations were noted and a2 photographic

record of the samples was made.
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2.4.3 ACTIVITY OF CHAR

Apparatus

The apparatus for measurement of the activity of the chars
produced in previous experiments is shown in figure 2.7, The heating tube
was constructed of Pyrex glass with a removable end section which carried
the thermocouple that measured the temperature of the sample. It was
wrapped with asbestos papér and then wound with a resistance wire element
and lagged with asbestos string. A plug of giass wool diffused the in-
coming zas stream and facilitated its preheating.

The flow of gas through this tube was controlled byrthe regulator
dn the gas cylinder and measured by a capillary type differential
bressure menometer (figure 2.8) which had been calibrated against a
Rotameter variable area flowmeter. The simple bubble manometer formed by
insertion of a side-leg into water both regulated the flowrate and pro-
técted the capillary monometer against damagze from over-pressure. The
thermocouple was connected to a Pye direct reading galvanometer and the
heating element was supplied with an AC voltage from a variable rotary
autotransformer.

Method

Preliminary investigation showed that the greatest temperature
rises were observed with a gas flowrate of approximately 100 ml Ein71'so'this
value was used throughout.

A sample of char was broken into large pieceé which were loosely.
packed into the tube and the thermocouple inserted. Nitrogen was passed
through the tube, a voltage aﬁplied to the heating element and the tempera—
ture was allowed to rise to a steady vaiue. The gas flow was then switched
to oxygen and the temperature at half mimute intervals recorded for some
5 to 10 ninutes.

The experiment was repeated with a fresh char sample and a different

supply voltage, and hence equilibrium temperature, until sufficient runs
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were recorded to show a limiting case of thermal explosion.

Evaluations of activity were made for all the chars produced by
combustion at the infra-red furnace, and for the char produced from the
weight loss experiments for Foams, A, C and E.

2.5 DIFFERENTIAL THERMAL ANALYSIS (DTA)

Initially it was proposed to build an apparatus for making
diffefential thermal analyses of the urethane foams. Various forms of
equipment were considered and a trial heating block was constructed bafore
it was concluded that such a consiruction was beyond the resources of this
investigation. Fortuitously spare running capacity became available on a
commerocial insitrument, which was used to analyse thé polyurethanes., The
machine was a Du Pont Differential Thermal Analyser.

A powdered sample of each of the materials was prepared by compres—
sing a block of foam to a sheet and scraping it with a metal edge. Sone
powder was rammed gently into a 2 mm diameter glass sample tube and #n
analysis performed. The sample block was initially at room temperature
and the temperature was programmed to increase linearly at a rate of
150 C per mimate to a maximum of 400° C. Glass beads were used 23 a
reference material. The temperatﬁie of the reference material and the
temperature difference hetween the saméle and the reference were plotted
on an X-ray pen recorder.

Samples of the isocyanate and polyols used in the foams and of
TCEP were also run on the equipment. Attempts were made to formulate
polymers to determine the effect of varying the groups in the chains, but
it was found that such formulations required extensive work, so trials were
abandoned in favour of other approaches.

Further samples of polyurethane foams.were produced and mada
available for the purposes of thisvDTA works. They were formulated as

followss—
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Table 2.1 ¢ Sample Formulation

(+ denotes that component is present in material)

Component Ft F2 F3 F4 F5
S;persec DN + + + + +
Daltolac 51 | + + +

Sorbitol polyether ' + +
. TCEP - +  + +
Propylan P450 , +
Dimethylcyclohexylanine + + + .+ +
Dibutyltin Dilaurate , +

Silicone | + + + + +
Arcton 11 + + 4.+ +

These foams were powdered in the same manner as the foams A - E, and analyses
. performed similarly.

The major problem with the apparatus was that of maintaining a uniform
sample as the tube was of small bore and the powder varied making it impos-
sible to témp it down to the same extent each time. Chromel/alumel thermo-
couples were used to measure the temperatures and the minor discrepancies in
matching of pairs contributed towards the unpredictable nature'of the base
line slope. A run was made with glass beads in both the sample and reference
positions to investigate the nature of the base line. When the solid samples
pyrolised in the sample tubes the expanding volatile products tended to
transport some of the material along the tubes and in some cases out of the
tubes. This may reduce the efficiency of the tﬁefmal contact with the
thermocouple and the size of the sample under investigation, both of which
make for unrepresentative results. Towards the end of the experimenté the
temperature programmer developed fault and had to be replaced by a different

unit, so the final runs were made with a heating rate of 20° ¢ per minute and

using 4 mm diameter sample tubes.



2.6  AVALYSIS OF PYROLYSIS PRODUCTS

A variety of methods was used in an attempt to obtain information
about the nature of the products of decomposition of polyurethane foams.
In each case the foaﬁs were heated in an oxygen deficient atmosphere in
order to approximate to the pyrolytic conditions that prevail in the bulk
of the material.
2.6.1 CHROMATOGRAPHY |

Gas Liquid Chromatography-(GLC) seemed ideally suited to the problem
in hand.as, with suitable operating conditions and the correct column, it
is possible to separate compounds of very similar natures that could not
readily be resolved otherwise. The equipment used was a Perkin-Elmer
Fractometer fitted with an ionisation detector. A proprietary columm of
length 2 metres and diameter 8 mm filled with Carbowax 1500 was fitted in
the oven. .This column is designed for the separation of high boiling polar
compounds and can be used at temperatures of up to 200° ¢. |

The ionisation‘detector contained a fritium source emitting lb
radiation which ionised the gas stream. It was operated in an electron
capture mode which ensured that sensitivity is as high as possible.'Nitrogen
was used as the carrier gas as it'was cqmpatible with the required
conditions and the detector, but it needed to bé first passed through a
" drying tube of silica gel as moisture interferes ﬁith detector operation.
The apparatus was pressure tested for leaks as directed in the operating
manual, and the nitrogen flowrate then adjusted to approximateiy .
20 ml min_1. The thermostat‘was set to give an oven temperature of 125o c,
and the amplifier and recorder switched on. The equipment was allowed to
reach steady sfate before any calibrations were made as the amplifier
especially needed an extended period to settle down. By_prdcedures laid
down in the manual zeros were set and a curve of output signal versus
applied voltage to the detector was plotted. It was necessary to locate

the knee of this curve as the operating. voltage for electron capture
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detection should be just below the knee voltage to cnsure maximum sensi--
tivity. The applied voltage to the detector was set at -30 volts and the
backing off current increased to give a zero output signal.

The gas sampleé were initially introduced to the carrier gas siream
by means of a *cross—over! sampling valve with a push-pull mode of
operation (figure 2.9). Fitrogen was passed through a length of glass

tubing containing a sample of foam and into the valve. After the line had

been flushed of air, the glass tubing was heated with a soft bunsen flame.

The evolved decomposition products were swept away by a stream of nitrogen

and through the sampling valve. When it was apparent from the issue of
fumes from the exit line of the valve that the stream contained a high
concentration of products, the piston was pushed to the sampling position
for two seconds and then pulled out. The chart drive of the recorder

was started and the commencement indexed. After approximately 5 seconds
the output gave a sharp narrow peak and then no further signal was
produced even though the equipment was ieft running for some 30 minutes.

Similar runs were performed using other foams and warying the
operating conditions, viz; gas flowrate, gas pressure, pyrolysis
temperature, oven temperainre,'sample size and detector voliage, without
producing any further peaks other than the narrow one after approximately
> seconds which was atiribuited to the pressure fluctuations on sample
introduction. As there was a possibility that water was one of the
evblved products and that there was enough present to interfere with the
functioning of the detector, a small drying tube of silica gel was
inserted between the pyrolysis chamber and the sampling valve.‘ There was
no effect on the output.

The evolved products from heated foam were drawn into a 1 ml
hyperdermio syringe and injected into the chromatograph through the
silicone rubber septum of the sample port, but no peaks were obtained.

In place of the saﬁple of polyurethane in the glass tube used

initially, was placed a piece of filter paper soaked with methanol. When
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the nitrogen flow had flushed the system the tube was warmed to evaporate
+he methanol and a sample introduced to the apparatus. This produced an
output signal but the detector was overloaded so a large peak with a very
slowly decaying tail was produced. By using very small samples it was
possible to obtain a reasonable set of peaks for methanol. Other polar
liquids such as chloroform, ohlorobromomethane, and ethanol were introduced
into the chromatograph and by careful adjusiment of the sample size it
proved possible to évoid overloading the detector. Unfortunately the peaks
produced were cramped and rather diffused so it was only feasiblé to
discriminate between these few compounds by careful measurement.

In view of the minute quantities required to affect the detector,
a hyperdermic syringe of capacity one microlitre was procured and used to
inject the liquids into the chromatograph through the septum. Again the
sample size was criticals 3#1 caused saturation of the detector, but 0.5/*1
was satisfactory. Wheﬁ the methanol peaks were known a sample was
prepared by pyrolysing a quantity of péljurethane foam under a stream of
nitrogen and passing the gases through a wash bottle of methanol to extract
the products of decomposition. Several gramé of foam were pyrolysed to
ensure that the extract was of a reasonable concentration and a sample of
the liquid was injected into the apparatus. The output consisted of the
methanol peaks with no other additions, even affer a protracted period.
Similar experiments were performed using other liquids as the extraction
medium and varying the pyrolysis conditions, but no peaks were produced to
suggest the decomposition products. |

The ionization amplifier had been giﬁing noisier output signals for
some while, but now its isolation failed completély as the switching of
the thermostat was producing an extraneous signal which could not be
eliminated. The amplifier was overhauled by the manufacturers and all the

valves replaced to give a more faithful response.

At this stage a new gas sampling valve was obtained to replace the
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old "oposs—over" type which was not gas tight and tended to stick. The
ﬁew valve, manufactured by Hewlett-Packard Limited, was of the disc type
and was attached to a pair of % ml stainless steel loops. As shown in g
figure 2.10 the operation of the valve switched fhe two loops between the
lines they were in, allowing the loop that had been in the apparatus line
t0 be filled in preparation for the next analysis.

When the foam in the glass tube was heated with a bunsen burner it
was not possible to exert much control over the temperature of pyrolysis,
g0 a2 unit was assembled to provide pyrolysis by means of a heated gas

stream. This was constructed as shown in figure 2.11 and was attached to

a trap with a cold finger to remove the tars from the gas stream to awvoid

gumning up the sampling valve. A piece of foam was inserted in the unit, !
the stream of nitrogen was started to flush the line, and the current

then increased until the heating element glowed bright red. When the foam
started to show signs of charring a sample was introduced to the chromato-
graph. HNo ouitput signal other than the injection peak wes produced. The
gas flowrate through the unit was varied, but even so it was not possible

to achieve a situation whereby the gas stream was hot enough to ensure

a high rate of decomposition bf the sample. This means that the sampled

gas stream was too dilute,so this pyrolyser was abandoned..

The column was washed by injection of quantities of petroleum ether
and purged with nitrogen for several days to remove any f%sidual material
+hat ﬁight have lodged therein.

A series of known liquid compounds were then injected into the
apparatus to determine retention times for them. Included were the lower
ketones, phenylalkanes, alcohols.and halogenated hydrocarbons, but for
most of these materials a series of peaks of the same size was obtained even
though they were known to be of high purity. Although a consistent trace
was produced for each of the materials, the peaks were not discrete so
there was extensive inferference'whén more than one substance was present

as they all had similar short retention times.
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In an attempt to determine whether or not the pyrolysis products
include any small polar molecules,samples were prepared by passing the
evolved gas stream through methanol, xylene and dimethylketone. These
were then injected into the chromatograph and the resulting trace
compared with that of the solvent. There were no significant differences.

0.2 /u_l of tris (chloroethyl) phosphate was injected for analysis,
but the trace had only the injection peak.

| To enable the pyrolysis to be performed at a conbrolled temperature
another pyrblyser was constructed. It consisted of a 80 mm length of
12 mm diameter brass bar, bored with a 4 mm hole for 70 mm of its length.
The mouth of the hole was tapped to enable it to be screwed on to the
fitting of the sampling valve. A teflon washer was fabricated to make
the seal gas tight. The bar was lightly packed with foam, flushed with
nitrogen and then screwed on to the valve coupling which had beén flusheéd
with nitrogen. The brass bar was plunged into a pre~heated bath of liquid
paraffin and progress followed by immeréing the end of the "exhaust™ lead
of the sample valve in water and observing the bubbles. There was a rapid
stream of bubbles for some 40 seconds while the nitrogen expanded and then
a slower stream as the pyrolysis proceeded. When the stream had redunced
to an occasional bubbie, after another 3 minutes‘or 80, it was takenvthat
the loop was full of decomposition products and a sample was analysed;
The output consisted of a single early peak with a very slowly subsiding
tail which had no features of note.

This was repeated with various sized samples for each.of the foams
at liquid paraffin temperatures of up tp}2069 C, but no peaks of significance
were produced, so no further investigations were made with this apparatus.
2.6.2 CHLORID® DETERMINATION

A % gram sample of foam was rammed into a 250 mm length of 10 mm
diameter glass tube. This was connected to allow a stream of nitfogen to

pass through the foam and then to bubble through 15 ml of distilled water
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in a test tube. The tube was heated with a bunsen flams to pyrolyss the
foam and the evolved materials were swept away by the gas stream and
through the water wash. If the sample was heated more violently the high
beiling tar produced.in the pyrolysis was also boiled over,only to colleot
at the bottom of the test tube of water.

The aqueous liquor, which had a yellow tint, was split into three
and tested. To the first portion an equal volume of N/ 10 silver nitrate
solution was added, and a grey or black precipitate was thrown down. A
blank gave no visible reactione.

To the second portion was added a few drops of concentrated nitric
acid and then an equal volume of N/10 silver niirate solution. All the
materials gave some indication of chloride, although in some casés it was
only a faint turbidity. The whi{?e precipitate slowly darkened if it was
left, presumably as it was reduced to silver.

The approximate pH of the final portion was determined with
universal papers.

2.6.3 MASS SPECTROMETRY

Samples for analysis by mass spectrometry were prepared in the
apparatus shown in figure 2.12. Stopcock B was closed and the sample bulb
was evacuated through stopcock A with a rotary pump. Stopcock A was closed,
and a pyrolysis tube of heat resistant glass oontaining approximately
% gram of polyurethane foam was affixed. The pyrolysis tube and the
connecting passages were then evacuated through stopcock C for 30 seconds.
This ensured that the bulk of the air was removed without rupturing too
many of ’Ehg cells and so removing the blowing agent. Stopcock C was closéd
and the pyrolysis tube was immersed in a beaker of heated liquid paraffin
which was maintained at the desired pyrolysis temperature. Stopcock B

was opened to admit the evolved materials 1o the sample tube.
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After approximately 20 minutes stopcock B was closed and the tube
removed from the héating bathe By admitting air through stopcock C the
pyrolysis tube could be removed for emptying and cleaning for another
sample and the sample tube taken for analysis of its contents. The

machine upon which these analyses were performed was an MS9 manufactured

by ABEI Limited.
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3.1 HEAT PENETRATICH.
The temperature~time histories of the cylindrical samples
at axizl points varicus distances from the irrsdiated end

of the semples are presented in figures 3.1- 3.5.
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THERMAL DIFFUSIVITIES
These values are calculated from the temperature histories
measured in the heat penetration experiments, under the assumption

that the sample can be represented by a semi-infinite inert solid

(vide 4.1.3)

Table 3.7 2 Thermal Diffusivities

FoAM  THERMAL DIFFUSIVITY: m2 s x 1070
A 0.685 10.657 10.935 | 1.181 | 0.833 | 0.850 | 0.850
B 0.627 10.689 |0.918 | 1.111 | 0.964 | 1.028 | 1.028
c 0.550 |0.609 | 0.785 | 0.953 | 0.923 | 0.850 | 0.833
D 0.782 |0.647 | 0.759 | 0.987 | 0.678 | ©.741 ] 0.878
E 0.820 {0.772 |1.330 | 3.600 { 0.790 | 1.251 |2.535

FROM CURVES

AT DEPTH 10/20 }10/20 { 10/30 | 20/30 | 10/20 | 10/30 | 20/30
o f
AT TIME

(sECS) 60 90 120. .
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3.2 SPONTANEOUS IGNITION

3e241

Preliminary Experiments

The following table contains the results of the experiments in

which the furnace was not pressurised, thus allowing the ejectiocn of the

evolved volatiles into the furnace.

Table 3.2 ¢ Preliminary results
Radiation Ignition )
Intensity Foam Time Temp Observations
-2 o
(k¥ m (s) ("c)
6.3 A )
B ) Chars have large cavities.
¢ ) NO IGNITION )
D ] Considerable shrinkage but even
charring.
E ) Slightly scorched.
8.4 A 5 250 | Black sooty smeke. Flame extingunished
' without irradiation.
B 4 230 Grey sooty smoke. Combustion spread
small distance beyond irradiated zone.
H 4e5 225 Grey sooty smoke,
D 5 225 Sone spread of flame along face. Some
shrinkage but remaining char of good
‘ density.
E |NO IGNITIOHN Lightly charred where irradizted.
12.6 A 2.5 250 Combustion penetra&ed and spread.
B 3 240 Complete combustlon of 1rrad1ated area;
extenslve spreaéing. T
C 2 230 Extens;ve pombustion; foam softened.
D 2 240 Flame Spréa& over whole facea Good char.
E 745 400 | Small flamé, eéf extinguished after
20 seconds f' _
¥
16.8 A 2.5 250 Comnlete combusxaon of irradizted area;
gome spread of ’1amé.
15 240 Almost complete combu$t10n.
H 1.5 240 Extensive combustion; material softened.
< 0.5 250 Considerable spread of combustion;
' good char.
E 35 380 Small transient flame; some white smoke;

char friable at surface,sirengthens
with depth.
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3.2.2

Secondary experiments.

These tables record the results when a draught of nitrogen

screened the aperture in the face of the furnace. No measurement

of temperature was attempted.

Table 3.3 : Radiation intensity, 16.8 kW m

2

Foam

Time to
ignition

(s)

‘Time to
extinction

()

Observztions

NO .

NO

NO TIGRITION

IGNITION

RO IGNITION

NO IGNITION

Sample softened and receded azt the

-gurface and then charred with shrinkage.

Although no burn through, the back
face softened and bulged. Front face
distended.

Generally as A. As a whole the sznple
retained its rigidity, but the
irradiated char was weak.

Rapid evolution of volatiles as heated
face receded from heat source. Signs

of softening and bulging at rear face.
Surface remained integral.

The surface charred and receded as the
substrate shrank. Surface split open
in heated area, otherwise integrity was
gOOdo o g :

v

Very little decomposition outside
irradiated area, where fissures formed
in surfyce of char,which was soft at
surface . 7 f




Table 3.4 :

Radiation intensity, 21.0 kW m

2

Foaﬁ

Time to
ignition

(s)

Time to .
extinction

(s)

Observations

12

100

80

100

80

45

NGO IGNITION

Volatiles erupted violently into furnace
and ignited. Sample burned fiercely
with very smoky flame. Surface receded
as it charred. Flames were abating
after 80s but soft foam curled away
from char and then burned vigorously

to flimsy remains except for front face.

In a repeat run the goftened foam con—
tracted but did not meparate from the
char. There was still extensive
combustion, and the back face softened
and charred. The remaining char,
although shrunken, was sound.

Ignition occurred when volatiles were
projected into furnace, and sooty flame
ensued, Combustion prolonged when char
cracked to form vent for volatile
materials. Internal decomposition
continued and back face melted and
charred at centre.

Vigorous projection of decomposition
products. The flame extingnished when
relatively non~permeable char formed

on surface. Centre of back face charred
and melted.

Sooty flame spread all over front face
after 10s. Flame flashed over other
faces but did not become established.
Back softened but no burn through. Char
is firm, even though split where
irradiated, and shrunken.

Sparse white fumes, and decrepitation.
After 5 minutes irradiated area had
fissures and front 6fmm of char was soft
and friable and had receded 3mm. Around
this, char medium brown for 20mm. No
signs of softening or burn through.
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Table 3.5

Radiation intensity, 25.2 kW m

2

Foam

Time to
ignition

(s)

Time to
extinction

(s)

Observations

2

e

85

120

140

60

125

Burned with copious grey smoke. At
extinction sample thickness only 12mm.
Back face then melis onto existing
char and chars. The residue is fragile
and distorted.

Copious smoke as flame gpread over all
sample. The foam softened as it burned
and fell from clamp after 120 s when
only fragile skin remained.

Very smoky flame spread all round sample.
Rear face was seen to melt, decompose
then burn. Only skin remained.

Flame spread all over surface for 45 s
until surface was charred, when flame
died except on irradiated face. White
fumes were still emitted and a little
softening was in evidence. Sample
suffered moderate shrinkage and just
charred through. Fissures in surface
gbout irradiated zone.

Small flame with grey smoke for 25 s,
spreading upwards on heated face

only. Then smaller flame on irradiated
area as surface decrepitates under
thermal shock. After 5 minutes
integrity of sample is siill good
although there are fissures about

the irradiated area, which is a friable
and fine char. Flame did not spread
off front.
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3.3
: 3'3.1 WEIGHT LOSS.

The data from the weight loss experiments are presented.

. ‘Bere in both tabular and graphical forms.
N ""’{,“L’: i
} fa¥le: 3.6 @ Foam A

A

AN
Tember?ti;re : Fractional Weight Loss After

% | 7 min 20 min 60 min 180 min
160, | 0.067 0.077 0.125 0.167
200 o 04159 04225 0.255 0.264
245 0.366 04350 0.376 0.383
1290 0.478 0.472 0.500 04538
333 0.587 0.599 0.629 0.698
360 0.639 0.666 0.711 0.806
400 | 0.716 0.772 . 0.860 0.940

Table 3.7 : Foam B

Temperature Practional Weight Loss After »
% 7 min 20 min 60 min 180 min
160 0.057 0.113 0.168 0.180
200 | 0.18¢ 0.236 0.276 0.282
245 0.343 0.354 0.356 0.370
290 0.453 0.475 0.488 0.545
333 0.580 0.600 - 0.617 0.713
" 360 0.655 0,690 0.742 - 0.814
400 1 0.748 0.802 0.834 04923
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Table 3.8 : Foam C

Temperature Practional Weight Loss After

% 7 min - 20 min 60 min 180 min
160 ' 0.125 0.160 0.192 0.232
200 0.224 0.278 0.318 0.332
245 L 04383 0.384 0.408 0.417
290 1 0.512 0.534 0.525 0.556
333 Ju} 0.620 0.648 0.688 0.784
360 7 . 0.690 0.726 . 0.790 0.870
awo I 1 ourre 0.815 0.891 0.938

_
Pable 3.9 - ¢ Foam D

Temperature Fractional Weight Loss After
°c T min 20 min 60 min 180 min
160 0.106 0.114 0.124 04131
200 . 0.142 0.200 0.311 0,382
245 0.426 0.437 ' 0.440 0.445
290 0.537 0.540 0.546 0.597
333 0.520 0.588 0.653 0.733
360 0.645 0.685 0.772 0.885
400 0.710 0.770 0.913 0,948

Table 3.10 : Foam E

Temperature Fractional Weight Loss After
°c 7 min ' 20 min 60 min 180 min
160 0.124 0.151 . 0.152 0.155
200 0.170 0.185 S 0,217 . 0.230
245 0.238 0.240 0.254 0.268
290 0.291 0.325 0.312 0.364
333 0.334 0.374 0.425 0.631
360 0.370 0.410 0.510 0.756
400 0.450 0.616 0.850 0.930
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3.3.2 Chaerred Foams

These tables list the characteristics of the foam samples after

exposure in the weight loss determinationse.

Key:

Temperature:— This is the equilibrium temperature at which the weight
loss determination was made.

Time o The time of exposure of the sample to ;he elevated

temperaturea

Strength  :— Measured on an arbitraryscale ranging from 1 (very
frail) to 5 (strqng~as original foam).

Shrinkage ¢~ . L (30%'volume~ioss
M 30-75% volume loss

E »75% volume loss

Cell Size 12~ - 8ize of the predominant qell type
a <imm
t 1~5mm
c > 5mm
s indicates the formation of a compact shell

of thickness spproximately $mm
- If. by viriue of the existenée of distinct zones,
one cell size did not predominate throughout the
sample, then both sizes are shown.
Melting - m slight signs of softening

5! indication of major softening



Table 3.11

Foam A

Temp- ., Shrin- Cell s
erature T:fole Strength kage Size Melting Comment
g (min)
160 1 5 L a - no iridescence
20 5 L - slightly brown
60 5 L - light brown
180 5 L - dark brown
200 7 5 L a - micro cracking
20 5 L ab - " ", dark brown]
60 5 L ab. cell walls breaking’
180 5 L ab black .
245 7 4 H cs ¥ | strong brittle shell
20 4 H cs 1 " "o "
60 4 H cs M " n "
180 i B cs N n " "
250 T 1 M ce M weak shell
20 1 M cs M
60 1 i cs M
180 1 M cs M
333 T 1 { cs bt
20 1 M cs A
60 - 1 ¥ cs ¥
- 180 1 M cs M
360 T 1 L s M shell only
20 1 M s M n "
60 1 M cs M flimsy filling
180 1 H cs M n "
400 T 1 L s M
20 1 I 8 M
60 1 B cs M
180 1 H cs M
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Table 3.12 ¢ Foam B

erzie::g; Time Strength Shrink- C?ll Melting Comment
o (min) age Size
160 T 5 L a -
20 5 L a - light brown
60 5 L a - ‘
180 5 L a - iridescent, dark brown
200 T 5 L a -
20 5 M ab
60 5 M ab
180 5 M ab m black centrey brown :
‘ mass
245 7 3 H be M ‘red interior, thick
skin
20 E be M |
60 3 E be W black
180 2 H be M
290 T 1 . = M shell only
20 1 H be M
60 1 M c M
180 2 M be M
333 1 1 M cs M
20 1 b cs M
60 2 M cs M
180 3 M cs M
360 7 1 L s i -
20 1 L bes M soft golden filling
60 1 i bs M soft iridescent
filling
180 1 H bs M “ "
400 7 1 i bs M 3 very frail filling,
20 1 ¥ bs M ) iridescent,
60 1 " bs 4 3 thin shell,
180 1 H bs M little remeining,
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Table 3.13 ¢ Foam C
er':’:ﬁf‘-e 'I‘:T.me Strength Sh;;x;k«- gi]z-]e- Melting Comment
o (min)
160 T 5 L a - yellow
20 5 L a - light brovm
60 5 L a - light brown
180 5 L a - dark brown
200 T 5 L a -
20 5 M b m orange centre
60 5 M b m reddish centre
180 5 H b m
245 7 3 H c H dark red glassy
. interior
20 2 M cs M
60 ‘ 2 H c M
180 3 M c A fragile black
interior
»'290 T 1 L c M
20 1 L c M
60 2 M c M
180 1 M c M
333 T 2 L c M
20 2 L be M
60 3 M b M
180 3 H be M
360 T 1 L be M soft iridescent
filling
20 1 M be ¥ " "
60 1 M be M " "
180 1 ! b M " n
400 T 1 M b - iridescent filling
20 1 M be - " "
60 1 H be - " n
180 1 H b - dull grey interior
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Table 3.14 s Foam D

er%'iﬁi; ?i?z) Strength Sﬁ:i;- (S;i;i Melting Comment
c
160 7 5 L a -
20 5 L a - just discolouring
60 5 L a -
180 5 L a -
200 T 5 L a - lizht brown
20 5 L a - 1 dark .bro.wn
66" 5 M ab m brown & black, soft centre
180 5 M ab m » "
245 7 4 M ac M 3mm wall, rest meltéd,
. ‘ black
20 4 M ac M | " n
60 4 M ac S L " n
180 ~4 M ac M n "o~
290 T 3 L ac M thick cellular wall
20 3 L ac M "
60 4 M ac M "
180 4 M ac M "
333 T 3 L b M mm skin
-20 3 L c M
é0 3 M c M
180 3 o4 c M
360 7 3 L be M omm skin, freil interior
20 -3 M be M LA "
60 2 M be M
180 2 H be M small
400 T 3 L c M
20 2 ¥ c M
60 1 H c
180 1 H o m very small
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Table 3.15 2 Foam E

er::zg—e 'I‘ix?e Strength sigz- g:;t Melting Comment
% (m:m)
160 7 5 L a - ' sample cracking
20 5 L a - n
60 5 L a - " apart L
180 5 L 2 - 1 1t
200 7 4 L a ‘= | many fissures, pale brown )
20 4 L a - " light brown
60 4 L a - " brown R
480 4 L a - " "
245 7 4 L a - mid brown ; cracks
20 4 L a - dark brown ) breaking up
60 4 L a - gold/black ) sample
180 4 L a -
290 T 5 L a - grey except centre,
cracking '
20 5 L -
60 5 L a -
180 5 L a -
333 T 5 a - only minor cracks
20 4 a - "
60 4 L a - n
180 4 ¥ a - "
360 T 5 L a - black and cracking
20 5 L a - n " »
60 4 M a - no cracks, becoming friable
180 3 H a - " "
400 T 5 L a -
20 4 ¥ a -
60 2 B 2 - becoming frisble
180 1 H a - very small
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3433 ACTIVITY OF CHARS
The following graphs (figures 3.11-3.18) record the
the temperature rises when oxygen was passed over the

heated chars as described in section 2.4.3
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3.4 DIFFERENTIAL THEREAL AWALYSIS
Figures 3.19 —-3.21 are the thermograms for Foams A-TL,
the additional foams formulated (F1-F5) and for some

of the raw meterizls used in urethane foamse.
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3.5 FPYROLYSIS PRODUCTS

30541 Chromatosraphy

As noted in the expszrimentel cection vogitive identificaztion of
semples was not possible with the apparatus used. It was, however,
possible to make some useful observations. No output signal was. produced
when the geseous products were introduced into the column either directly
from the pyrolyser or by injection through the septum. Concentration of
the decomposition producis by solution in verious organic ligquids did noi
ensble znalyses to be made.

3.5.2 Chleride determination

In this test 211 the foams gave similar results. The é&gquecus extract
of the pyrelysis products was of a pale yellow-green colour, and it
reduced silver nitrate solution 1o give a black precipitate of silver, in
Some cazges 1eavingua liouer thet gradually turned pink. The test for

-

chloride ionsg produced positive results, zlthough in the case of fosms 4
end D the solution went turbid but did not throw down a heavy precipiitate

ag did the others. Universal papers showed the pH to be approximately Te.

3e5.3 Nasgs Specirometry

a -

<H.3e1 Tzble 3.16 shows the pezks produced on aunzlysis of

Lad

the pyrolysis products of the foams. The oulput sismel was wealk unless
noted with m (medium) or s (strong).
- /

Samples of foams A and B were also pyroly
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200°C =2nd 160 C. The resuliing mass specirogranhs of the gaseous preducis

4 . s . - A0
did net very sienificently “rom those at 250 °C,
i o ~ . O
3.5.2.2 The charred fosm semples renzining afler pyrolysis et 250°C

were inspected and the observations sre recorded below.

. ]

Foam A : Sample had shrunk to ¢ criginzl size and a herd cellular reddish

char resulied,.

Foam E @ Behevionr similsr to Foam £, but exterior of sample was of &
davizer colour,
Touzm € 1 uch shrininras The clryong reddish chor exbibited eiqns of velltine

e R g+



Tadvle 3,16 @ Bwmary of mros specirozrans
Tempzraturs of pyrolvsis - 25()00
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The black char was epproximately half the size of the

original sample.
The sanmple split along several approximately longitudinel

places, but only discoloured slightly.
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4 DISCUSSION

4.1 HEAT PENETRATION

| 4.1.1 The temperature histories of axial points of cylindrical
samples, the ends of which were exposed to thermal radiation of intensity
4.2k m_g are shown in figures 3.1~3.5. The shapes of the curves are in
general agreement with predictions - the nearer an element was to the heat
source, the more quickly was its equilibrium temperature attained. The
temperature decreased with distance from the heated face and after 15
minutes the gradient was tending to a constapt value as exists in steady
state emilibrium.

The heat flux into the end of the sample has the form of a step function
‘and the response to this is governed by the nature of the foam which has a
finite value of conductivity and a thermal capacity and so absorbs heat
" as ité temperature rises. The effect of this is to introduce a time delay
and to change the step function to a sigmoid, the flatness of which depends
on the distance from the heated face and which is asymptotiec to the
equilibrium temperature. As the face distand from the heated one is not
perfectly insdlated the equilibrium condition will not be uniform tempera-
ture throughout but there will be a constant gradient and a heat flux
through the sample.

The temperature measured by the shielded thermocouple at the surface
ig that of the evolved materials expelled as the foam decomposes. When
such evolution has ceased it is a measure of the air temperature in this

region.

4.1.2 The temperature-time histories show deviations from
theoretical profiles which must be explained in terms of the nature and
behzviour of the materizls.

Rigid polyurethane fozms of low density are composcd mostly of the
blowing agent with only a matrix of polymer to form the cells that hold

~

the ges. Asgsuming a density of 5 kg m—3 for the gas and 1000 kg -

loZ,



for the solid, it can be shown that the volume of solid in a 30 kg m—3
foam is only 2%% of the total volume. Thus the foams under investigation
consist of thin walled cells of diameter % to 13mm filled with vaporised
trichlorofluoromethane. It is readily appreciated that conduction through
a solid cannot be strictly applied to such a material. The gas in the
cells will not remain stationary within the cell and there will be flux
due to convective transfer. In order to effect any heat transfer between
the cell walls and the gas there must be a temperature difference between
them, which requires the existence of an associated transfer coefficient.
Heat can also be transferred by conduction around the cell walls, and

by radiation from one side and absorption by another..

When a_sample of foam is exposed to thermal radiétion the surface
absorbs energy and is heated. A temperature gradient then exists between
the surface and the interior of the sample causing heat flux into the
gsample which heats the materizl. As the temperature of an element rises
it reaches the softening temperature of the polymer and cell walls become
more readily deformable. 4t this temperature there are probably also
reactions occurring in the pclymer, modifying the chemical structure.

The nzture of these reactions depends on the availability of oxygen,
vhether the element is near the surface or not, and the time taken to reach
the temperature, among other factgrs, One result of these reactions is to
make the cell membranes permeable. Some of these reactions involve
fragmentation resulting in short ch;in molecules being evolved. The
volume of the gaseous products is greater than the voids in the form so

the gases must be emitted from the interior. The path of least resistance
is through the heated section of the foam where reactions have already
wezkened if not perforzted the cell walls. Depending on whether the
resctions are exothermic or endothermic and to what degree, the element
under counsideration will be further heated or not, and the gaseous

products on their way to the surface will be hezted or coaled by contact
with the cell surfaces upon which further rezctions may occur. Thus the
tomﬁerature and naturc of the meterials upon emergence at the éurface

(03



depend upon any number of factors, not least among which are the tempera-—
ture of the reacting foam that produced it, the temperature of the

intervening foam, aznd the duration of the passage.

The 'surface'! temperatures shown in figures 3.1-3.5 all rise in the
first minute to a value over ZOOOC, and after 2 few minutes variation
settle to a value near 22000; The steady lower value for Foam B is
probably due to poor positioﬂing of the shielded thermocouple at too great
a distance from the sample and the failure to ensure that the thermocouple
was cleaned of all deposits from earlier experimentis which would tend to
insulate the thermocouple. Foam E is exceptional in its behaviour - the
Ligher surface'temperature of 260°C means that the decomposition products
are hotter which indicates that the fragmeniation reaction for the
isocyanurate ring occurs at a higher temperature than the corresponding
breakdovm in conventional urethanes. ‘When the heated portion has de-
composed the flow of meteriels out of the surface abates, and the surface
thermocouple merely measures the ambient temperature. As the fozm softens
and chars there is often accompanying contraction as surface tension plays
its part, and the heated surface recedes from its original position and
the thermocouple. This is the major cause of the fzll in surface
texnperature afteria few minutes exposure.

Comparison of the graphs for eachvof the materials tested shows little
difference between foams A, B, C and D. The differences in final
temperature reached at ezch depth are zttributed to variations in the
positioning of the thermocouples and the resulting error in the distance
from the heated face, with the exception of those recorded at = depth of
40mm. In fozms 3 and C the temperatures are significantly higher at
40mm, and it is also seen that the grodient 2t 30mm is higher in these
two samples than in eitrer fozm 4 or D, although the other curves are
comparable. Review of the componeﬁts of the fozms shows that foams 3 and
C 2re the only two of ihe polyurethanes containing the fire retzrdant

v - s 4 L - , . - o
aalelve TCZP. . This is a viscous liguid boiling at spproximately 220 C

| ol



under atmospheric pressure. A4 mzterizl such s this in a2 foam could
enhance the process of heat transfer by a "fluxing" process. Ag the

foam ig heated the TCEP vaporises and permeates down the concentration
gradient into a cooler part of the foam where it then condenses, releasing
its considerzble latent heat of vaporisation. Thus the temperature at a
depth inside the foam is raised more quickly, and even to a higher value
than it would be without the addition of a volatile flame inhibitor. The
effect of this process is not reflected in the temperatures near the
surface as these elements undergo rapid heating by conduction from the

high temperature surface.

The behaviour of foam E reflects the differing basic nature of the
isocyanurate based foams. The initial temperature rise is of the same
rapld rezte as the other meterials but where as in these the exothermic
chemical reactions raise the temperatures quickly to their final values,
the decomposition of the isocyarmurate foam proceeds more slowly at a
higher temperature, thus delaying'the attainment of finel temperatures.
The slow decomposiiion is evidenced by the continuing issue of volatile
materials, albeit as 2 thin streanm, iong after the other materials appear
inert. The high degree of cross-linking in isocyanurate fozms giﬁes a
high softening temperature that is not reached befora decomposition. As
the char does not suffer amalgamaiion of cells but retains the basic cell
geometry of the originel materizl the thermsl conductivity does not rise
as a result of the increased convection, and the volatiles being evolved
come into more intimate contact with the char, providing effective heat
tranéfer 1o cool the hotter zones and delay the rise to maximum tempera-
tures. Cracks are produced in the surface by thermzl stress znd as the
exposure continues these fissures become wider and deeper, zllowing the
radiation to veneirete deeper into the sample, As a resuli of this the
temberatures continue to rise long after the other foams have reached
a steady state. Although it is suggested that fozm B nay contein TCEP

it is not possidle in these curves to find positive confirmaticn os

l
' los



there are other factors of greater influence.

It is seen that the temperatures inside the foam soom rose above that
at the surface, which indicates that the radiant panel was not the sole
source of heat even if the dizthermancy of the foam was not negligible.

It is possible that exothermic reactions occurred as the foam was heated,
which could raise the temperzture, but the effect is seen to have trans—
cended the decomposition period, which near the surface was less than one
minute, and was meintained in the charred foam. Alternatively, the source
of heat could have been oxidation of the char by oxygen that diffused

in through the surface of the sample. As the sample charred there was
shrinkage at the exposed face which caused a gap between the sample and

~ the glass holder which prévided additional surface for the oxygen to
diffuse through.. If the reaction was controlled by the rate of diffusion
of oxygen this could explain the appzarently slow reaction and the steady

high temperatures.

4.1.3 Diffusivity
a) From the temperzture histories shown in figures 3.1-3.5 the
values of the thermal conducti&ities recorded in Section 3.1 were calculafed
as follows:
Consider zn opaque isotropic semi~infinite solid at zero “aitizl
temperature, the surface temperature of which is f(t). The temperature
ét any‘point is given by

(o]
(‘

2 2
v o= - £t - X ) e v
VL | 4§ﬂ? ) %7L )

X
2 Joct’

where =~ v =~ +temperature
t - time
x - distance from face
C<1—- thermal diffusivity
1f £(t) = kt“®, (k = constant),
v = k[-1(%p + 1) (4t)£ﬂ il fe ( = ‘........(2)

| =

log



Then the surface is held a2t a constant temperature then n=o and

v = k erfC('g'j:‘:EEftﬂ‘) 00.0....(3)

Thus after iime t the temperatures al x, and x, are given by

1 2
v, = k erfc(x—d
1 2 JotT on'o.o-.(4)
2
vy = K erfc('zr’%‘«, ) vesseses(5)
)
. —V:‘- _ erfc 2;&12 7 00....'.(6)
Vo erfc X5 ) ,
2;];5'
°r ::L _ erfc(a) -
v, X 1
2 erfc (2 72 ) eeeee(7) where a =
: ;: : 2=
v, X
=~ and —— are known from measurements and it is desired to
2 I

find the vzlue of a.

A log-logz plot of erfc(y) against y is drawn.
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Lliso log y, —log ¥y, = log (§;)
T2
% *5
g0 BC = 10g 1 = 108’ _—
X
& 1

The positions of A and B are found by trial and 2 value of ¥y is

read off. ¥ o= E:FEF

: ] xi 2 ‘
s o O = %(E_y_ﬁ 00000000(8)

b) The average values of the diffusivity for each of the foams and

iq s . 12 .
values for some common building materials are shown in table 4.1,

Table 4.1 : Thermal Diffusivity

Material Thermal
' Diffusivity
m2sm1 x 16.6
Foam A : 0.86
Foam B 0.91
Foam C 0.78
Foam D U.78
Foam E 1,01 %
Air ’ 18.7
Crown glass 0.53
Concrete Ced2
{  Brick ' 0.38
Ground cork 0.14
: i
Hood (spruce, 0.45 ;
with erain f
Hood (spruce, 0.24 g
across £rain) i

¥ Average excludinsg those values over 2 x 107°

[0



A
The thermal diffusivity,x = =
Cp
vhere A~ thermel conductivity

F — density

Cp -~ specific heat at congtant pressure.

. . . A
Thus (: ? is the specific heat per unit volume and Eﬁf represents the
P

ratio of heat transmitted to heat absorbed in the conducting medium.
As such it is a measure of the insulating 2bility, by volume, of a
material : a lower walue of cx means that a smaller proportion of the
incident heat is transmitted.

The thermal diffusivity of the urethane foams is seen to be about
2 $0 3 times that of other common insulating materials, but when it is
" considered that the other materizls contain 10 to 60 times the mass in

an equivalent volume the urethane foams stand out as excellent insulstors.

[0S
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AN SFONTAWWOUS IGKITION

£.2.1 The observations made in the preliminary experiments are
recorded in Section 3.2.7. Prom these it is seen that ignition did not
occur when the intensity of rzdiztion was less than 8.4kW m_z. The
ignition temperature as measured by a shielded thermocouple at the surface
is similar for all the urethane foams and dces not change significantly
with intensity. The isocyanurate based material exhibits a much higher
ignition temperature. The time to ignition decreased as the intensity
increased bul as the time was generally less than 5 seconds the accuracy
of the measurements is not high. Figure 4.7 shows the relationship
between the intensity and the ignition time. The dog leg in the curve
for foam A wes probably accentuated by experimental errors, but it does
indicate that at higher intensities of radiation the factor limiting
ignition is likely to Le of a physical nature, es mixing, or time to
project material from the solid, and not the radiant intensity.

In these experiments the gaseous products of decomposition
discharged from the heated face in streams which were drawn into the
furnace where high temperatures prevailed in the vicinity of the red hot
elements. When heated in this wey the volatiles ignited and flame flashed
back to the surface of the sample where it was sustaired by the evolving
stream. A low intensity of radiation caused only slow decomposition so
the heav output from the subseguent combustion of the decomposition
products was not sufficient to cause further decomposition outside the
irradiated area, as evidenced by the lack of spread of flame beyond the
irrzdiated srea and the extinction of the {lame when the radiztive source
was removed. The lack of irrition at S.3 k¥ m~2 was due to the failure
of the ﬁolatiles tb reach the interior of the furnace in sufficient

guantity to form = flemme®le mixture, The foams did decompose but the

rate of recction was not high enonsh to nroduce the necessary conceritrztion
-2
for igrition. If the intensity was increzsed beyond 186 X4 m ~ the vime

to isnition wonld not decrense centinuously as the limitine Tecotor zmunenrs

, l .
to!be the production of velatiles Zor projection into the furnsce. This

2.

is poverned by heat penetration inw

o the surfuce layer of foam, bul av
o
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hish intensities the decomposition temperature is reached zalmost instan—
taneously so the only time delay is that needed to produce the volatile
metter and transport it to the hot furnace.

The conditions of these experiments are similar to those
employed when studies of pilot ignition are made 13 in as much as there
is an external source of ignition independent of the material. This
situation has significance in practical situations. 4t the scene of a
fire the fuels are heated both by radiation from the flames and by the
hot atﬁosphere before the flames reach the fuel. Thus decomposition of
a material commeﬁces before it is directly involved in the fire and if the
products of decomposition are volatile they will be mixed with the
atmosphere and carried to the flame where they can provide further fuel
or alternatively produce a flammable atmosphere capable of propagating
flame to points remote from the seat of the fire.

4.2.2 The observations recorded in Section 3.2.2 were made with a

po sitive pressure of nitrogen in the furnace which prevented the convective
draught into the furnace aperture. This effectively delayed ignition until
a much higher intensity was employed. At an intensity of 16.8 kW n~2 the
samples underwent considerable decomposition but the evolved volatiles

were swept upwards by the convective current set up at the heated face and
did not enter the furnace.

When the intensity was increased to 21 kW m‘2 there was violen
eruption of streams of volatile materizl from the heated face and some of
these entered the furnace azperiure upon which igrition occurred. The
polyurethane foams 2ll burned with a very sooty flame but this did not
spread herond the front face and top of the sample. There was extensive
combustion but eventually sufficient char built up to give protection to

the rerr of the sample. Toams B and € conizining TCEP showed emission of

v

streams of mzierials as Foem 4, but ignition waes. delayed. This could be
due to the boilings out of the fire retordent additive with the decommesition

products zs it could prevent them supporting a flame. Furiher decomnosition
|
;

2.



would then proiuce a volatile stream not so protected by TCEP. The
slow spread of flame over the face of Foazm D indicates that the incor-
poration of a phosphorylated polyol had altered the kineticparameters
of decomposition as combustible products were not produced so rapidly
when the foam was subjected to the lower intensity of the flame rzdiation.
Fracture of the surface cells as a result of thermal shock threw small
particles of foam up from the surface and the resulting combustion of
these was responsible for the flash of non-sustained flame all over the
sample 17. The isocyzmurate-based foam E is particularly susceptible
to this behaviour, as is evidenced by observations made in the weight
loss experiments. The thermal stresses made the sample surfaces crack
audibly, and at low temperatures when charring was slight, these cracks
extended until the sample was reduced to several pieces.

On increasing the intensity to 25.2 kW m—2 the TCEP was seen to
‘produce only a marginal increase in ignition time and subseguent behaviour
of Foams A, B and C show no significant differences. When a char was
formed on the surface of Foam D the flame was extinguished except where
the sample was irradiated as elsewhere insufficient combustible products
were being evolved.

The isocyanurate based sample, Foam E, did not ignite until it
was subjected o 25.2 kU m—g and even then the scale of combustion was
minor compared with the other samples.

When the sample of foam undergoes decomposition volatile products
are evolved from the heated face, but whatever their temperature they
cannot ignite as they have no oxygen content. This has to be provided
by mixing with the surrounding atmosphere. The conveciive current at the
heated fzce sweeps the gas stream upwards as it mixes, out of the

irradizted volume and intc cooler regions where it loses hezi. 4s the

£330

—

atmosphere that dilutes the strezm is cooler than the sirean this also

0

recuces the tempersture. 3Spontzneocus ismition occcurs wihen the wmixture

comesg within the Tlammzble limits and a2t the same tine hre reached the



ignition temperature. In these experiments some of the ges strean,
diluted with entrzined air, is expelled into the furnzce where it receives
the additionsl heat required to raise it to its ignition temperature. The
flame propzgates back to the sample where the exothermic combustion
provides the energy to sustain the reaction.

4.2.3 Teble 4.2 14 shows the practical effects of various inten-—

sities of radistion.

Table 4.2 : Effects of radiant heat

Effect Intensity, kW 02
Summer sunshine in England ' 0.67
Causes pain in 3s 10.5
Spontaneous ignition of wood after long time 29.4
" " " cotton fabric after 5s 42.0
" " " fibre board after 5s 52.5

By way of comparison the intensities received from a single bar electric
fire at 5, 10 and 15 cm distancés are 10, 5 and 3.4 kW mm2 respectively.
4.2.4 Theories of flame spread across a surface of a solid vary
with the type of materizl under consideration, but there are certzin

spects common to thew all. It is agreed that rediation forward from
the flame is the major heat transfer process and that conduction along
the solid surface can be disregarded.

In the combustion of plastic fuels kcilevy and lMagee 15 view
the spreading as a continuous diffusive gas phase ignition. The advancing
flame hezts the surface by radiation, the surface vaporises, and the
vepours diffuse away from the surfzce to react exothermically with the
oxygen ﬁn the =2imosphere. The reaction then feeds back more hezat to the
surfzce, ithus increzsing the vaporisaztion rate; the heat relezse is
increased by the increased vzpour production, leading o o thermal
Yrun-away" to ignition. Ignition occurs just as the fleme reaches the
lofation. Direct surfzce attock by oxygen is unimportant in-spreeding

the Tlame.

1y



14
Terifa, del Notzrio and Torrilvo 222it thzt much vital data

on evaporation and chemical kinetics is missing, so making it difficult
to evaluate flame spreading anzlytically. They note that the flame
spreads as a thin bluish flame front which moves very close to the
surface of the plastic fuel. In this region combustion probably occurs
with the fuel/oxidant ratio close %o the minimum for flame propagation.
Behind tkis frﬁnt is the body of the flame where combustion is indepen-
dent of conditions in the advancing front. Thus the spreading process
is controlled by the mixture conditions at the surface, and the pro-
pagation velocity can be calculated for the one dimensional case with the
mixture conditions at the fronmt. in the regime of low fuel surface
temperature the heat transfer by rzdiation ahead of the flame controls
the spreszding rate. 4% 2 certain temperature, beéausé of the exponential
nzture of the vapour relezse characteristics, the fuel vapour fraction
at the surfzce increases rapidly end the flame spread increases gimilarly.
This témperature must be close-to the "ignition temperature of the fuel"
as it is usually defined. Above this temperature z combustible mirxture
exists all over the fuel surface, and the flame propagates throughk this
nixture with the heating of the surfzce heving no influence on the process.

Similar models keve been forwarded for the candle-like burning of
plastics 19. In these czses the plastic either evaporates or undergoes
a well defined depolymerisation reaction to provide the vapour to supplyv
the flzme. No such simple process cccurs when polyurethene is hezated so
this tyre of model cannct be applied to the materiél.

Although of a conpletely different nature cellulessic mzterizls
provide =z more acceptzile parzllel to urethanes in their cecambustion
behaviour. The flow dizzram of events in a fire it are shovm in

Tigure 4.2; drawn Tor wcoi, this descrites gquite well the processes

ollowed oy 2ll complex rolymeric materials, including polyurethene.

i

Severzl observaiiong aifecti

0
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b
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processes caX oe nale.
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ii)

iii)

iv)

Char thickness, and hence resistance tc removal of vapours
increases with time.

The increased residence time 2llows the reactions of the
pyrplysis products, and those between the products and the
charred material {o proceed to 2 greater extent.

Surface fissures form and deepen as exposure continues and they
decrease the effects of points i) and ii).

There is a multitude of chemical Teactions occurring
simultaneously in the material and the inter-action between
the reactions is unknown and iméossible to assess.

The preheating rate veries with the position inside the
material, the time elapsed, the temperature at the point under
consideration and therefore also the kinetics of the reactions.
Possible back condensation of products in the virgin materizl
will alter the characterictics of the material and thus its

subsequent behaviour.

Figure 4.2 ¢ Diagram of evenis in a fire

Heat flgz entering surface =<
v
Balance of inward conduction, ouitward convection € ———
and local ceizlytic reactions, and
zeocumilation of heat

J

which preheats the solid

v

Endothermic degradation of polymer

v

Small molecules in condensed phase
which breazk and pyrolyse giving geses and vapours ee———=

\
that diffuse out thro' the hot char and further reasct —
yrolysis products

y o
which a2re ready to burn when ther mix
with oxyren

b}

final

b
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4245 It is immediately apparent thet an analytical solution to the
combustion of this type of materizl is not possible, but that the best
solution is to be gained by fitting the behaviour ‘o models, the forms
of which are suggested by theoretical considerations.

One such model is that due to Simme and Law 20. In the system
considcred there is a constvan'b radiative intcnsi‘ty at the face and heat
losses are by Newtcnian cooling. It is assumed that ignition occurs
when the suiface "temperature reaches a f:.xed value. The results are

consuiered :Ln ‘l:erms of two d:unens:.onless parame‘ters, an energy modulns

' a.nd a cool:.ng modulus. I‘F‘ ﬁF is ‘the 'tempera.tnre of the surface a,bove

ambient when combustion occurs,. fthen.

‘Energy modulus = It_;._ '

FC (oct)z

=

<e° GF *t%)* |

» whlch represents ‘l:he rat:.o between 'the hea:!; d:.rec‘l:ed. a‘t the surface and

n“the geome'br:.c mean of the hea‘t a'bsorbed 'h;sr a.na. conducted ‘l:hrough the

surface layer.-

- Cooling modulu»s-,’v« (5 = H (cct).g/)\ s where H is the

‘ '!a,"Neyétonie.n“coolinr co—e;fa_clent. ‘

ki

e ,P.— e Cp(oct)%
| Et O _
e Cp&t)—g GF

Thus the coolins modulus is 2z ratio of the heat lost from and

the hezt retzained in the materieal.
It is postulated that the results fit =z relationship of the form

Tt __ 8

Q Cp(ect)_‘é- eF 1-exp{5 erfc (5

Simms and Lew tested wet wood under conditions of pilot andé spontanecus

irmition. Their resulis form 2 food correlstion with their rmodel when

o . o
values of 280°C znd 545 C 2re ~iver <o Q1 To

i given r pilot znd spontaneounsg



irnition respectively.

Other workers hzve used these moduli 21 end hzve set up nodels
‘with similar form 22.

The model was zpplied to the resultis of the spontaneous ismition
experiments performed in this work. The specific heat of the foams was
estimafed from velves for solid polymer and the blowing agent {to be
1280 7 k=1 % ~', and = mean value of 10 ~° m? g~1 Wes taken for the:
therﬁal diffusivity. The mean density was 30 kgm-3. The Newionian
cooling co~efficient for natural convection is an imprecise parameter

3 =l .

‘and, depending on the source, estimates vary from 6.27 2 Wm

through 12.5 24 w.nrzs"1 to 13.2 25w meg™t

.for these experimental
conditions. The values for<9F,were suggested by temperatures recorded
by thevsurface mounted thermocouple used in the preliminary experiments.
Higher temperatures were used for the secondary experiments to reflect
the effect of the positive pressure of nitrogen in the furnace, and the
lower cooling ‘caﬁiicieﬁt tekes account of the less viclent air currents
past the sample face. |

The calculated values of the Energy and Cooling moduli are

shown in tables 4¢3 and 4.4

e



Table 4.3 : Energy loduli (based on Section 3.2.1%)

T (kW " 8.4 1246 1€.8
t (s) (3:( ~) Energy Kodulus (=)
0.5 | 0.159 1.34
1.5 1 0.276 2.31
2.0 | 0.318 2.00
2.5 | 0.356 2.23 3.00
3'0 0‘390 2045
3.5 | 0.421 2.01%
4.0 | 0.450 1.88
4‘5 0'478 2000
5.0 | 04503 2.11
T<5 z 0.617 2,22%

20_~1

H= 10.0 Wm ~C  and 9c= 200°C (except * when S = 350°¢)

Table 4.4 3 FEnercgy lNoduli (based on Section 3-.2.2)

T (kN m2) 21.0 " 25,2

t(s) | p(=) Energy Modulys (=)

2.5 | 0.223 ¥ 3.26

3.0 | 0.245 | o L e

4.0 | 0.282 3.44 |

5.0 0.315 3.,18%

7.0 | 0.374 4455 |
12,0 | 0.490 % 5.95 3

!

= 6 R o | . -~ A
H= 0‘27 In c” and eF= 27500 (excep‘b ¥ when ‘:/F = ‘-—\OOC)

HS



These results are plotted in figure 4.3 and can be seen to fit the
modél approximately. The points from the early experiments show
scatter as consequence of the uncertainties of plume projectione.

The low values of G%-required to obtain this correlation indicate that
the ignition is by a pilot mechanism, and bear no relation to the self
ignition temperature of 52000 determined for similar foamgéby the
Setchkin Test 27. In the Setchkin Test the sample is heated by =2
stream of hot air,IaS'shown in figure 4.4+ The self ignition tempera—~
ture is the lowest temperature, with optimum air fiow, at which the

specimen will ignite in the absence of an external flame source.

4.2.6 As the model above is based on the assumption that ignition

occurs at a fixed temperziure it is reasonable to celculate the surface

temperatures of the irradiated samples.

Consider a thickness 1 of the irradiated face of the sazple.

Ts \\_\
T
m m h
Ts Ty \
2 N
——— T %
b 1
. f‘l ! . ...-—-N )
Let Ts = temperature of surface layer,
TA = air iemperature in region of the face,
Tb = +temperature in the bulk of the sample,
and the temperature at depth 21 be (T + Tb)/2
For unit area during the interval’gt,
heat received from furnace = I8t
radiztion received from atmosphere = O Th* &+
Z
radiation lost from sample (black body) = ¢ T st
heat conducted from fzce into body of sample = A. ’I‘S - Tb 7 St
2 2 1
convective loss from face = H (Ts -T,) §

{20
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Figure 4.3 ; Fit of experimental data to model of Simms and Law.
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net heat in

heat accumulated

STSQ Cpl

A heat balance then gives

Ty B 1 1 -o—('rs‘1 - TA4)
dt 1 p C

_ P

if TA = st + n,

aT

T T, [I-o’l‘ +0(nT _+n)" e

41"b

T 6(m n2
B

This is of the form

18t —a(r 4 -
8

A

21

1

e -H(1-m)T_ +Hn
: ‘EEF = -————- [k1+-€h4v—4?4ﬁh)+ T (4fn

+'I‘3 Mm3n + T4(m -1)0 ]

A

—— y

21

-7
£
: §v —

4)5t

H

(TS-TA) gt,

(E}L%;Eg) ~ H(T_ = 1,) | ea(9)

]

h -H(1-m))-+

eee(10)

eee(11)

E?E = %— [“a+st+ﬁT82+dT83+ pTSf7 (2y by ¢y 4, Py s ~ constants) ee(12)
. de Cp
. e = e == df eee(13)
3+'£T +~°—T2+9~T3+T4 s
P DP's Pp’'s P s s
If the polynomial denominator has roots- )\1 ))\2 )g ,)4‘bhen
dTé "
'-S' dt 0-.(14)

(27 ) (N (BN (1=,

1

. . " . . ' .
Separating thefractions and integrating gives (a y b, ¢, d, — constants)

1.
fa ar_ +jb ar_ (c ar_ [d ar_ ﬁ_.[z st ...(15)
Tem )‘1 ' JT —>B s
. | ; . .es{16)
ce @ in (Ts_}ﬁ) + b ln (Ts—fé) +c in (T - )+ d ln (T —)\) t const
... (Ts—)ﬁ)% (Ts~)§)b (TS—7§)C’ (T —/\) = exp (—.t) ¥ constant e.e{17)

t can be seen that

an anzlytical solution for TS

is not possible.

temperature gradient has to te solved iterztively.

The following vaslues were given to the vari
-3
1 = 205 »i0 " m
3 = 30 kem
\ ; ;
¢ = 1480 gk T
| D

2%

ables:

this eguation is not readily soluble for T_, so

The eguation for the



T = 300K

b
A = 4.6% 10_2 13} m_1 00_1

2 o.~1

H 8.4 WM - C

I

and T, vwas taken as 473°K when I = 4.2 kv m_z,

so T, = 273 + 078125 (T~ 273)

- . dT
S

g8
o3 = 0.009 {I - 573 x (7

A = (0.18125m_ + 59.71875)%)

- 9,2 (n ~ 300) - 8.4(0.21875T + 59. 71875)1 vee(18)
aT

At equilibrium EE— = 0, Values of T were tried to find the surface

temperature giving zero gradient. The graalent Ts has the form f(T )e
at

‘2, and let the first

Consider the case when I = 8.4 ki m

estimate of T be 605 K.

Then, f(T 605) 0.009 [é 4 x 10° - 5¢73 x 10 (60% — 0.78125 x 605
+ 59.71875)" ) = 2.2(605 — 300) - 8.4 (0.21875 x 604+597187,)j}
= 18.74 ‘

As the gradient bad a positive value a nigher value of TS, 625°K, was

téken as the second . ectimzte, then-
£(625) = 9.9

The third estimate was 650°K,
£(650) =~2.06,

, ] o
thus the eguilibrium temperature was between 625OK and 050 K,

£(640) = 2.86
£(645) = 0.42
£(646) = =0.51

' . : o 0,
it is seen that the value of T_ lies Dbetween 645K and GAG K beceause the

gradient chan-es sign in this interval. To the nearest degree, Tq = 645 K.

Then T, = 273 + 0.76125 (é45 - 273)

: o,
T, = 504 K

SN

The values of T_ and Tacalculatedin the sazme fashion for differing

=4

incident intensities are shown in table £.5

[ A



Table 4.5 ¢ Eguilibrium surface temperatures

T (kW o) T (%K) T (%)
4.2 530 473
6.3 589 520
8.4 | 645 564
12.6 732 632
16.8 798 683
21.0 852 | 126
25.2 898 761

. ) e oar.
Bquation (18) is of the form s = f(Ts)’ co

Ty

: 1
de
fF) T at - - - (19)
JT s e]
whié% can be integrated.numerically.

Simpson's rule wiih five ordinates (i.e. four strips) gives the

4

following expression 64 for integration of a continuous function. (See
figure 4.5),

b . h [
Jo ey ax= 5 g v+ s (g ra) v2g,| - (20)

y=g(x)//

e

¥

Pirure 4.5 : Simpson's rule with 4 strips

i
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This is applied to equation'(19) to find the time taken for the

surface to reach a temperature of 525°K when subjected to 4.2 kW m—e'

- (525 4T 525
thus t = s =
j ) J F(Ts) T, .
273 S 273

For 4 strips, h = 225= 213 63°, so the function needs to
4 ? - 4

be evaluated at 273°K, 336%K, 399%, 462° and 525°%K. Then, for

T = 4.2 ki o2,

]
£(273) = 53.288 F, =

£(273)

'1

£(336) = 43,576 F, =

£(336)
£(399) = 32.224 F, = 1 )
£(462) = 18.397 Fy = 1 ,

{462
£(525) = 1.096 F,o=

Application of equation (20) gives

525 4T -
( S 63 F. +F, + 4(F, +F,) + 2F -1
) .= e 0 4 1 3 2 J
273 £(T) “ |
Thus, 2t I = 4.2 kW M.Z, the surfzce temperature reaches 5250K in

38.8s. This indicates that the surface reaches a steady temperature in
approximately one minute and justifies the assumption of a constant

surface temperature in the diffusity calculations.

In order to find the temperature atiained by the surface afier a
given time the integration shown in eguation (19) was used, but it wes

65

evaluated by the trapezium rule , wnich uses the following expression

(see firFure 4.0)

f g(x) dx = % (FO + 2F, + Fg) .- (21)
2

l 18
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a b x

Figure 4.6 : Trepezium rule a7

)= 1 S : .
Again B and (T = - s defined in
£al ( s fZTSS7 ( S) at 2 1

equation (18).

, Con31der, fo; ezample, tne time requlred ;or the surface to ‘reach

TOO %k ‘when subgected to 16.8 k¥ m 2:

- 700273
==l .

then. f(7oo) = 0-009 [;640 % 103 = 5.73 x 107

213%,
-6 (70044- (0.71875 x 700 +

.71875) ) - .2(700-300) - 8.4(0 21875 % 700 + 9.71575):}

50 f({OO)

= 48, | .". P, = 0.02083,
£(486) = 113, F, = 0.00885,
£(273) = 153.5, Fy = 0.00652 .

These values are then substituted into esuation (21),

'r"{OO
J F(Ts)de = 5%3- (0.,00652 + 2 x 0. 0088; + 0. 02083)
273 -
= Ao8

' /
Thus after 4.8 seconds a surface exposed to 16.8 kW m_z reaches a

P ,
o, .. .
temperature of 700K. Similar calculations proéuced the range of values

shown in table 4.6.

2y
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Teble 4.6 : Surface temperzture history,

t(s) T (°r)
2421 550

3.8 660

4.8 700

Te5T 740

8.9 750
1115 760 |

The integral was evzluzted using other values for the intensity of

'réaiation, and the -emsuing results are shown in tabies 4.7 —'4.10.

Table 4.7 . . Table 4.8

‘. Surface temperature ' Surface temperziure
, , , B RPuria e

I =84 K@ T = 12.6 KW m 2

i(s) T (%) +(s) T (°K)
3.24 460 | 2.49 500
4.42 500 3.26 T 550
6.67 =50 4.34 600
L 10.95 590 ! | 1 6.05 ' 650
BEER 600 | 5.12° 650
| 20.6 820 o1 700
/
;

2%



Table 4.9 Tekle £410

Surface temperature Surface temperziure
I=21.0kdo > I =25.2 Kin 2
o, ' o
t(s) 'I‘S( K) t(s) 'I‘S( K)
1.65 550 1.42 550
2.7T7 660 2.28 670
3.17 698 _ 2.52 T00
3.92 142 2.86 730
4.72 770 311 750
5.66 790 4.0 800
8.06 815 . 5.08 830
L0980 483 860

The trapezium rule decreases in accuracy as the curve being
integrated deviates from the straight line, thus the times are less

‘eccurzte as the temperzture approaches the eguilibrium temperature.

The information contazined in tables 4.6~4.10 is presented
graphically in figure 4.7. { one assumeé that ignition occurs when
the surface reaches a fixed temperature it is possible to construcf a
family of curves showing the variation of ignition time with incident
intensity for each fixed surface temperature. ©Such a family is shown

in figure 4.8.

4 comparison between predicted and actual ignition times is made
in Ffigures 4.9 and 4.10, At the lower intensities the experimental
results correspond quite well with the theoretical curves. The egqui-

: £ 3 . - . - - O, ~ (&}
valent surface temperature is seen to be approximately 500K (225 C)
which is close to the temperziures measured by the surface mounted
thermocounle in the preliminary isnition experiments. The theoretical

E I 1 o km ] ~ . 3 oe O'r NG o
critical surface temperatvre for Foam ¥ is approximately ¢50K (2507¢)

which zrrees with the mezsured value.

iF not so clear., Indiceted ignition temperatures rans

o
s
o
Q
=

3
o
C
e
r
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800 p=

T, (%K)

700 p=

600 =

500 =

time (s) —————————

figure 4.7 3  Variation of surface temperature with incident intensity
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Pigure 4.8 ; Theoretical variation of ignition time with incident
intensity, for a range ofvalues of critical

surface temperature.
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Figire 4.9 ; Comparison of predicted and experimental ignition

times, for preliminary experiments.
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Figure 4.10 ; Comparison of predicted and experimental

ignition times, for secondary experiments.
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(450°C) upwards.

From these results it cen be dedvced that the surface temperature
is a major factof governing ignition, but its precise role cannot be
defined because of the vagaries of the experimental circumstances. As
discussed in section 4.2.1, factors involving the pvhysical movement of
the evolved materizls are likely to have an auxiliary controlling effect
and in the short term these are liable to show severe perturbations, for
example a change in the cell structure at the surface can completely alter
the direction of a jet of volatiles and so change the mixing vnattern. |
Probably the major cause of scatter in these results was the furnace used
as fhe radiation-source. t was nbt intended to ﬁe-so,kbut'tﬁe furnace
élsovacteé asfa rilot ignition'soﬁrcé. ‘In this capécify it wés ﬁefj
poorly situzted; the usual position for a2 pilot source is a short distance
above the sample 20, 21, 22’-2§. Beigg at some distance from the sample
and % the same height means tﬁat in order forvthe_evolved materials to
reach the ignition source %hey had to be pfojected violently from the
gemple. Yhen the furnace was flusghed with nitrqgen this difficulty was
arerevated. This facltor effeciively prevented isnition at lower rates cf

decomposition and increased the minimum ignition intensity.

No consideration of the freguency dependence of the emissivity of
the foam was taken, and no measurement of the spectral distribution of

the radiztion source was made, although it is seen that these factors

A ; . Lo 22
can influence the zbsorption of heat in the sample .

Okgm 7, foems will have 2 higher minimum

(W)

These low cdensity,

ifmition intensity than o more dense fozm. When the sample is Firs

o+

exposed *Tre surface temperature has To rise to the equilibrimm value,
=nd wiiite 1t is doin~ so the foam is decompesing ot = lower rcte then

necessary to form o flammsble mixture with {he cir. By the time the

temperciure hes risen hirh enoush to ceuce resction ol o sulfficient reite

for irrnition,the curface leyer of the foem h

1%

ze reacted to form o cher

which insulztes the bulk of the foom and orevents it renchine 2 hich
1 L
t

IS4



cnougn temperature 1o cause ¢ flammzble mixture 1o ne formed. Thus,

even though the radiztion intensiiy moy be above the minimum vealue

v

(o]
14y
P
4

a dense foam, the low density may preclude isgnition.

Under conditions met in practicel applications of urethane foams
the behaviour is likely to be modified by the size of fthe szmple. The
minimum intensitiy for ignition decreases as the ares of irradiated

29

. e . . 6 o
surface increases « TFor Tibre insulation board 7 the minimum

intensity for ignition of a2 large area is half the value for an area of
1Ocm2 and 2/3 of that for 100cm2. Another implication of a small
experimentai'sample ig the short residence_fime of the evolved meterials
in fhe.heéfed'zone; Oﬁ a 1§rge scale;fhérmixing coﬁditions woﬁid-be
altogether different; once mixed with 2ir the evolvead products would
pass up over more heated surface and couldrbe,héatedvsufficienﬁiy tq
regch thé critical:temperature before passing into the cool zoﬁe. A
iérger pluhe could zlso produce o flammable mixfure at avdisfance from
the heated material and so the source of pilot ignition could be distant

from the seat of the fire it pfoduces.

: o . 6 . s
In the case of a2 vertical surfzce 3 the ignition time also depends
on the height of the sample. When the radiant intensity is below a
critical level the ignition {ime decreases as the height;increases,but
above the {ransitional radiation level there is no heizght dependence.
This is explained in terms of the time, tss’ to establish 2 steady—
: /

state free convection boundary leyer in the gas 2t .the solid surface.

: =l

At low values of irradiance t, >t and the height dependent heat losses

SS
through the boundary layer cause the top of the pa@él to e hotter than

the bhottom and so czuse the pyrolysis rate and time to ismition

to be dependent on the height. At high value, greater than apprdximately
170 X m° for cellulosic solids, t, < t__ and ignition occurs before

the boundary lzyer is set up.

S



e N 2t oh Do 1eidered
For ignition of & gas by a hot surface, Zeldevitch congidered

F- RN
v

the effect of various fact including the shane and dinmensions oY tne

pes
o
]
n

ieniting surface, movement of the gas, aend chemical kinetics, in terms
of the heat flux in the gas and the critical balance of generated hect
versus heat lost that limits a thermal explosion. Ee noted that if the
combustion température wag lower than the igrnition temperature zs
calculated from the heat balance, there counld be no igmition however
hot was the ignition surface because the propagation of flame was

nothing more than ignition of cold gés by the hot combustion products.

,,-\,\



4.3 Weight Loss

4..‘3.1 The results of the weight loss experiments are given in

tables 3.3 = 3.7. The information is presented graphically in

figures 3,6 — 3.10 with additional lines showing the concentrations of
the blowing agent (¥11), the propylene oxide content of the foam and TCEP.
In some of the foams P11 is introduced in the polyether (Da.ltolac 51) and

as a separate constituent.

Propylene oxide is used to extend the polyethers and its concentration is
calculated from the hydroxyl number and the polyether functionality.

. 30
Daltolac 50 has a hydroxyl number of approximately 480, ard an insignificant

acid number of less than 1.

~

The hydroxyl number is the weight in mg of potassium hydroxide equivalent
to one gramme of the polyol resin. The molecular weight of potassium

hydroxide is 56, so

56g KOH = 1g resin,signifies 1 (CH) group/g of resin

. . 56mg KOH = 1g resin, signifies 1 (OH) /1000g resin
If hydroxyl number is 480, there are ng () /1000g resin
= 1 (0H) /116.7g resin

But Daltolac 50 is a propoxylated toluene diamine,a tertol, so the

4 hydroxyl groups are coﬁtained. iﬁ-467g of reéin: this .is the molecular
weight of Daltolac 50. The molecular weight of toluens diamine is 122,
therefore the remainder, 345, is due to propylene oxide. Propylene oxide
has a molecular weight of 58, thus each molecule of Daltolac 50 contains

6 molecules of propylene oxide, which is 74% by weight.

Similarly Propylan RF33 is a propoxylated sucrose adduct with a hydroxyl

number of 490 — 500.

0 : Sucrose.




Sucrose has a functionality of 8. This gives 95 — 10 molecules of
propylene oxide per molecule of polyether, some 6245%.
Propylan P450 is a propoxylated phosphoric acid with approximately 7%

of phosphorus. If P450 were

/o [cn,. c(cg,) Bo | g

o0 =7 o [em,. c(cr,) mo ] B
' ,, RN {cnz. C(CHB) HO ] A
the phospho;mis,‘l Qdﬁtent would be 7% and propylene oxide would account for

‘ v 31
78%. The hydroxyl number would agree with the published value of 385.
/ .

The following table summarises the concentrations of these materials in
the experimental foams:

. Table 4.11 ¢ Composition of foams

FOAM
o of A B | ¢ D B
Fi1 12.8 | 12.1 1 12.5 114.7 | 16 32
Propylene oxide ] 20.5 | 195 | 24.3 } 24.6 [ *Estimated
TCEP 0 5,31 9.9 1 0 10%

In order to get some idea of the degree of crosslinking the excess
isocyanate over stoichiometric requirements was calculated.

MDI has a molecular weight of 250 but is a diisocyanate so 'Ehe equivalent
weight is 125.

Daltolac 50 has a molecular weight of 467, and, being a tertol, each
molecule combines with 4 equivalents of isocyanate. Thus 1 part of
Daltolac 50 needs 4—-2—‘-6%22 = 1.07 parts of MDI.

Similarly the isocyanate requirements of the other polyols were calculated

and are shown in table 4.12.

Table 4.12 : MDI requirements of polyols

—_
Polyol MDI requirement, W/W |

Daltolac 50 1.07

Propylan RF33 1.1

Propylan P450 0.84

Glycerol 4.0

Water 14
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Prom these data and the formulations in section 2.1.1 the excess isocyanate
in the foams was derived.

Eg for Foam D:

MDI demand of RFF33 = TO0 x 1.1 = 77
MDI demand of P450 = 30 x 0.84 = _25.2
... Total MDI demand = 102.2
but MDI used = 128, therefore excess = 25%

Table 4.13 ¢ MDI in foams, excess over stoichiometric demand

Foam Excess MDI
A 38%

B 38%
C 19%
D 25%

There was insufficient data for a calculation for Foam E to0 be made.

The excess MDI reacts with the active hydrogen in the urethane group to

form allophanate linkages which add to the rigidity of the matrix.

4e3e2 Inspection of the curves in figures 3.6 = 3.10 reveals several
features of interest. Firstly the weight loss at 160°C is in all cases
approximately equal to the weight fraction of trichlorofluoromethane
“which, as the blowing agent, can be expected to be firat lost a.s it is
only a gas enclosed in the cells of the material. Considering foams A,B
and C it can be seen that a,s the concentration of TCEP is increased so the
material loses the first fraction more quickly. To enable the P11 to
escape it would be necessary to provide a path, which could be created
either by rupture of the cell walls by physical or chemical forces; or by
rendering the cell walls permeabie to diffusion of the vapour. The
inclusion of TCEP is a physical process so the cell walls must be
intrinsically more susceptable to gaseous diffusion when the vapour pressure

of the TCEP increases with temperature and there is less of it in the solid
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matrix of the foam. Permeszbility might be enhanced by the plasticising
effect of the TCEP.

Secondly there is a distinct "pinch" in the curves at a weight fraction
corresponding to the loss of |1 + propylene oxide + TCEP, where they

are present in the fomulations; This indicates that one set of reactions
is complete and that another has yet to commence. The temperatures at

which these critical weight losses are reached are shown in table 4.14.

Agreement among the values for the widely differing foams suggests that
similar processes are responsible in all cases. The boiling point of
TCEP is 220%33 but with the accompanying decomposition and possible
elevation of the boiling point it is reasonable to expect complete

vaporisation at approximately 260°C.

Table 4.14 : Temperatures at critical weight losses

Fozm A | Foam B !Foam C (Foam D | Foam E
a), % F11 12.8 1241 12.5 1447 16
b), " + propylene oxide 33.3 31.6 36.8 39.3 -
c), " 4 TCEP - 3649 46.7 - 2
Temperature for b), °C | 220-240 | 220-240 | 220-240 |205~235 -
Temperature for c¢), °C - 240-250 | 265-275 - 230--260

Above 250°C the polyurethane foams A, B and C exhibit an approximately

- linear relationship between temperature and weight loss, but the foam with
phosphoxrylated polyol, D, shows more iime dependence. Up %o 340°C the
secondary reactions in foam E are relatively slow, but above this

tenrperatui-e the foam volatolises rapidly.

4e¢3.3 In order to ascertain the relevance of the experimental results
after 7 minubtes it is necessary to consider the heat penetration.

Consider an infinite cylinder of radius a, with a temperature of zero.

e



The surface is raised to a temperature of Tr = a. Figure 4.11 shows the
34
variation of temperature with radius and time.
) -1

For the samples in questionmecc =1 x 10 n° s and a = 16.5mm

60 s,

0.2262 and ‘I'r

]

When t 0.50 T.__

%

T

i}
1
]

120 s, 0.4524 and T, = 0.92 T___

SRR

0.6786 and T, 0.97 T_.

N NN

Thus within 3 mimites the whole of the sample is within 3% of the surface
4 -
temperature, which justifies an assumption of instant heating to furnace

te#xgeratuz}e.

4.3.4 It is suggested that the first effect of heating the foam is to
d.rivé ’viou‘b the blowing agent. This can be accomplished by rupturing the
cells, or by making the walls permeable to the F11, so allowing it to
escape as it expands on heaiing. ‘

The case of the cell walls being ruptured by the increased pressure of
the gas is first considered. A

If the density of solid polymer is‘1000 kg.ﬁ3 , the density of F11 .vapour
is 6 kg o> and that of the foam is 30 kg >, let x be the volume
fraction of solid in the foam. Then 30

e o X

1000 x+ (1 -x) 6

il

«024

The solid is the continuous phase in this mixture, so the solid fraction
of the cross sectional area = 1 - 0.9762/3 =0,016, Typically the cells
have a diameter of % mm. Consider an area 10 mm square, and assume

- regular arrangement of the cells on a square matrixe The total length of
the cell boundaries is then 40 x 10 mm, If tw‘ is the thickness of the
cell walls,

area of solid = 400 x ‘tw mm

=0,016 x 100 mm

« « thiclkness of walls, J‘Tﬁ = 0,004 mm

[41



Figure 4.11 ; Temperature profile of infinifte cylinder of
racdius a, initially at zero temperature, and
'surface raised to temperature Tr— .

(from reference 34)
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The tensile strength of the polymer is approximately 1.4 x 107 kN m™2

(2000 psi) and the modulus of elasticity is 34.5 x 'lO4 kN m—2
3 35
b4 psi
(50 x 10 i
Modulus of elasticity = stress/strain

When the material fractures the stress is equal to the temsile strength,

4
so 34.5x104 = L wa
° dal,
s e "I':"' = 000406
* L+ dL
s ® L = 1.0406

Consider an area the crossection of which has length L. This is distorted

to a length L + dL, with a radius of curvature of r_ (figure 4.12)

Pigure 4.12
Curvature of distorted

surface

ThenL+dL=§-g'6 . 27 r

(]
L = 27 sin {5_
2

0.. L'i'dll = — . _i

L 360 siné
but L+« dl, = 1.0406

L

. $

L I 100406 =

et - . ———

i = 120.0
e S

By inspection this is seen to have a solution

o
60°,

therefore Ifr, = 2 sin30°, = 1
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To find the pressure, /A P, required to maintain a surface of thickness

tw at a radius of T, let us consider the hemisphere shown in figure 4.13.
Figure 4.13

Pressure to maintain

.curvature

- F (stress
4 ; )
‘The force due to pressure = AP 7 T
and the tgtal stress at the rim of the shell = F. 2 70 r  #;

c -
at steady state these are equal, so

2 .

AP’n’rc =}§'.2'Ir1"3'l:W
. 2, Fu t
Joooap - Elw

C
At fracture the stress, F, = 1.4 x 107 ¥ o2

r, = 05 mm and %, = 0.004 mm
* Ap . 2x0.004 x1.4x 10%
* = - 0.5

AP = 224 Wy m o

Therefore the pressure difference across the cell wall needed t0 cause
Tupture is 224 }s;Nm—z. If the external pressure is atmospheric,

100 szm—z, and the intermal pressure was atmospheric at room temperature,
then the temperature at which the internal pressure is sufficient to
rupture the wall would be %g% x 273 = 880% (610°C). This is clearly
far higher than the temperature at which the F11 is lost, so this is not

the release mechanism.
Weight losses approaching the F11 content occurred at ftemperatures as low
as 160°C. Reference to the tables in section 3.3 reveals that there is

evidence of chemical degradation even at these temperatures: discoloration



the foam and an iridescence of the cell membranes are found, If there was
su'fficient reaction o cause these changes it is most unlikely that the
physical characteristics of the material would be unchanged and membranes
0.004 mm thick remain impermeable. Investigating polyisocyanurate foams
Einhorn * found that after 5 minutes at 100°C there was no damags, but

that 5 minutes at BOOOC produced blisters on the cell membranes.

4.3.5 Activation energies for decomposition of the foams can be dérived
from the measurements of weight loss.

Suppose that the foam undergoes a reaction such that the product is
volatile and is lost from the solid. If the reaction proceeds according

to a first order mechanism,

then di
.....'E. = - K9
dt t
where H_b = weight of foam at time %
k = rate of reaction
* L ] m
= 5o _xat
+
Integration yields 1In W’t = - Kkt + constant
'.' Wo
In ﬁ.—' = kit

_ A
But k is of the form A.exp (- E_,/RT),  ° lnﬁ9.= thexp(-E__/AT) |
-b .

* 1n1n % In At - E
v "= act
4 RT

Thus a plot of In In W /W, versus 1/T has a gradient of - Ect and an

R
intersept of 1ln At.

In the decomposition of polyurethane foams the loss of the blowing agent
is a physical process and as such cannot be accounted for in such a

L
treatment, Therefore a corrected original weight, Ho = No (1=fraction

of F11), is used.



1
Values of ln In W_ /i, calculated from the results of section 3.3.1 are
shown in tables 4.15 -~ 4.19.

Table 4.15 : Foam A

103 InInu /N,
7oK 7 min 20 min 1h  3n
2.31 \ ~ 3.08
211 -3.32 | -2.44 | -1.85 - 1.78
1.93 - 1.14 - 1.23 - 1.10 - 1.06
1.78 - 0.67 - 0.69 | = 0.59 - 0.45
1.65 - 0.29 - 0.25 | = 0.16 0.06
1458 - 0.13 - 0.04 0.10 0.41
1449 0.12 © 0,29 0.60 0.98
Table 4.16 : Foam B
103 1n 1n W, /i,
7°k 7 min 20 min 1h 3n
2.31 - 2.90 - 2.67
2,11 - 2.67 - 1.97 - 1.64 | = 1.60
1.93 - 1.23 - 1.18 - 117 - 1.10
1.78 - 0.75 - 0.66 - 0.62 | = 0.42
1.65 -0.24 | -0.19 0.11
1.58 — 0.04 0.04 0.20 0.44
1.49 0.22 |  0.40 0.51 0.89




Table 4.17 :

Foam C

10 ln 1n w; Ju 5
%K 7 min 20 min 1h 1h
2.31 ~ 3.20 - 2.53 - 2.04
2.11 - 2,12 | = 1.65 -1.39 | = 1.31
1.93 ~ 1.05 — 1.05 - 0.94 - 0.90
1.78 - 0.54 ~ 0.46 - 0.49 - 0.39
1.65 - 0.18 - 0.09 0.03 0.34
1.58 07.04 0.15 0.36 0.65
1.49 0.30 0.44 0.73 0.97
~ Table 4.18 : Foam D
- e /o
7K 7 min 20 min 1h 3h
2.31
2.11 2.5 | - 1.54 - 1413
1.93 — 0.93 - 0.88 ~ 0.87 ~ 0.84
1.78 — 0.49 - 0.48 - 0.46 - 0.29
1465 ~ 0.55 - 0.32 - 0.11 0.15
1.58 - 0.13 0.00 0.28 0.70
1449 0.08 0.27 0.83 1403

)




Table 4.19 : Foam E

103  InanW M4

7oK 7 min 20 min 1h 3k
2,31

2.11 ~ 3.50 — 2.66 — 2.44
1.93 ~ 2.33 ~ 2,30 - 2.13 - 1.98
1478 - 1.78 — 1.52 - 1.61 - 1.28
1.65 - 146 -1.22 ~ 0.97 — 0.20
1.58 — 1.25 — 1.04 - 0.62 0.21
1.49 | =-0.86 - 0.25 0.54 0.91

The results are plotted in figures 4.14 to 4.18. It can be seen that

the curves are not the straight lines the model predicts, but that they
diverge at both high and low values of T. At low temperatures the weight
loss does not differ by much frqm the P11 concentration, so any variation
or inaccuracy in this figure,.;will.‘ have a large effect on the ordinate.
Mean gradients of the curves were measured in three regions and activation

energies calculated from them. Table 4.20 holds the values,

Table 4.20 3 Activatiom Energies

Activation Energy kJ mole ™
103/2%k 125 = 146 1.65 — 2.1 ~2.2
Foam A 54 33 54
Foam B 34 34 54
Foam C 30 30 45
Foam D 51 22 -
Foam E 78 29 20

which are a little lower than the 80 kJmols' quoted for the pyrolysis of
18 -1
wood or the 100 kJmole typical value for tg.'? oxidation of wood fibreboard,

cotton linters, natural rubber foams and cork.
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Figure 4.14 ; Arrhenius plot of weight loss results - Foam A.
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Figure 4.16 ; Arrhenius plot of weight loss results — Foam C.
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Pigure 4.17 ; Arrhenius plot of weight loss results — Foam iD.
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Figure 4.18 ; Arrhenius plot of weight loss results — Foam E.
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Ueing a similar technique Gamadia investigzated polyurethane foams of
higher density. Results for foams of density 64 kg m“3 are shown in

tables 4.21 and 4022.

Teble 4.21 : Rigid foem, with 30 parts TCEP. 64 kg m >

Frzctional weight loss
Temperature, C after 5 min after 10 min
230 | 0.075 0.102
270 0.175 04257
300 0.230 0.336
330 0.485 0.527

Table 4.22 ; Flexible (high modulus) foam. 64 kg —

Fractional weight loss
Temperature, °C after 5 min after 10 min
230 0.060 0.100
270 | 0.105 0.300
1
300 § 0.330 0.420
330 g 0.420 0.445

For the rigid foan a blowing egent fraction of 0.05 is assumed, but ﬁhe
flexible foam is of an open cell structure and so no gas is encapsulgted.
The Arrhenius plots for these data are shown in figures 4.19 and 4.20.
Using the gradients denoted by the broken lines, activation energies have

been celculated to be T1 k;7m01€1 1

for the rigid foam andé 52 kJmole ' for
the flexible foam. These values are higher thaxn those for the lower

density foams, probebly on account of the greater surface area in the

materials upon which the voletile producis can crack to produce carbon, so

decregsing the rate of global weight loss,.
These czlculetions were mede assuming complete conversion of &clid 1o gag,

without any solid residue. I such an allowance is made, then the shape of

I5Y
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Figure 4.19 ; Arrhenius plot from weight loss -~ Rigid foam with

30 parts TCEP, and denmsity 64 kg n .
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the frrhenius plot is changed.
If reaction of unit weight produces x solid residue, then let T4 be the
weight of reactive solid at time t. When ¥y remains, Yoy has reacted

to give a residue of x(yc-g;), thus the total weight remaining, W

t
= ¥, + Xy,
* = - 4
e Ty = Hi X ¥, end d yf = T dwt
But 4y A=x
5 iy
at +
. e 1 dI«I,G Lo Wt -y,
1-x dt - ~x
e &Ht
Ht-xy = -— kdt, which on integraiion gives
in (Wt—xyc) = - kt + constant
.Y ]
At t = Oy Wt = WO’ and yO = WO\'
L | ]
. - %O—xﬁ
.. In —=—2 = 4 kt,
. .
g XMO
. Wil :
e« 1nln—2—2 o 1in A% - “sch
Ht—xﬁo RT
1 A ]
W ¥ 154
There is no gimple relationship between In 1In v end in In ~2 , but
Wt-xﬁo wt

one such typical curve for the case of W; = 0,872 and X = 0.057 ig shown
in figure 4.21.

The amended family of curves zllowing for 5% of the original sample
remaining as cher ie shown for Foam A in figure 4.22. Comparison with
figure 4.14 shows thet there is a positive displacement of the curves, a
nziurasl consequence of decreasing the numerstor end denominaior of the
fracticn, pbut litile difference in gradient even at high temperatures — the

3 i 57 kJ mole .

ectivetion energy calculsied at 1/T = 1.5 x 10~
The ectiveiion energy found by this mezns must obviously be a global value

&2 there is not one single reacticn occurring, but a great number. kary are

ey



Figure 4.21 ; Bffect of solid residus on Arrhenius plots of

weightbloss results (for the case W;=0.872, x=0,057)
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Figure 4.22 ; Arrhenius plot of weight loss results — Foam A,
(allowing for 5% remaining as char).
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girvlteneous reactions, but othere are sequential, depending on the
rroducts of pricr reacticns. There ere reactions between ihe geeeouc and
gclid phases and these are particulerly dependent on the neture of the
surfeace which is constantly chenging., Some rezsctions cause no loss of
weight and others condense the gaseous maierials. When the foam is
eubjected to different temperaiures there ere different reacition schemes
&c one or another reacticn is favoured by the preveiling conditions; and
this hae effect on the subseguent reactions too.
Thus it is seen that the global sctivetion energy is of iimited value in &
38
real situation &nd ghould be used with ceuticn.
In addition to the varisitions caused by multiple reaciion eystems, there is
glgo the problem of defining an activation energy for & sclid or solidfgae
rexction. In the sbove calculation weight of solid wes taken as & measure
of conceniration, but it is doubiful that this {ruly represente the correct
picture even if a unimolecular first order reaciion does occur, especially
if the reacting ‘molecule! ie & gection of the polymeric metrix. In eolid
resctions the expression *mole® has limited epplicebility as it is not
possible to define it meeningfrlly - in a2 highly crosslinked structure such
as rigid polgprethanes the *molecule! could extend throughout the mase of

the sample.

4.3.6 Charecterietice of Char

Observations and messurements made on the samplesﬁof foam i%ilised in the
weight loss experiments are recorded in section 3.3. 4s ail these
measurements were taeken when the samples had céoled, éhe asgessment of
strength may well heve been inaccurate as the sofgenéd.foam hecame quite
rigid when the temperaiure fell. The cther,observét%bns:were not effected
bty this cooling.

vThe foams A, B and C 211 ghowed some eigne of decompositioﬁ et 160°C &s was
evidenced by the discolourstion, but even after 180 minuies ihere wes no
lose of sirength or breskdown of the cellular structure. ¥hen subjected to

& temperature of 200°C the wells of the celle sierted o degenerate
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producing larger caviiies within the foem (figure 4.23). This did not
wesken the foam as the effect wes countered by the incresse in rigidity

of the siruie end membranes that remained intact, and a reduction in size
of the sample. £&s the time increesed so did the elight signs of sofiening
of the materials become apparent as an iridescence of the glazed surfaces.
The presence of TCEP produced greater shrinkage and an earlier onset of
softening.

The condition of these foams after exposure to 24500 was markedly

gltered - shrinkage was high and the interior was wesak, with large cells
as shown in figure 4.24. Overall sample strength was brovided by the
rigid shell which was more substantial in the foam without sdded TCEP. The
ingsicdes of the shells were glaze& énd, when cocled after seven minutes
exposure, the interior structure of foam C exhibited a glass-like texture.
L% 290°C &nté 330°C'foams A and B behaved in similer fashions. Both were
reduce& 1o & weak shell with & weak large-qelled intericr, and suffered
medium shrinkage, except that foam B after seven minutee wae only an empty
shell (figure 4.25). Foam G however only suffered low ehrinkage for the
shorter exposure itimes, and showed a tendency to grester sirength as the
shrinkege increased and cell size decrezsed with time of exposure.

L% 360°C end 400°C 211 three foams beceme very weak, slthough the shrinkege
veried with exposure time. Foam £ reduced to 2 thin shell and sometimes
contezined a flimsy filling es shown in figure 4.26. Foams B and C were
both composed of & very freil iridescent filling of medium cell sige in a

continuous cerbonaceocus shell, which in the case of foam C was very thin.

Up 1o 200°C the reaciions made little chenge to the phyesical appearance of
the foam, but at femperatures ebeve this the meterials undergo reactions
which have shorter ckzin length producis that heve & melting cor scftening
point below the reaciion temperature. The decrease in initial shrinkege

et the elevaied temperetures indicetes that the low soffening pcint products

furiher decompose io give non-scftening procducis before sufficient time has

X~y



Figure 4.23 ; Char from weight loss experiment

Foam D, 1 hour at 200°C.

Figure 4.24 ; Char from weight loss experiment,

Foam G, 1 hour at 245°C.



Pigure 4.25 ; Char from weight loss experiment,

Foam B, 7 minutes at 290°C.
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Figure 4.26 ; Char from weight loss exveriment,

Foam 4, 1 hour at 400°C.



elapsed to a2llow the softened material to coaslesce. This is a2 result of
the complexity of a material which undergoes many reactions simultaneously
when heated, the course of the reactions depending on the balance of
factore influencing the individual rates of reection.

The major effect of the added TCEP appeared to be to increase the softening
of the meterial which is to be expected as it is frequently used as a
plas'biciser-:)3 but at higher temperatures it may have assisted in the
production of the soft iridescent core of the sample.

Teble 3.14 shows the observations mede on foam D. Up to 200°C the behaviour
was the same as that of foams A, B end 0, bul at higher {emperatures the
char had markedly different characterietice. The sirength slowly decreesed
with increesing temperasture but even at 360°C the semple wae etill
moderately strong. The formation of a relatively thick outer shell of
finely textured char was reeponsible for delaying the onset of freiliy.

The inner volume may have been weak with large celle but the outer portion
appeared to "orack! the volaiile metter produced at the cenire and to lay
down 2 cher with small cells (figure 4£.27) that ﬁrcvided continuing girength.
Le heeting continued this slowly decomposed and the sample size decreased
correspondinglye.

Even &t 400°C foam D did net immedisiely lose itsm stréngih. Although it

wes decorposing steadily there wae e£iill 2 reasonable amount of substentizl
char after 20 minutes of ezposuré, but after one hour the cher was of little
uge s an insulant (figure 4.28).

The mode ¢f degradation of the isocyanurate besed materiél, foem E,éiffered
in several important sspectis from that of {ihe cther matierizle studied.

The strength of the charred sample was comperable with that of ithe unireaied
foam vntil it suffered preolonged expoeure to temperaitures in excees cf
350°C, and 2t no stage did softening become apperent or ithe cell siruciure
show eigne of breekdown. £% the lower exrperimentel temperaiures the

surfece of the samples was brokern by a2 plethore of small crecke which



Pigure 4.27 ; Char from weight loss experiment,

Foam D, 20 minutes at 290°C.

Figure 4.28 j; Char from weight loss experiment,

Foam D, 1 hour at 400°C.



exlarged as time cortinued. At 24500 these Tiggures developed until the
sanple wag rift in several approximately parallel planes zlong the
cylindricel axis and difection of rise as evidenced in figure 4.29. These
cracks were probably siarted by the thermal shock on introduction of the
sample to the high temperature enviromment. Any stresses left in the
material after menufzcture, or wezknesses introduced during sample
preparation would zuiomaiically act 28 nuclei for the development of these
fissures. Expansion in a network of material as rigid as this isocyanurzte
foam could produce areas of high stress where the tensile strengih could be
exceeded, especially &n the plawe of foam rise where the bubbles are
elongated end the cross sectional area of so0lid decreamed.

Ln increasse of the temperature to 29000 started chemical decompesition

that turned the foam grey and rendered it less lieble to cleavage. The
more rapidly this degradesiion ocecurred the lesg the extent of the phyesical
fragmentation.

A further phsse in the degradztion was apperent after prolonged exposure

st 360°C. This wes ine feilure of the strensth of the cher.is the internzl
black honeycomb became fragile and grey the size of the sample underwent
dramstic reduction (figure 4.30).

From these observetiong it is obvious that the different materials offer
verying degrees of insulaiion after they have been exposed ic hot
gimoepheres. Afier exposure tfo 25000 end sbove, with no combustion, the
foeme A, B and C were reduced to 1little more thsn & flimey shell which
would bé detached from its position by any slight draught. A%

temperatures up to 200°C the foeme reizined their integrity «nd the
factor limiting their efficiency was the shrinkage suffered. Performance

in thig respect decrezsed as the concenirzticn of TCEF increessed, probably

on zccount of the aciicn of this additive &s a plasticiser.
Incorporation of phospherus into the struciure of the foam improved ithe

nature of the cher. Degradatiion of ihe foam siruciuvre ai temperctures in
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Figure 4.29 ; Char from weight loss experiment,

Foam E, 1 hour at 245°C.

Figure 4.30 ; Char from weight loss experiment,

Foam E, 3 hours at 400°C.
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excess of 200°C again occwrred as would be expected from the presence of
urethane groups but the resulting char wes acceptably sirong up to
temperatures greater than 330°C. A merginal improvement in the shrinkage
of the sample resulted from the addition of phogphorus, but the real gain
wes in the thick cellular wall that wes formed around the scfiened interior,
It wes a ghell that would recgist removal by & strong draught and would not
shatter upon the infliction of minor physicel damage.

Dimensional stability of the isocyanurate foam, E, was very good up to
360°C. The char reteined a degree of strength only & little below that of
the originsl foam right up to this same tempersture. The cher was
homogeneous and capseble of providing continued protection against both
thermal and phyeical damege even at high temperatures. The preblem posed
at lower temperatures was of 2 different nature. At temperztures beitween
160°¢ zna 25000 the physical breskage cf the foam was the cause of loss of
gtrength end protection. This behaviour could nct occur when the foam was
faced with a solid material, as in a composite panel, and could presumably
be prevented by coating the surface with a thin coating to render any
fevlts innocuous ae nucleifor splitting.

Rigid urethane foams of density 64 kg > end 128 ke m~> euffer gimiler
thermal damagio ag @id foams 4L, B &né C: viz, the interior melis to give

& struciure with large glaéed.cavitiess end e thin shell_is formed on the
surface; The higher density foam produces & elightly stronger sbell, but
it is ineuvfficient to offer any real prectection. The improvement in
éimensionzl stability appears itc be due to the higher internel pressure of
voletile materials and a less permeable shell, which counteract the

{endency to ghrink on scftiening.
Figures 4.31 to 4.35 recerd the state of the semples from ihe ignition
experimenis recorded in tzble 3.5. The samples were expoesed to
. =2 N : n - . PO
25.2 kK m ~ for 5 minuites. The rectanguler outline in the figures

ipdicates the side elevation of the original sample, 100 mm x 50 mm.



Figure 4.31 ; Sample from ignition experiment after 5 minutes

exposure at 25.2 ki m—2 — Foam A.

Figure 4.32 ; Sample from ignition experiment after 5 minutes

exposure at 25.2 kW m~2, -~ Foam B.



Figure 4.33 ; Sample from ignition experiment after 5 minutes

exposure at 25.2 kW m~2, ~ Foam C.

Figure 4434 ; Sample from ignition experiment after 5 minutes

-2
exposure at 25.2 ki m —, — Foam D,



Figure 4,35 ; Sample from ignition experiment after 5 minutes

exposure at 25.2 k¥ m-z, ~ Foam E.



It is seen that foame A, B and C were almost completely consumed, the
cnly part remaining being the bottom of the back face where cenvection
currente hindered the spread of flame.

The addition of phosphorus in foam D did not prevent reaction at the
rear face of the sample, but the resulting char was strong and offered

continued service es an insulating layer after the fleme had extinguieched.

The behaviour of foam E was fully in eccord with the observations ¢f the
chars fr§m the weight loss experiments. Asg the temperature increased from
the back face to the frent there was 2 graduation in char properties; from
slight discelouration, through cracke in the body of the foam, and & strong
éerk char, to the soft grey char ai the irradiated area of the surface.

The extent of damage is seen in figure 4.35 which shows that after 5 minutes
exposure to 25.2 kW m-2 this material offered protection little short of

that which it bad given before irradiation.

4e3a7 Activity cf Chars

in activetion energy for the oxidetion of ihe char can be derived from
_the experimenis described in section Z2.4.3.
Assuming all the heet of resciion raiser the tempersiure ¢f the reacting
mess then,
C_ AT
NEg = p Oy ,

but the rate cf hest generation is proporticnal to the raie of reactiomn,

&80 -
G ar A _ e.c-tﬂ\
PO E =& S BT |
¢ Tom 47 . A Eact
.. og at — %6 gc 5.3 RT
P B
s 4 olot of lor S versus - will have & glope of — —Soie
end a plot of log =3 versus g wi a glope of ~ ==

This is a eimple model as it does not meke prevision for neat losres To
the gas eirean end surroundinge, or take account of the dimirighing eize
and verying dengity of the sample, but neveriheless 1t rrovides & useful

ectimaie of the activetion energye.
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¥essurements made from the resulies in section 3.3.3 and derived values

ere given in the following tables.

Teble 4.,23: Foam A, char from radiant panel

_1_%.3_ gy T% %% %3’ (°c miz™!)  log -g{-
1.97 508 235 17.5 1.243
1.91 523 250 30 1.477
1.825 548 275 50 1.699
175 573 -300 68 1.833
14605 623 350 150 2.176

Table 4.24: Foam A, char from weight loss furnsace

3

1% Y % T% %‘% (°¢ pir ") log %—
1.825 548 275 43 1.634
1.75 573 300 105 2.021
1675 5598 325 205 2.312
; 1.605 623 350 400 2.600

Teble 4£4.25: Foem B, cher from reafiani panel

i
10 ey 2% 7% Z (% pin!)  og
T Lok gt
2.05 498 225 35 1044
1691 523 250 15 1.875
1825 548 275 130 2.115
175 873 300 - 200 2,300
1,675 596 325 350 2.545 |
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Teble £.26: Foam C, cher from radisni panel

3

ar

1%— (" % r% £ (%amin ) e %%
1.875 533 260 35 1.544
1.825 548 275 70 1.845
1.75 5713 300 160 2,205
1.675 598 325 280 2,447

Table 4.27: Foam C, char from

weight loss furnace

3
10° -1 o ar o, . —1 ar
= (™) n %g T Y% = ("C min ') log
1+533 653 380 25 1.400
1.515 660 _ 387 50 1.700
1.485 673 400 110 2.040
14434 696 425 600 2.778
Table 4.28: Foam D, char from radiant panel
3 - “ m
J—%— (OI‘.—'} T OK T QCB %f- (OC min.") log -g-_-}
2.05 498 225 20 1.30
191 523 250 45 1.65
1.825 548 275 95 1.98
175 573 300 185 2.27
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Table 4.29: Foam E, char from rediant panel

3 .
10° o1 ar - e
~5 ™" 7 g p ¢ = (°C min 1) log 3%
14792 558 285 55 1741
14750 573 300 g2 1.964
1.675 598 325 200 24300
1 14605 623 350 250 2,400

Table 4.30: Foam E; char from weight loss furnace

-1-%?- ) 2% o % %TE (°c min™")  log %‘.
14632 613 340 €3 1.800
1.605 623 350 100 2,00
14543 648 375 200 2¢30
1.485 673 400 350 2.544
1.434 698 425 60 2.719

Inspection of %the curves in figures 3.11 — 3.18 revealed a similar becic
behaviour for 21l the chzrs tested. Vhen the excthermic reactions
occurred and rapid rises in tempersiure were recoréed, the grephs showed
+thet the cnrves were not simple buf appeared to be & curve with e pesk
superposed on it, indicating thail one reaction proceeded cver the period
recorded, but enother persisied for only part of the time. For example

~

the cher from Foam E (figure 3¢13) showed 2 secondary resciion between
2% and 4% minutes and the weight loss char from foam A geve a very clesr
suxiliery resction (figure 3.12). Thie festure was perticulariy
ncticeable in the chars from Foams 4 end E produced in ihe weight loss
Turnace. The samples were nci subjected to such high temperatures

éuring charring e were the other gamples and epprecisble proporiicne cf

molecules gitzble et the tempersziture c¢f preperziion could have been

s
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formed. The char from Foam C formed by pyrolysis was expected to show
e different bebaviowr as the sample talien wes the insubsiantial golden
foamed filling from the carbonaceous shell. This filling was probably
‘formed when the core of the sample had melted onto the cherred outer
shell and at some stage a volatile component of {the ensuing
decomposition producis had boiled and foamed the ligquid poriion which

further reacted to solidify in the form of the sample teken.

¥When the activation energy was calculated from these data no attempt

wae made to séparate the peaks of the verious reactions, but the global
velue was derived for all the reactions that coniributed to the exponential
temperature rise.

The plois of log'%% versus'% are shown in figure 4.36 and tables 4631

and 4.32 give the activaticn energies calculated from the gradientis of
these lines.

Table 4.375 Activatiocn Energies of chars from rzdisnt panel

Foam E_.t (37 mole—1)
A 51

B 51

c 86

D 62

E 91

Table 4.32: Activetion Energies of chars from weight loss furnace

{ -1
. 1
Foam § Bt (kk Jmole ') %
B 90
i i
! e
o 254
B 87
1
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Figure 4.36 ; Arrhenius plot for char activity.
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To derive the gradients cf the curves in section 3.3.3 the tengenis
were found at several temperatures by inepection and measured on the
exes of the graphs. When the values of g% were taken from the
temperature histories it wes necessary to use only one run for each
material as the pre-exponential constent in the expression for the rzte

of rezction was varied by the packing and gize of the sample, and this

variation would produce a meaningless Arrhenius plot.

Table 4.31 shows that when the chers were produced by flaming combustion
in air the vzlues of sactivation energy were similer for all foams.

Foamg £ and B differed only in their TCEF content and the activation
energies were the same; which offere confirmaiicn that the TCEP boils
out of the foam and does not significantly modify the course of
combugtion or char férmaiion. Foam C did not contain excess MDI to

~ promote cross 1inking, as did foams A end B, and wﬁen exposed to the
radiant panel thé sample suffered softening and partial collapse as it
burned, which resulted in a more compact char with e fine cellular
gtructure. The scfiening zlso allowed the internzl surfaces cf the chexr
to show a glazed effect and this resulted in the char having a higher
activaetion energy as the surface was not so highly developed and counld

not present such a large surfzce area for gaseous atiacke.

The phosphorus in foam D prometed ithe formation of & good residuzl chexr
but did not appear io reduce the activity of ihis chexr when it weas
rehezted in an oxygen siream. &t 62 kJ mole—1 the activetion energy
was of the game crder as those of chare from the other polyurethane
foams, and the slightly higher value reflected ihe itrend towarde higher
: 49
aciivation energies recorded fer forms of carbon on increaeing denreitye.
The char from foam E had the same activation energy whether produced by
combustion or by pyrolysie &l 360°. The “teke—off" temperature was

ihe minimum tempersture te which the char needed to be heated in

178
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vitrogen for there to be an exponentiel rise in temperature whern pure
oxyecen was passed over the char. The temperature rise cdepended on the
rate of heat gemeration which was a function cf the rate of reaction,
vhich was itself dependent on the temperature: this positive feedback
produced & thermel explosion, while the reactive species was rapidly
erpended., The 'itake—-cff' temperature was 5500 higher for the
pyrolysed sample of foam E than for the‘air produced cher. This was a
general result - the radiant panel chars had a take—off temperature in
the region of 200~250°G end the pyrolyeis chaer wes inactive until somse

25-80°C higher, as shown in table 4.33.

Teble 4.33: ‘'Take-~off! {emperatures of chars

Radiant panel Pyrolysis
Foem | Teke-off temperature (°C)
A 225 250
B 215 -
c 250 335
D 210 -
B 270 325

During combustion the sampies were subjecied to temperaiures in excess
of 40000, the equilibrium femperaiture for a surface receiving

12.6 ¥ m2 (figure 4.7), but only for a maximum of 5 minutes duration.
Upon extinction QL the flame the char was seen to be coated with a soft

soot from the luminocus fuel-rich, diffusicn flame,

The pyrolysed charswere exposed to lesser temperatures, but for a
period of 1 hour which allowed the foams to ecften end surface tension
+o concentrate the viecous material inio a smooth surfaced matrix while
they decomposed at & relatively slow raie. Besides producing a char of

different composition this mede for a poorly developed internzl surisce

Y

with & low concentrziion of sctive sites which produced a low raic ¢
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gea/s0lid reaction and hence a cher more resistant to oxidaticn then
thatlfrom flaming combustion. The steady elevated {empersture elso
promoted the formation of pelymeric structures stable at thet
temperature, such as isocyanurate and carbodimide, which necessitated
2 higher temperature to cause furither degradation of the char than

would otherwise have been required,

The difference between the chars produced by pyrolysis of foams A end
C was to some extent due to the TCEP content: foam A did not soften
end form @& compact mass so extensive repolymerisation was not favoured.
The sample of char used from‘foam C wes the insubstantial goldern foam-
like meterial that filled the shell of compact char (section 4.36).
Thig flimsy filling wae apparently not predominantly carbonacecus but
was & brittle lacquer—~like mzterial and could have been an isocyanurste
polymer formed after the urethane links had dissociated, This wes not
inconsietent with the DTA data In figure 3.19 znd would explein the very
high activation energy and ttake-—cff! temperature, Furthermore the
DTA resulie showed thet the irimerisation occurred at & higher
temperature in foam A than in the other foams so this wonld also
prevent formation of the siable struciure as there wouid be greaier
degradation before the siructure wae consolidated by {the trimerisstion.
The activation energies determined for the chars were generslly lower
.

than for the oxidation of carboig high perosity graphite at hetween
45C gné 650°C in 2 dry stmosphere showed en activation energy of
250 kJ mole-1, in moist atmosphere 190 kJ mole’1, anéd ruclear graphite
in wet oxygen 105 kJ molem1 st 51000, zlthough at lower ijemperaiures
smaller activation energies had been found. For perous brown cozl

- ) 68 ‘
cher en activation energy of 135 kJ mole ' has been calculaied. The
char produced from the foams was not pure cerbon but certained a great
assortmént of other gpecies rTich in nitrogen snd hydrogen which could

nci be expected to oridise with ihe same resciion kinetics ag cerven,

K



thue the values of activation energy derived were global values for

the mixiture of structures present.

The t'tgke—off' tempersture of the char is imporiant as it relates to
secondery combustion in a fire. When the flames have extinguished,
any charred remains sre still hot and if a draught of fresh air should
play on them there is a disiinct possibility of exothermic reaction
that could causge an increase in temperature and evertually a fresh

outburgt of flames when not expected.

The temperatures at which these chars thermally exploded were lower
than would be experienced in practical evenis because pure oxygen was
used in the experimenis. If zir were passed over the cher the nitrogen
content would not interfere chemically but would reduce the
concentratior of oxygen at the surface by a factor of five and would
also act 258 & hg@ﬁ gink, cerrying awey some of the heat produced by

~ oxidetion of the char and reducing the degree cf positive feedbeck
thet caused the thermal explosion. Quantification of these effecis is
net simple: at a low rete of resction the heat dissipation would have
most bearing, increecing the 'iake-off' temperature as a higher heatl
release rate wvag needed to belance ihe heat removal by nitrogen. A4
higher rates of reaction ibe hindrance of the niirogen molecules ai the
so0lid surface woulé have increzsing significance, eepecizlly at
irternal surfaces where the gas peneirzted by diffusion through the
porous materizl ac the smaller molecule of nifrogen diffuses 7% faster
then oxygen because the razte of diffusion is inversely proportionsl to
the squzre root cf the molecular weight. The effect of this would be
teo limit the rate of reaction and hence the release of heat which means
that the rise in temperature would be less than exponentizl and the
maximum would be limited by this proceess. 4s a result the cher weonld

not be comsumed s¢ repidly zs by pure crygena



Anether factor which hed some effect on the rate of cxidation of

the char was the production of geseous reaction products. When the
supply of cxygen was restricted the probéble product was carbon
monoxide, two molecules of which would be produced from each molecule
of oxygen. Thie increase in volume must lead to incressed internsl
gas pressure which opposes diffusion irnto the char and further reduces

the concentration of oxygen at the internal surfaces.

In order to gauge the effect of heat dissipation by niirogen on the

ttalremof £t temperature it wes assumed that {the criterion for thermal

. m
explosion was the attaiomment of a ceriein vaiuve of %;E—. But %{- is

- preportional to the rate of reaction,

. %—T{ = const * Aexp(-Ea.ct)

RT

= & exp (- Eact)
- RT

If only part of the heat producecd reised the temperature of the

reacting mass then

a7 ot E_ .
G = K4 exp (-~ Zact)
v BT
é.T : h > 4 £
Thue for = constant velue of et T veried when the proportion of

heet logt changed.

X 1,:..42 exp (= Fact) & £ exp (= Tect)

RT,f ETz
° v .
e o exp ("' __..__E&ct), . .:%‘ &P ("' __._Ea'ct)
05 - ' o . m
E.t.1 L1 312
e e haad Eac'%’ - in _IE?_ - E&Ct
R.-:.‘z K1 ET2 1
- -
. r
° o 'I‘1 = e~ _&ct rln _Ifg -~ Eac't ;
= 7T TR
£ 1 L~

L . =1 - L.
The cese waes considered where act = 50 kJ mole  end the 'i{ake—cff
" . ) PR  SEL S T 34w : I
temperefure in pure oxygen was 250 C (5.4_5 Lje I it was essumed Thet

in pure oxvgen zll the hect produced hested the cher (K = 1), bud in
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gir that helf was Gissipated by the gas streem (K = 2), then the
ttake—-offt temperaiure in air would have been,

o - 50 = 105 (m(-“—) -,,50:.103,1‘! =1
803 'ﬁ' 523

1

A

863

it

560 %% ( = 287 °c)

If 2/3 of the heat of reaction was dissipated (K = 1/3) then ihe

titoke—off' temperature would be 307 .

'i’hus it 1s seen that, even when allowance has been made for loss of
heat of i‘eaction in the air, the fi{ake-offt temperature that had to
be atteined before thermal explosion could occur was comparable with
that reached by a surface receiving 8.4 kW m-2 (figure 4.7}, which

is quite & moderate iniensity of radient heat (cf section 4.2.3).
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4.4 DIFFSRENTTAL THERMAL ANALYSIS

Aedel In view of the complexity of the traces of the differential

.

thermal analyses of %the

iy
&5}

cams A to H, figure 3.19, a further batch of
foams was formulated in order to determine the effect of each componant
and to determine the cause of each peak., These foams are detailed in

Table 2.1. and the differenilal thermal analyses are shown in figure 3.20.

i

The formulatfqns of foams 2 and F3 differed only in that the latter
.‘ s g 4-1
contained the catalyst divutyltin dilaunrate which has been reported as

/
accelerating degradation of urethane foams. There are no significant

differences between the traces for these two foams which indicates that

this effect is minimal in a2 well formulated material.

TCEigwas included in foams F2, ¥3 and P4. Inspection of the results

ghows that these three materials showed an endothiermic peak in the region

of 210°C —- 25500 which was not shown by the other foams. This is the

renge in which one expects TCEP to show iiself as it iz known that TCEP

boils with decomposition at 22000, and the resulting fragments can be

expected to react with the active sites on the polymer chain. Of the

original samples foams B, C and E were known t0 have TCEP as an additive.

The curves for foams C and E show definite endothermic peaks in the sane

range although that for foam E coincides with the peak of an exotherm

and so is less visually eopparenti. This is the reason why the curve for

foam B appears t0 be without the endotherm although it is known to

contain TCEP. Closer inspection shows that there is a changs of gradient

at 25000 whnere the endothermic effect of the TCEP has terminated.

Common to 2ll curves is an endothermic peak in the range 255°C - 300°C,
36,42,43

which can be assigned to the breakage of the urethane link. It

is noted that in the sorbitol besed materials, F4 and ¥5, the paak is

at a slighntly higher temperature and is not so endothermic. The reason

for tnis is Thal the aliphatic bases with its higher functionality

Ry



promotes stronger crosslinking, and the balance between the reactions by
which the urethane group frzctures is sltered. Reference to the results

for foam D in figure 3.19 shows that 2 sucrose based polyether also heas

this effect.

Once the urethane cleavage has tzken place the thermographs all show a
short series of endothermic peszks, bul at varying temperatures. This
is possibly eﬁidence of the trimerisztion of the isocyanate formed on
fracture of the urethane link, and indication that the temperature of
reatiion is controlled by the other feaction products which serve 1o
cztzlyse the reaction. It is seen that this peak is very small in
foam E s would be expected from the lower frequency of urethane groups
present in this polymer. Were the feaction at this temperature the
36,42,43
decomposition of isocyanuraie as reported then the peak for foam B
would be at least as pronounced as those for the other foams, which is

e

not the case,

Reference 10 the curve for DI in figure 3.21 shows that the raw material
iteelf undergoes a fairly zbrupt endotherm at 32000, whilst the foanms
reacted ot temperatures renging from 295°C %o 355°C. This is not

32

. . . . . 0 .
inconsistent with a reported temperature of 350 C for isocyanurzie

Tormation.

The presence of TCEP in the foam lowered the temperature at which this
Tezction occurred when the polyether was Daltelac 51, but not when zn

eliphatiic polyether was used.

The introduction of a phosphorylated polyol had the effect of producing
& reaction at a temperature of 120°C (F5) and an increased endothermicity
over 25000, prcebably by virtue of its promoting rezciions with
cerboneceous products. Fozm D is also seen 10 undergo some reaction in

X . o] o . - ,
- the region 100" —~ 130 C as rearrangement of the phospherus segment of

1€
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the network occurs. The endothermic peak shown by foam A is atypicel

anC is probably due to absorption of water into the sample or apparztus.

The temperature ai which the first reactions were evidenced on the
thermogrephs varied between the foams but was generally between

15000 and 20000, except for the initial reaction in the phosphorylated
foams. As the foams were heated and the energy of the system increased
the hydrogen beonding between adjacent chains within the material would
weaken, and then reactions would cccur at the active sites on the
macromolecule. The ether linkages in the propoxylated polyols rofaie
easi1§4 end the freedom of movement mezkes these parts of the molecule

susceptible to easy degradation. The possible reactions are numerous

so the range of reaction temperatures will be extended.

Table 4.34 shous the temperature at which the exothermic peak commenced

for each foam znzlysed.

Table 4.34: Temperzture of initisl reaction

Foam Temp % Foam Temp %
| 190 A 190
S F2 75 B 185
. F3 175 c 150
% ¥4 155 D 180
. F5 155 E 190

Fozns 1, F2 and F3 vere based on Dalteolac 50, derived from tcluene

diemine. The tin catalyst in P3 had no effect, but the TCEP in F2 zund
i s . P ‘ .

F3 promoted degradztion 2t a temperature some 15 € lower than in Fi.

o corresponcéing effect was seen in foems F4 and F5 both of which were

based on a sorbitol polyether, but cnly the former contained TCEP.

There was no evidence to show thel the additionel phosphorus in D had

the sanme effect 25 the TCEP in FA. The extent to which the zliphaiic

nature of the sorbitol polyether was instrumentzl in lowering the

le¢
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temperature at which reaction commenced cemnot be certified zs the

degree of extension by propoxylation was unimovne.

The effect of TCE? was seen 1o some extent on comparison of fosms A
end. B. The start of the peak in foam A wes obscured by 2 smzll
exothermic pezak between 17000 and 21506 that was not identified. The
low decomposition temperature of foam G was not due completely to the
increased concentration of TCEP but was enhanced by a modified
formilation lacking the glycerol of foams A and B. Being a short chain
triol tke glycerol would generally stiffen the structure and shorten
the average distance between crosslinking bonds, thus aiding stzbilitye.

.

The sucrose base of the Propylan RF33 is heterocyclic and no reduction

of the initial reaction temperature was observed.

The isocyanurate based foem E did not show appreciable reaction until
PN - J - . . . s
190°C, but lack of detailed knowledge of the formulation prevented

significaent conclusions being drawn.

It 1s of interest to note that the temperztures inrtable 4.34
correspond to the temperaitures zi which a weight loss equal $o the
11 content was recorded, This is consistent with z materizl which
under hezting suffers molecular recrgenisation to produce permeable

cell walls which allow the entrained blowing agent to escape.

balie2 The effects of the experimental problems on the resulis should
a2lso be noited. In view of the naiure of the samples and their smell
size it was not possible to maintain urniformiiy between runs, which
resulied in varying values of thermal cepacity, conductivity and
thermocouple contect efficiency. The effect of this on the ouiput would
be variztions in the position snd size of the pesk for z given reaction.
Thne residence time of the volatile products in the sample and hence the
cegree 4o which they were 2ble to react with the foam solids wes

controlled by the packing of the sample and its behsviour durin

Gr
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xperiment. TIn some cases the volztile matter permeated out through
the s0lid, but in other cases it propelled a plug of solid sample
glong the sample tube thus preventing interaction of the phases an
cften leaving the thermocouple bead not in contact with the sample.
Besides the shift of position and size of peak produced by the physiczl
displacement, there was the effect of the segregation of the pheses
vwhich altered the course of reaction and could thus change the shepe

end span of the peaks of the complex géries of interactions occurring.

The charscteristics of the chromel/alumel thermocouples varied from
one t0 the next and g new thermocouple was used for each experimental
ron with the result that the mismaich between the sample and reference
thermocouples was not constant. The mismaich determined the shape of
the baseline so absolute measurements were not reliable and
interpretations of comparative magnitues were limited in accuracy.

45
defs3 Piloysn et 2l derived the activation energies of reaciions
Lrma

from DI'A traces. They considered a generzl peak of the form in

figure 4.37.

Alr

Figure 4.37: AT i \ﬁa ___; _______ L
I+
i

General DI'A peak -

Al, the height of the pezk, was measured as the length CD, and <{he
detum wes the line through the point of meximum curvature, B, not the

base line sm,

(8¢
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If a = activity of the reaciing species

S = heal of reaction
da
DNl ec S it
da -5 .
but == = A f(a) exp [ act (&rrhenius)
at o ———
RT
e o In Al = const - 1n f(a) - oot
T

When 0.05 a2, { & ¢ 0.8 a_ then T has a greater effect on A1l than =

if the heating rate is 10 - 40°C/min

e« In Al = const — Eact
RT
1 . PR
Thus a plot of log A 1 versus = has & gradient of act
10 T 3R

The peak assigned to the fracture of the urethane link was extracted from
each of the samples, figure 4.38, and z datum line drawn through the
point of maximum -curvature. The measurements taken from these curves,

and derived numbers are shown in f{zble 4.35.

Log10 /N1 was plotted against the reciprocal of the sbsolute

temperature and the resulting curves are shown in figure 4.39. The lines
G1 and G2 represent the gradienis corresponding to activeation energies

of 460kJ mol€1and 125 kJ mol§1respectively,'and can be seen to provide a

rezlistic estimate of the rangs of values indicated.

In agreement with kinetic theory, the activation energy for each
meterial wes seen to decreese with increasing temperziure. The position
of the curves on the temperature scale varied betwsen foams ir a similer

feshion in both figures 4.38 and 4.39.

The activation energy of the foams contzining TCE? (F2, F3, P4, B and C)
was generally higher zt the early stages of rezction than that of fozms
without, but rapidly fell tc a lower vezlue. This effect was lees

epparent in some of the foams conteaining aliphatic polyols (4; B end FL)
glthough F5, with sorbitol end phosphorylated polyol, had an activeiion

erergy that fell to a low velue within e very short temperciure range.

29
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Teble 4.35 A1 and log A1l at varicus temperziures

! - ' T ' —
100 (KTH)|1.890 | 1.875 1.868 [1.6855 [1.842 |1.820 1.612 li.600 |
T % 529 533 535 | 539 | 543 | 549 | 552 | 556
T % 256 260 262 | 266 | 270 | 276 | 219 | o83 |
. Al (om)
FOAI‘J. . 1og1o Al
™ - - - 5.5 9.5 [16.5 119 -
0.74 | 0.98 | 1.218] 1.28
F2 - 9 15 25.5 131 34 36 -
0.954 1176 | 1041 | 1449 | 1.53 | 1.557
F3 - 8 14 25.5 |31 - - -
0.902 11481 1.41 | 1.49
0.40 | C.T8 | 0.502
F5 - - - - - 3.5 1 6 1
0.545] 0478 | 0.845
A - - - 13 5 9 {10 Inm
04771 046991 0.954] 100 { 1.043
B 11 17 18.5 {20 - - - - |
1.043 1.23 1 1.266] 1.305 i
i
C 12 26 i 30 37 38.5 - - -
1.08 | 14415 1 1.47T) 1.57 | 1585
D - ~ - - 7 12 - -
0.875| 1.08 1

Owing %o the large degree of superimposition it was not possible o

Hh

separate successfully the peaks of tThe thermogrephs for each reactione.

This rendered eny citempt to recover guentitative detz highly inaccurete
D & T

but did not prevent cuelitsiive observations being made.

It is of interest to note that The thermOgraphs of thie fozms cermot be
constructed Tfrom those of the raw materisls from which they zre made,

which demonstretes that the foams do notv simply dissociale on heating,
ts of whe polymer chein interact %o produce

but that the various =egmen

2 variety of new fission sites,

o2



4.5 - PYROLYSIS FRODUCTS

4.5.17 Qes=Liguid Chromatography

The GILC experiments were performed with the object of identifying some

of the products of pyrolysis, with emphasis being placed on the fate of

the chlorine content of the foams.

For this reason the ionisaiion detector chosen was used in an electron
capture mode. The carrier gas is ionised by the radio active fs emitter
source thus enabling a current to flow between the detector electrodes.
The operating conditions should be regulated to restrict the effective
carriers of current to the thermal electrons. The presence of any
electron capturing molecules depletes the gas stream of electrons and
so reduces the current flowinge. Halogenated hydrocarbons and other
polar organic compounds are effective electron capturing species. This
is a very sensitive and selective type of detector having a lower limiti
of detectability of approximately 10—12 g/mﬁf'although it has been used
in a pulsz? voltage mode to detect & concentration of the order of

10714 g/ml « Argon is the usuel carrier gas but a satisfactory

alternative is oxygen free nitrogen.

When no response was found on the injection of ifhe pyrolysis products,
samples of knowm orgenic liquids were introduced to test fhe response

of the equipment. Full scale response was given by 0.1 /A 1
(approximately 1074 g) of methanol,ethanol and hexanol ard by similar
quantities of simple ketomnes, although there was not much separation

of the peaks which made identification of the species by this meéns very
doubtful. Variation of the flow rate of the carrier gas did noi

improve this aspect.

When 0.1 /u.l samples of various halogenated hydrocarbons were injected
the output showed saturation in the form of a large initial peak that
slowly decayed with sharper peaks superimposed on it. This behaviour

mzy. be caused by en excessively large concentration of stirongly
(9%



electron cepturing species and it could be partially due to the
inherent problems of this {ype of detector, anomzlous eleciron
transport effects within the ionisation chamber and excessive
sensitivity to conﬁaminanti? Fenimore et alﬂ.r8 found thet traces
showing this feature were produced when the detector volume was

large and mixing within it allowéd incomplete exhaustion of the
outgoing portion of gas. The detector used had a volume of some 3 mnl,
against the O+.1 ml volume of modern versions?G The mixing effect
would be aggravated by a low flow rate, but as the electron capture

detector is sensitive to concentration, not mass flow rate, a higher

carrier gas flow would decrease the sensitivity.

This.deteotor is sensitive to polar organic molecules which are capable
of removing the thermal electrons from the ionised carrier strezm.

Thus it shows a large fall in current with halogenated materials, and
can be used tQ detect molecules containing electrophilic groups such

as ~C=0 , -C=N |, -N02 and = ~COCR..It will not detect the permanent
gases, carbon dioxide, water of cysnogen, some of ﬁhich even

desensitise its response.

From the failure of the sampies of pyrolysis products o produce eny
peaks whether injected directly or as an extract it must be implied
that there were no significant amounts of gases containing the
electrophilic groups. The yellowish smoke produced in pyrolysis, if
injected into the columm, has a very long residence time which is
probably due t$o0 its polymerisation within the column to give tarlike

products with very low vapour pressures.

4.5.2 Chloride determination

411 the foams Ay By C, D and E gave positive resulis when aqueous
extracts of their pyrolysis products were tested for the chloride icn.
It is of interest to note that A and D gave only turbidity, for these
were the two foams that did not contain TCEP, which gives hydrogen

33

chloride on decomposition.  fghus it appears thet 711 does give some

| &%



measure of hydrogen chloride when the fozm decomposes,

Rapid reduction of the silver nitrate solution indicated a strong
reducing agent which suggests the presence of zldehydes in the gas
gtream. The colours exhibited by the liquor imply molecules
containing nitrogen in conjuniction with a benzene ring for these are

often highly coloured.

453 Hass Spectrometry

In view of the lack of positive results from the gas chromatographic
investigation of the products of pyrolysis an analysis was made by

mass specirometry, and the results obtained are shown in section 3.5.3.

It was obvious from the physical appearance of the samples that major
changes of structure had occurred. All but foam E had suffered major
shrinkage and the lack of sharp edges in the char from foam C emphasised
the effect of.softening. As in the weight-loss experiments the sample
of foam E split under the thermal stress but suffered onmly minor
discolouration. The chars from foams Ay B and C were various shades of
red, but that from foam D was nearly black owing to the carbon—-forming
effect of the phosphorylated polyol which promotes a higher yield of

52,58

chare.

The spectrograms produced from foams A and B when pyrolysed at the

lower temperatures of 200°C and 16000, showed no significant variations
from those at 250°C which indicated thet degradation of the propylene
oxide molecular extensions commenced at a temperature below 160°C and
wes the major reduction up to 25000. This was supported by figures 3.6
40 3.10 which showed that weight loss commenced below 14000 and by

25000 - 260°C was approximately equal to the combined weight fraction of
¥1, propylene oxide and, where added, TCEP. A large portion of the
wéight logs below 200°C was due %o the blowing agent which was released

when the wezkening of the hydrogen bonds and rearrengement of the



polymer crosslinking rendered the cell walls permeszble, but the mass
spectrogramns showed that there was also scme loss due to fragmentaticn

of the urethane matrixe.

in idealised structure for foam A is shown in figure 4.40. Foam B
differed only in the inclusion of TCEP, but as this was a non-reactive
additive it was not bound into the polymer but merely held in the
lattices The zbsence of glycerol from foam C decreased the degree of
crosslinking, but the inclusion of water in the formulation partially
compenszted for this by promoting the formation of urea groups. Foam D
was based on different polyols and the effect of the higher functionality
in increasing the crosslinking can be seen in the idealised structure
(figure 4.41)s The details of the components of foam E were not known
but, from the general similariivy of the mass spectrogrem of its
pyrolysis products to those of the other foams teéﬁed, it could be
assumed that a propoxylated polyol was included in the formulation.

The peculiarify of foam E was the partial trimerisation of the isocyanate
content, presumably as the result of the inclusion of a suitable

catalyst in the mix.

What was not takén into account in the idealised structures was the
excess of MDI in {the formulations. This reacted with the active
hydrdgen atoms of the urethane groups to give allophenate groups and
increased the crosslinking in the structure. The crosslinking of the.
pblymer chains was further increzsed by hydrogen bonding which was not
showm in the figures 4.40 and 4.471. An example of crosslinking by
hydrogen bonding of polymer chains that would not otherwise interact is
shovn in figure 4.42. The hydrogen bond in general occurs between
hydrogen and the highly electronegative elements of small atomic volume,
nitrogen, oxygen and fluorine. It is a relatively weak bond usually
having a dissociation energy of abeut 20 kJ59 ageinst the value of

60
460 kJ for an oxygen-hydrogen bond,

loe
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Common to the structures of all the materials fested were the urethane
group and the polyether linkages. As the foam wzs heated the molecular
chains were thermally excited and the relatively weak hydrogen bonds
vere broken, which left the matrix less tightly formed and allowed the

blowing agent to start permeating out.

Farther heating put more strain on the polyether chains which were able
to rotate freely into close proximity with other sections of the
molecule, and these chains started to fracture and release small
volatile fragments. With increasing temperature there was more
fragmentation of the polyether chains and the rate of urethane group

50

failure increased. The three main routes of urethane brezkage were ;

1) dissociation to isocyanate and alcohol

2) fragmentation to primary amine, carbon dioxide and alkene

0
c
' N -
RNHfCO.O.CHZ.CHZ.R —_— H// N RNHZ + 002
ReN 0

. |

]

' CH2 + R'CH:CH2

H s
N/

H— "~R*
3) formetion of secondary amine and carbon dioxide

t U
RNH.CO O CH2 CH2 R ~—» RHH CH2 CH2 R «+ 002

From the evidence ot the DTA results it would appear that the simple
dissociation of the urethane groups to give isocyanate endings was of
importance aé there was subsequent trimerisation of them in the cherred
meterizl. From studies of the pyrolytic degradation of the
polythioclcarbamate formed from diphenylmethare dnsocyeanate and

1,6 - hezanedithiol, Dyer and Osbor?x1 found that 20% of the polymer
decomposed to give z primary amine and 80% dissociated to give the

parent isocyanate and dithiol.

It was expected that the mejor component of the pryrolysis products of all
the foams would be the blowing agent, fluorotrichloroﬁethane, and this
proved to be the case. CFC;Shas a moleculear weight of 136, 138, 140 or
i .

oo



142 depending on the isotopes of the chlorine atoms present; the isotope

13

of carbon '“C has only 1.1% occurrence and 19F is the only naturelly
occurring isotope of fluorine, so these may be disregarded. The mass
spectrograms showed no peaks with a mass to charge ratio'Gg) in this
range, but this large molecule would be largely dissociated in the high
energy source chamber., If the CFCl3 vias double charged the E peaks would
be at 68, 69, 70 and 71 but only 68 was found, so the species was not

present.

If dissociation took place by removal of the fluorine atom the species

CG13*'would remain with a % of 117, 119, 121 or 123, The relative

heights of the expected peaks can be predicted from the relative

abundance of the chlorine isotopes — 35Cl, 75% ané 3701, 25% epproxi-—

matelye Thus the probebility of a 3501 atom is'i and of a 37Cl,atom %.

4

The probability of combinations of the three chlorine atoms are as

follows:
3xPer fis] ¢ 222 - &
2 x P+ 1x3c1 [107] :%.%.%.3_ } 2614
1x%1 +2x°Tcr [109] %%_}3 _ E‘ng
3xler [in] o %'%"} - 8‘}

Thus the G C1, *peaks at %1

‘ratios 27: 27s 92 1. Leasurement of these peaks on the sPectrogram of

of 117, 119, 121 and 123 would be in the

fozm D showed peaks of heights 52mm, 48mm, 16mm and 2mm respectively,
which are in a ratio of 26: 24: 8: 1,'sufficiently close to the

predicted value to confirm the presence of three chlorine atoms. The
absence of peaks other than 117 and 119 for some of the other samples
was caused by lack of sufficient amplification to show the relatively

small pezks.

2ol



In a similar fashion the relative abundznces of combinations of itwo

chlorine atoms were calculated;

2 x a1 [70] %% - =2
¥or o+ T Jr2] 2 3.1, 6
| 4 4 16

A I T T
- 4 4 16

From the maes spectrogram of foam C the pesks at'% 101, 103 and 105 were
34, 21 and 4 mm high giving a ratio of 8% : 5% : 1 which indicated that

the species was CF012+.

Meesurements of the relative sizes of the peskes also confirmed the
presence of the following species;

cc” - 82 84, 8

cr c1t -~ 665468
C Cl+ - 47, 49
it is aleo poseible for a radical to carry a muliiple charge and this

eppeered to happen in severzl cases, viz:

-

€l - 56, - -
CF €1, = 50%, 51% - - -
c c:12"’+ - 41, 42, 43 )

but the small sizes of the pesks made confirmation by relative

" occurrence impossibles

The peak ai<2 = 31 was probably due to CF+, and HF+ could have contributed
to the one at 20. The relative sizes of the peaks at % 35, 37 and 36, 38

confirmed that these were due to c1t ana HCl+"respectively, but it could

not be determined whether the species were the resuli of dissociatiqn

of larger species or present in their own right.

54

Nuckolls found that a mixture of CFCl3 and air paessed over heated iron
produced zppreciable amounis of 012, COClz, HF and HCl. In the more

complex environment of the pyrolysing foam these spedies would be produced

Do s



end then would react with the other pyrolysis fragments to give é veriety
of products dependent on the constantly verying situation. In the mass
spectrograms the peaks at'g of 98, 100, 102 (COC12+), 49, 50, 51

(COClz++) and 63 (C0C1%) suggested the presence of phosgene.

There was no way of asgessing the contribution to these peaks of eny

_ 55
1.2~-dicHoroethane that was produced from the TCEP .

0-CH ~CH,C1 0-CH,,
/ VA C1CH,
0=P- O-CH,~CH_C1 — 0=P- O-CH, + |
N C1CH,,
iy
0~CH,,~CHG1 0-CH,~CH_C1
( TcEr )

The "condensation" may proceed internally as shown, or there could be a

bimolecular reaction producing a polymeric ethyl phosphate. Fragments
from dissociation of 1.2-dicHoroethane could account for'% 61 to 64

(cB,-CC1¥ and CH, CEC1™).

2

Degradation of the polyether linkage, -~ (,0.C~, proceeded along many

lines, among which the following would have played an important role:

/  CHy CH,

/\'N |- 12
A

IO—.H. .IT
/“) CHZ.CI*O_CH2 CHO.CO.FH ("

N/ CHy Oy |
6\| N | + OCN (

|

/
//ﬁw\ Gty
CH, .CHO.CH, + CH,=CHCH (vinyl =2lcohol)
2 3 2
CH ,CEO (2cetnldehyie) |



znd

/
A B P
CH, .CHO.CH, .CHCH

2 e

|

\l

/
A, 1 [
CH,.C:0 + CH, +CHOH (isopropanol)
H20 + CH30CH30H2 (propylene)
_end
A cH,  GH,
/’ﬂ ] | —>
CH, .CHO.CH, .CHOH
2 2
/' cH
) 3 .
//ﬁ \CH (!3H0 CH CH, .CHO
/wNH + ?HB»
/A) CH,:C.0.CHy {2~methoxypropylene)

|

(+ HC1)

CH2CI.C]2h. O.CH_.5

CI—I3

Alternatively CO, may be expelled,

2

2

l
/W N C“ (i)H 3

CH .CrIO CH:CH

¥

/ CH
N 3
//ﬁ N
CR., - CHOH

\{f

/
AP T
CH,,.CEO, CH,,.CHO, GO {(

+ CH=C.CH

20\

+ 002 + H2N<(T\

(1—chloro,2-methoxypropylene)

3 (propyme)



/
./rﬁm{ +  CH,.CO.CH, - (acetone)
/

N CH CH3
CHZ.CHO.CH:CH
o
/\‘ L
4 ,7 3 4+ CHZ:CH.O.CH:CH.CH

3 (1~ethenyl oxyprop—1-ene)

or

/ CH3
ﬁ\ll\r\ |
CH.,+CHO,CO.NH <(
1\T/
/’ﬁ ~CH,.CHICH, + €O, + H N
, o |
6\51\‘}{ + CH,:C:CH,, (propa~-diene) .

Pollowing the formation of a secondary amide, a nitrile could

be formeds;

/ CH, / CH,
/fﬁl\r\ l (f—: //j\lN\ |
CH,,+CHO.CO.XH ( 5 CH2.Ch.I\‘-H<C + €O,
l
W, T
BN + CX +
/\) CH, H((
(acetonitrile)

Some of the products mey have reacted further to r~onsolidate

the char, e.g.
{ 1 . . ' )
CH,oCHO + HN(( — —> CH,y (l)H TH((
CH

|

HO  + .CH3.CH:N<C (~imino group)

§>N:c:0+ oscax (™ .____9\_)>N:C:N<(“ +  co,

in addition to the formation of the isocyenurate trimer.

and

DT



Fragmentation and dehydration of glycerol and sorbitel would have given

rise to & variety of zlcoholsand unsaturated compounds in a similer

fashion.

The wealth of possible products can be seen from these examples. In
~ practice only a few of the products are present in large proportions,

but which the few will be is not readily ascertained from theory.

The mass spectrograms bore peaks which indicated fragments of many of

the above pyrolysis products as shown in table 4.36.

Using these fragmente it was possible o build.up a range of pyrolysis
products which was consistent with the results of the chloride test -~
hydrogen chloride to give chloridé ions in solution, aldehydes 1o reduce
the eilver, nitriles and other similar compounds to produce the pungent,
chokirg smell experienced, and a wealth of unsaturated molecules to
burn with a swoky luminous flame. From the fact that the pezk at

% = 39 was produced only in foam D it appeared that the phosphorylated
foam did release a 1little of ites phosphorus in the voletile products

56 _ 61
as reported by Napier and Wong , and confirmed by Einhorn et al .

The resulte were not at variance with those of other workers on similar
52 '
materials, Backus et a2l found that when heated in air the foams produced

a variety of species below 240°C among which were 002, CFC13, €0, some
unsaturated gas and a mixture characterised by the -NH, —CE,-C6H,-C0C-and

H20 infra red bands, which was consistent with the oxidation of the

53

polypropylene oxide extensions. Combustion at 530°C produced a similar

set of products; CO, 002,

phenol, cresol, alkylphenols, amines, and traces of HCN and HCl.

HCHE, CH3.CEO, higher aldehydes and ketones,

The effect on the charred residue was generally to produce a more
highly crosslinked matrix as the long extensions between the carbon rings

of the polyol and the isocyenate had been eliminated.

Qo6



Teble 4.36:

inelysis of mass spectrograph peaks

(excluding chlorine-bearing species)

% Fragments Possible sources of fragments
14 CH;, oAl methane, alkanes, amines
— :
15 CH3 , FH alkanes, amines
16 cg,t, of, m*t methane, CO., amines
4 ! 1 2 ? 2'
17 on* water, alcohol
+
18 H,0
20 mrt, c.0.c*t, c.co™t polyether, ketones
22 COé++, CHZCN*+ acetonitrile, amines
26 cnt cyanide, emine, isocyanate
27 i HCN+, ooy ol cyanide, amine
28 . co', ok 4”, 1v2+, cazn“’ €O, CO,, alkene, alkane, amine
-z |
29 ' cuot, 02H5+ aldehyde, alkene
31 ¢ cFt, B ¥11, phosphorylated polyol, TCED
320 of, om0, mPY, crF | P11
39 POFT T, 031{7“'" phosphorylated polyol, alkene
40 c.cot, newt, c.o.ct ether, ketone, carbodiimide
42 1 CN+, nco* isocyanate
44 co, CH2.O.;H2+, ether, aldehyde, acetonitrile, amide
. - +
CHBCHO y CH,ON
45 CH CN 02H5.0 ether, zldehyde, amide
CH3.O.CH2
46 02H50H+, rcoost alcohol, formic acid
47 pot phosph arylated polyol, TCEP
50 C:C.CN+ unsaturated amine
52 C6H5 wey toluene amine
68 €.0.C.0.C" polyether

L’




t was not possible to deduce the absolute identity of the species
rresent from the mass spectrograms, but only to gain clues as the

molecules dissociated into small fragments in the sampling chamber,

and ftook multiple charges.

Under fixed spectrometer conditions each compound gives a constant
response of a series of peaks, but without extensive calibration

of hundreds of peasks and repeated checking against standard mixtures
it is not possible to analyse a mixture of any complexity. To gauge
the involved nature of such calculationé it is significant to note

57
that n-butane, a simple alkane, gives at least 37 peaks.
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4.6 TODEL OF PCLYURDTHANE FCAL

4641 Thecretical lonsideraticong
VA O I Fourier's Corduction law sitetes thet the heat Tluvr is

»reportional to the temperziure gradient, ond the constent of propor—
tionality is defined as the thermal conductivity.

e G

A &y

Consider a <lab cf foam being used as insuletion. Trhis will
te trested &s an infinite sliab sb that the hezt flux is only in cne
dimengion. Figure 4,43 shows the conditions if the slsb is in contact

with fluids at different constant temperatfures each side,

1

i
I

7
;\'=O

Temperature=T ——~_
_— el . -
) , T S S
(fluig} % 2 TL - Yy {fivig)
\ / V", \
] // ’
I
h 1 2 N
P4

hy is the total neat itransfer coefficient btetween the flunid =

v T, and
2 P : 1
the surface of the slzb,
24 stesdy state there is no temperszture vekriation with time,
2 3 3 YA s +Y 3 o a s . '// L N 3 K.l
2nd the heat fluw in the ¥ direction, —~, is constvant. The heat flow

A’

3
throvsh esch "layer” may be exvpressed in terms of the boundary

temperciures:

] 2

5 4 3
== {]12 ‘\T‘,] T;)) ‘ ...-o---(‘;)

'.r»’ o]

oc.ou.cc(g)
T + h34 (l’fs _rp[f) ’ .'e...-.(:‘))

12D



There nre three eyustions so the three wilmowrne, =, TQ onG
&
T, can te found thus defining the performance of the insulant. 1If the

4.

x=0 face were subjected to thermal radiation of intlensitiy I arnd the

-

foam vwere operue, then the first ecuation weonld e modified 4o
1 N 2 !
a . .
E = .!]12 (T,; - ’Pz) + I ono-oooo(-q-)

but the system would still be sclvable and the temperzture gredient

within the slab would still be linezr.

If the =o0lid =lab generated heat at the constant rate cof qr/unit

volume then the temperature gradient within the slab would be ncn—linezr.

At o distence x from the face

T ax

=1Q

This can e integrated

V‘ {(%v + g ;) dx ”%7 ~% AGT,

s

o Ned
+
1
+
(@]
il
|
P)
=

o’
o
ct
3
[}
=3
9
e
»
i
O

| =12
e 4
_.I.
nol
]
—~
3
o
L
3
~
o

so at x

-~

C{r';zl =>\<T2_T ' .....---(5)

1 + 3)

12

T

At the lower temnerciture boundary 21l the generated heat would be

X

transmitted to the Tluid thus

a ¥ .
- -+ {T R = ’['J.,. ‘-\r:‘.‘l “T) Q'lQOQ.u('\J)
) T { 2 3 . -

of emztions (1) (2) and (2), for ihe inert naterisl,

. a
crmives T, - T = = }fL PN
i n )

a0 *9eveenal )

Qo



T" —_ -‘; 2 :. ———

“ 3 A P
m o _m oG 1

=ty =1 iy

tdding (7) {8) and (9) =zives
a ;1 ¥ 1

T, — T = = iz + +

1 /{ £ f112 >\ 1134)

1 11—

o -—
L o1, -1, (- 4t -
A 1 47 *hy, A h34)
Wher the solid generates heat the flux fr

by solution of eguations (1) (5) and (&);

(T,

b=l

;o
(0N
lﬂ.'ﬁ(’ﬁ‘\"/

It"'t.b.(?i)

ceveneas(10)

om fluid =t T, is found

1

1
Bay

Thus it can be sgeen that if the 1msu1

-

t is more effective in preventing neat

on gener:te~ ‘heat mluhln

.{

elf loss from a dey, but a2t
the same time more heat is traznsmitied to the cold side: For an inert
gelid the flux intc the cold fiuid is
a m m Pt
= = (7,~-7 1 1 T =1
A ( 17 74) (5-‘ + Y Y ns ) N
12 a7 T
tut vhen there is hezt gereration tre correspcnding flux is
X
a 1 1 1 =1
= + q_x, = (T T) (—+=— + — )
iy r 1 4 h h,, ’
o w2 o X, e
(‘51'1 + T l) ( 1 1 + 1 )—-1 ¢ g %
— ) s i - --—-;- + As
A n34 12 X h 4 r
18 the difTerence tetueen these two fluxes is -
W, 2 x ( -
((T - 1 + s 1 ) 1 + 1 * 1 ) 1
4 ST - ~ ¥ . ’
T 1 h12 AN n12 )L n34
. . G .
4t low temperztures (less than svproximstely 100°C) ricid polyure—

thene foam behaves essentizlily os an inert moite
erruztions can e used to predict the ecuilibriuv

The desisn temverzture, tret is the lemperature

sRee Or never be hish enourh

Lhd

211

rizl =nd vhe steadr stod

n temperature ¢i

e

Pl L3
it zttains in normol
to initiate any reactions,



byt in czges of poor degign or

may rise too high, and heat

Lehaviour will tend to that

heat ceneration, but as there would be

needed to be exceeded before the exothermic reactions occurred 3

would

heat, (figure 4.44)

%
P
/

X= D

then

g ' m
% + hn 2(T Lg)
x 2
. = Ay
% e v I m 7 X \TZ
P
2 4+ o x = e (T
£ ‘r T e c
R4
C
S « ]
T %% T Tu (T4

These four eguations

soivtion,

In practice a stesdy state

unicreseen condi

will be generated.

Vs

l/

//

4ions the temperature

In this case the

derived sbove for a meterial with internzl

~

z criticsl temperzture which

vhe slab

vehave as a composite with only the hotter portion gernerziing

e

/J:

-

¥
A\
/

?
3\
/

?

- 1,).

. q
in four unknowns (f
uat]

T xc) resuire numerical

such as this would never bte reached

teceure the rezctions wenersiins the
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he esteblished 2s the rote of

nIca.




F.0.12 Thermol demage, thet is cherrins, irvition and contirued
wrnine of solids vhen the femperature is voised by redictive heating
or by exposure to a heated stmosphere, is approached in terms of the

heatins of the solid. The solid is not in thermal eguilibrium so steady

stote considerations are not applicable. As the solid is heated its

(2]

heracteristics change with the changing chemicel structure. Para—
meters that are usually considered to vary slowly and continuously
with temperature, such as specific heat and thermal conductivity, under-

go sudden fluctuations due to both the altered nzture of the material

and the changes in density that result from the evolution of volatile
fragments. As it is not practical to forecast the chemical reactions
that will occur on heating owing to the complex neture of interactions

so the variations in thermal parameters are not readily pre—determined.

7

4 IT it is assumed that the specific heat
and thermal conductivity are constant then the following eguastion

represents one dimensional heat flow in a diathermic (i.e. one which hes

the cuality of transmitting radiant heat) self~healting material:

~2
?LOT o C T ;
’\: > = P B -'{_" T ("l_'re -+ u . . ..no..oo(1)
g X -
where Cn = rate of heat generation per unit mass
1 = gabgorpiion of radiant heat ver unit volume.

¥hen the heei loss from the front surfzce is due to convective

coelins and the slab is thick ernouch %o be considered semi-infinite the

oL
1

-
- - - R v N

e @ romaats -4 -~ P S~ R T = T ] v e - S S - .o T s
‘i ¢ 1s oomventions 3:’ zsewred vhat the \,.f,E,C.T‘JT'\,:L\_ noper unit velume is

il
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rzdiztion sbhsorbed between the surface

Ifl—enaxz

and

C

depth of = is

-
a2

cesesesa(3)

The less transparent a material is to radiant heat, the greater

is the wvalue of the absorption coefficient, and

hence a greater

proportion of the radiation is absorbed in a given distance,.
pTrop

L}

Th

rate of reaction;

e rate of heat generation per unit mass is proportional fo the

cecaseas(d)

vessessa(5)

dc
= H =
Ir r Ot
where ¢ is the concentration of the reactiny species. For an nth
. dc ., n
order reaction =+ =~k
at
and c=c, a2t T = o

-Bz.ct
RT

rezction has the form Aoe

where Ao is the freguency fTactor

Tact is the activation energy

R is the universzl gas constant.
Viren there are several reactions cccurring

s

sinultanecusly the

heatins eifect is represented oy the summation of the terms,
:S' dei

= H. —/

r & Tri gt
. Sl | i .
where — = . - C, m=n¢ ¢. =oc¢, =2ttt =o0

b i i i io -
The rrovlen in proctical definition of the concentration is discussed
in seciion 4.2.5.
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PP 3 L1 . - B - E S e
noiderings the case of o girngsle u-th order rezciicn,

)
¢ Ci—n
1en = ~kt -4 '
but c=c¢c at 1t =o0
7
- 001—1'1
o e —— = -‘&—
n-~1 !
1=
S0 01_n Go
n -1 = K+ gy .
n 1-n —
o« » C = {(n—‘%) It +C¢~n =11 on;-ococ(é)

When equations (2), (4), (5) and (6) are substituted into

equation (1) with the avpropriate boundary conditions to give

o ' . _ Eect T 'FEact\ ol
9“{2 = D »Cpé-;: - fdr Ao exp( T ) Aoezp( e t(n 1)

v

+ c ‘| T + - ;.;....(7)

A,
—+
oy
Q> Q)'QJ
=R |
it
]
P
+3
i
=
o
o
3
o
W
it
o
~y
<t
~
o

= 0 at x = oo,

N

it can be seen thet the resulting system does not lend itself to

anzlytical solvtion. o

e .
If the chemical heatins effect is small enough to be disregarded

snd the rediation is =bsorbed in a shori enoush disjance for the
.o s . 4 . " ' - < \n

materisl to be considered ovague, then the system is consideracly

simplified aznd is reduced to o semi infinite opague solid with its

(%

4y

. Therral domace can e

~—

enrface mairtained =% = temnerature
considered sepzratelrs In Section 4.2.5 it hes been shown thet the

varintion of the surfoce temnersture ith tine is 2 comniex reol-itione—

ehin, but inspection of fi-vre 4.5 shows thet for the first [ mimvte

e

with the fanction of the surince ternerciure derived L Corsis ond



Jrerer 7T Jor zoseni infivite s0lid receiviis 2 ocenstznt flux st the

surfcce. vhen the temmersiure is initiclly zero and the fiuws 21 oo = o

is & constant, FO, the temperature at the surfzce of semi infinite

Y]

solid is given by

L

2

v =-——’—- .
X =0 X (‘ﬂ)

and the tempersture a2t any noint is given by

28 ’Gﬁ
of

v = . ierfc
X

—

2J7;51

This ez‘fession could be used for the initial period and ﬁill give the
temperzture distribution within the body of the material, but, as seen
‘iﬁ'éectibn 4:2.6, thé-suffécé {ehperaﬁufé féachéé a steady vélue in less
than one minute. During this time the heat will have penetrated

effectively to less than 20mm.

. .. ; , . -5 2 -~ —2
Consider then © = 05, o«Cx10 r» g and = =2 x 10

AN A

~a
= G.032
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- A oy
=t 100 25,
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constant value is soon attained.
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“Tnen calculs

ok
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st
R
et
)
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thermal damase to the fomm 1t is essential

t0o kaow the rate congtant

0

of all the reactions that occur. ?olyﬁrethane
foam is not a simple repeating polymer, wvhich means that it is not essy

to determine all the rate dobta resuirel to solve equation {7) above.

In vractice it 1s assumed that +the material decomposes in one ér two stages
Tor each of which global kinetic dats are derived from experimental data,
i1 2 similar manner to %
it is assvmed that the thermochemiecal effects are small and can be
ignored in the heat balance, then the solution of the diffusion equation

is substituted into the ecuations for the desradation of the foam and an

expression of the chemical degradaition is derived.

From the form of the Arrhenius rate constent it is seen that the
rate of reaction is finite at all temperatures, but from experimental :
observations it is apparent that there is a critical temverature below

which the rate of reaction is insignificant. For an nth order reaction

Y . de n -Fact cx s
the rate of reaction, = ==k ¢ and k = AO exp( _ﬁﬁ_)' thus it is seen

—Lact

that the rate of reaction is proportional to exp( ) which is

temnerature dependent. Theoretically the activaition energy is itself

temperature denendent, (= = & + RT), but this hardly affects tha

linear Arrneninus nlot.

—
B,
oy - “ s . demead s T 9. \ . - C,C":\i .
The form of the rate constont used, k = Al exn { TURRA is
1
Jeomivaed from o thae oollidizion theory in rmgecns rencitions,. It onn o2



- (A

~eolied ouite successfnily to remctions in lirsuids, but its apnliceuility
]

to rerctionsg in solids is rathier more dunious. The axponentizl woriion

a colliding molecular

Fty

of the expression renresents the provobhility o
wmving enersy srester vhan the activation enersy. The nre—
ermonential factor, or freguency Tactor, is the rate of collision of
the zas molecules, and for gaseous reactions this is pronortional to the
souare root of the temperature. In a solid the meen position of the
e o N . s .
molecules i8 fixed and they vibrate zbout these positions so collisions
betweer/ portions of the molecules are limited by their orientation and

position in the molecule.
-

The activation energies calculated from the weight loss results,
and for the char oxidation vary with temperature in no fixed manner.
This is not surprising as the temperature range covered is several

hundred degrees, and a muliiplicity of reactions must be taking place.

Consider a reaction with an activation eneréy‘of 5CkT moléﬁ1. it
29000 the exponential portion of the reaction rate constant can be
evaluated as oo
_s0x100 | 5

exp . = 2.2 x 10
1 8.3 x (290+273) J

Values calculated ai other temperatures are shown in table 4.37.

Table 4.37 : Reaction rates (Eact = kJ mole—1)

Temperature C exo( —%%2) x 1072
80 0,0039
100 ’ 0.0105
120 0.021
140 0.045
160 0.1
2C0 035
245 0.9
290 2.2
333 4.5
350 Te5
g 400 E 12

218




do 1
] Ly e B i — - "
0 o dotherminz The Tote 0L ranctlon, e o TnLOn
s

ig the Tracgtions]l rate of rerction. I7 the reaction is 1st order and

A = 107 sec then I can e evalurtad 21 several temperaturess
o)
1~ ___’l _"
L a0 ,
S0°¢C = 0.00C04 s (C.04: s

X,,e0 e -1
245 C = 0.09 s (54 s
k o :
290°¢C = 0.22 s (22 s
To gauge the effect of these reaction rates it is useful to

&£
. Y ~ .
calculate the time ( 1/2) taken for +the concentration to be reduced to

half the initial concentration, Co'

de
E‘PE = —-kc

y do [ xat
J

. . c -
. .
. e Inc =~ = = -kt + const ,out ¢ = c, at ¥ =0
L . c
* » 11’1 'E— = -‘1{t
o
¢ 1
when — = 5
. c ,
o
1
)
L4

wj

For the values of k above the corresponding 'half 1life' tinies are

T = 80% t, = 1800 s (30 minutes)

;};_
100% 700 s
160°%¢ 70 s
245% 7.7 s
290°%¢ 3.2 s
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Thesa Ti~ures avre a rood practical ide to the sneed of rercthion,
o]

\—4

Pron them oan be estimated 2 aritiecal tempderature that will alleow tim=
ro: - -

to connter the hazard belore the reaction nas procesded too far. It
can be seen that Tor these values of aciivation energy and frequency

. anOn . coia s \ ,

foctor a temperaturs of 30°C is the limit in the short term where some

20 nminutes are reguired to react to the dansger.

]

Uéing‘the same ecuations it is possible to model the weight loss

of the reacting foam, since all that is reguired is knowledge of the
A . .
proportion of the reaction products that are volatile, and the

calculations are then performed as in section 4.3.5.

. Closely associated with this weight loss model are the considera-—
tions of ignition of the material when exposed to heating. ‘When
considering auto ignition the build up of heat in the solid which leads

37, 38

to a thermal explosion is of importance y but when igrnition is

" caused by heating from an external source the controlling mechanisms
are different. As there is limited access of oxygen to the interior
of rigid polyurethane foams there is little oxidative self hesating of

the type that leads to spontanedus ignition a2t low ambient temperatures

70

iﬁ étééks of wool or sawdust. If urethane'foaﬁé have bééhw?oorly “
formulated, secondary curing, with its accompanying exotherm, can occur
wnen the ambiénf tempera%ure'rises above the normal operating
temperature. At temperatures over 25000 hizh modulus polyurethane

foams show an increased weight loss and an exothermic reaction when

e
. . 0 . ” 4.
heated in oxygen rather than nitrogen 9 but isocyanurate foam did
=] ¥ y

&1

_ s . o} ‘
not show this behaviour even at temperatures in excess of 3307C 39.-

As the temperature at the surface is raised azbove the critical

level the foanm begins to decompose z2nd release volatile nmatter whicnh
rnizes with the atmosphere near the surface and is then carried away

by convechion curvents.
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within the {lammability limits and it the temnerature ig hich enon:™ tha

airtire will isnite spontaneonsly. There ronld anpear to be 3 critica

&L

- s

we2ting rate or irradisnce wvalwe which limits the i-mition in $wo vaxr

4s the 21ir with which the volatiles uix is 2%t a 1oy

4]

T temnzrature it
exerts a cooling erffect 2nd thus to obiain 2 combustible mixrture at the
ignition temperature the evolved volatiles must be at a considerably
higher temperature than the iznition temperature, This effect is
diminished in the case of a larze vertical sample as the rising mixinre
is heated by convection from the hot face of the material 63, and in
the case-of pilot ignition.where the extra heat is provided externally.
If the surface temperature rises slowly the surface will decompose
slowly and the rate of evolution of volatile fragments will be low,
giving a narrow region of mixtﬁre within the flammability limité, which
means that the high heat losses from this region ensure that the
positivgvfeedbéck essential to ignition cannot occur. By the time the
éﬁrfacé<has'r§ached 2 high enough tehperature to give the high rate of

decomposition needed there will be no unreacted molecules remaining in

the surface layer.

In view of the critical nature of the rate of evolution of
volatiles and their temperature it is appreciated that the criterion
for ignition of a fixed surface temperature as postulated by several

20,22

anthors is correct in practice.

Once these criteria for ignition are incorporated in the model

there is need to 2dd an expression for the heat fed into the solid from

5
i
|
!
;
|
1
i
i
H
i
!
b




+ne fl=ame 2t the surt-eo. This cen only s done 17 the amount and

nature of the vol~tile framents is imown 23 the dersree of exothermicity

and emissivity of the flame ~re reguired.

£,0.,2 Requirements of a model of behaviour

v

To makz 2 complete model of the hehaviour of volyurethane' foams
is not;sinmple as polynrethanes are complex materials and the effects
of altefing)the formulation are hizhly interactive., The history of the
sampie iS/Véry important, but it is likely {0 be unknown. Some of the

;
requirements of a model are now listed.

A:v' Heat.fluz within the sample is most likely three dimensional and
due to several causes:
1) external sources — transfer by raaiation, conduction and
convection.
2) internal generation — from an unknown and constantly
| chénging balance of reactions
3) mass transfer — escaping volatiles remove heat and
ooﬁdensing materials such asrTCEP effectively tréﬁsfér
heat B |
4) flaming combustion at the surface feeds heat to the solid
'5)  the char may oxidize exothermally when fresh air'ﬁiaYS
on the material
6) éoor formulations can §romote secondary curing at cuite

unexpected times,

B: Physical changes in the foam can be important and have a great
effect on the usefulness of a material.
1)  soffening and melting — few rizid foams melt and flow
but the sofiening allows some consolidation of the heated
foam. Plasticisers such TCEP affect the degree of

softening

%




Q : RS - - b [P
ahvrirdia-e iz khe remmls o7 — solfenins

~ cnemicnl abistion (ovolution of volaiiles)

~ phyaical penov-l oI ohor
3) The vermanence of the chinr is wital 25 =~ brittle char
that blows zway is no wuse a2s an insulant: the stirength
of the charred foam reguires assessment.
Cs Reactions are varied and depend largely on the past treatment of

the foan.

1)

2)

3)

5)

6)

7)

Amonz the faceis to be considered are:

reactions in the chains of the polymer matrix as assessed
by DTA

most reactions give some volatile fragments that are
removed from the site of formation. These may further
react as they diffuse from the material,either to give
smaller fragments or to consolidate the char

the behaviours under oxidative and pyrolytic conditions
are different and in practice neither can be strictly
applied |

when there is;ignition of the>volati1e fragmenté whether
the heat input is sufficient to maintain the supply of
fuel to the flame

the oriteria for ignition by spontaneous ignition or by
a pilot source must be tested against the conditions
prevailing.

when the char is oxidised fhe nature of the layer on
which the volatile fragments are cracked is altered and
this will affect the course of the cracking reactions
the concentrations and identities of the volatile products
of pyrolysis and of their products of oxidation need %o
be assessed in order to ascertain whether there are any

toxic components and whether they present a hazard.

Analysis by zas chromatosraphy is useful for asssassing this.

e 23
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the reactions that t2ke Dlzce. Until it is known precisely

whatl reactions do occur this is not easy, and slobal values

/

“have 0 be used. By their very nature these are neither

constant or vrecise, out They do z2llow some rough quantitive

evaluations to be made.

4,6.3 In view of the complexity of the heat diffusion equation derived

in section 4.5.1.2 any model formulatad would need to be based on

nmerical solution. As an indicztion of the manner in which a model

could be developed the case of one—dimensional flux through an infinite

slab is considered. This revresents any larze area of foam thab is

heated at one face, and approximates to many practical situations.

The thickness of the slab, L, is divided into n layers of

thickness Axwith half thickness laryers at the surfaces, and the

temperatures and properties of the s0lid are zssumed to be constant

within each layer. T is the temperature of the nth layer.

0
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P cooT e to layer n = /o (T -2 ,+'M+1 PR A
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PPN - . I - o . . ,
if after time /.t the temperaiture of layer m is Tm then the rate of

/
- o D -
Ax 9 bp (.L_n Tm)
A+t
A - c -
/ m(Tm__1 Tm+1) _ f.u P ¢ (Tm T )
Ax +
p m(T =27 + T _JAt
L4 T = T + 1 x't‘1
¢ » m m

At the surface, layer '0', the flux in is derived from convective

heating/cooling and from radiative transfer, so heat flux into surface =

4 m 4 m
I - o’g(To - T, ) --H(LO - Ta)_

il

heat flux into layer 1 }b(To —fT1) JAx

and rate of heating of p

éic R Cp (To B To)
2 At

i

layer

' 2 A4
o o) Ax ()Cp

[ I- o€ (Tﬁ_Ti)-H(TO—Ta)—)\O(To'T1 )
Ax

A similar equation is derived for the other face of the slab. With
these relationships it is possible to follow the temperature history

throughout the slab if the properties of the material are known. XNo

A25



lovence is made for thermochemical effects because the PTA resulis

£,

. , . . s , o, .
(figure 3.19) show a temperaturs variation of less than 1 C due to

N

Inspection of the weighi loss resulis in section 3.3.1 reveals that
interpolation for temperatures between the experimentel points would
be permissable as the curves do not deviate markedly from straignt
lines. There is rapid weight loss during the first 7 minutes, but
thereafter it soon reaches a siteady value, s0 a linear interpolation
is the simplest method of reacning the time variation of the weight
lozss, and it does not introduce great inaccuracy. Thus from the
experimental results it is possible to derive the functions Wt(T, t)

and % (2, %) in empir-cal fora.
T

Wivh these data a history of the weight fraction remaining at any
point_of the slab can be followed using the relationship
w'i;-;-- At,m w'i;-,‘m + AF i:fi'- (Tm, t).

dt
thwledge of the weignht fraction remaining'is then used to determine
the properties uééd in the‘equations fof tempéfafufe after a"fdifher

interval At.

The mean density of the foam decreases as the weight loss increases

and can be represented by €° Hf where fa is the density of the
W_! '
o

virgin foam, as density is the weight of material per unit volume.

The specific heat, Cp, increases slightly with increasing weight
loss and tends to the value of the gas within the char matrix. This
has a much smaller effect on the thermal capacity of the foam than

the density and can be disregarded.

Weight loss also affects the <thermal conductivity of the solid. As

there is less solid the cross—sectional area of the relatively nigh
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rensfer through the foom. Thiszs effectively

increases tne apparent thermal conductivity,

In 2ddition to fthe weight loss there is zlso shrinkege of the sample

as recorded in section 3.3.2. An approximate relztionship between
shrirkage, and temperature and time can be formulated empirically,

and then a factor applied %o the linear dimension, x, and to the
incrsment £fix, to make prqvision for this in the layers where shrinkage

has occurred.

The spontaneous ignition experiments show that there is a critieil
surface temperature that has to be exceeded before ignition will
occur, and‘To can be tested to check if the condition is met.
Alternatively, and.probably more accuraiely, the rate of weight loss
can be evaluated in the heated layers near the surface, by means of
the empi;ical relationships derived from the weight loss experiments,
t0 see if fhere is a sufficient supply of fuel to sustain a flame.
If there is no pilot source of ignitionm, the temperature has to be
much higher to cause auto ignition of the volatile matter, as

determined in the Setchkin apparatus (section 4.5.2).

When the foam does ignifte there is radiation of heat from the flame
{0 the surface of the foam, and this must be calculated with the aid

of an assessed flame temperature, and emissivity.

When using the iterative model of this type the increments of length
and time can be varied depending on the accuracy required., Where

rate of change of temperature and weight fraction are low the grid can
be made coarse, with savings of time and effort, without prejudicing

the accuracy.

a2



In situations with different geomeiry and boundary conditicns the
heat bpalance at the surface elements nave to be remade, and when
it is reguired a three-dimensional or two-dimensional grid can be

feormed, but correspondingly meore work must ve out into the solution,.

If extensive data on the products of decomposition were obtained by
identification of the volatile fragments with gas chromatography and
mass sﬁectrometry, and by following the fracture of bonds and groups
in the sgléd with the aid of infra-red spectrometry, then the
diffexéntial.thermographs could be used to obtain rate data for the
reactions, In this manner a detailed model of the degradation of the
§olymé; could be formulated and the quantities of toxic products
Qould be assessed. A model of this nature requires much research to
:idéntify the reactions in even z simple system and care must be
exercised when applying the data to a different system as the
‘interactioh of rea#tionS”is finely balanced and mich changed by

additional components or varying conditions.



5 CONCLUBIONS

In & foam of density 30 kg m~3 the solid acccunis for only 25 of

the volume.

Inclusion of TCEP in a foam enhances the process of heat transfer

through the foam by its 'refluxing! through the maierial.

Rigid urethane foams of density 30 kg n~> have a thermal diffusivity

of approximately 0.85 x 10'6 m® s, This is about 3 times that of
other common building materials, but in view of their very low density

polyurethene foams are excellent insulators.

The position and nature of the pilot source affect the ignition time

when a foam is subjected to thermal irradiation.

The presence of TCEP in a foam increases the time to ignition while the
concentration of the additive in the volztile products of pyrolysis is

high, but the concentration is soon reduced below zn effective level.

Fracture of the surface cells as a result of thermal shock throws small

particles of foam up from the surface and the resulting cﬁmbustion of
/ S

these is a major factor in the flash of non-sustained flame over the

sample surface. The brittle isocyanurate foam is particularly

-
s

susceptible to this behaviour. -
v

ﬁ!#
The surface temperature is the major factor governing ignition. With
pilot ignition the polyurethane foams have a critical suﬁfaoe
temperature of ca 22500 and the isocyanurate fozm 38000, end the

minimum radiation intensities of 8.4 and 12.6 kW m=2 respectively.



The surface temperature is critical because it controls the rate of
pyrolysis, and ignition only occurs when there is a sufficient supply

of volatile matter to sustain a flame.

At temperatures over 160°C the blowing agent is lost gquickly from the
foam when the cell walls are rendered permeable by rearrangements in

the polymer chains.

Degradation of the polymer chains at 24000 releases volatile molecules

thus eliminating the propylene oxide that is used to extend the polyols.

The TCE® is eliminated from the foam by 260°C.

The globel activation energies of 30 — 55 kJ mole_1 calculated from the
weight loss results for the polyurethane foams are lower than the
velues (80 — 100 kJ mole—1) quoted for pyrolysis of wood and natural

insulating materials.

The phosphorylated foam hes a lower activation enefgy at the lower

temperatures used, only 22 kJ mole | at 200%C.

Below 35000 the isocyanurate based foam has a low zctivation energy
(less than 30 kJ mole—1), but above it rises sharply to nearly

80 kJ mole—1.

Discolouration shows that the urethane foams start decomposing below

160°¢.

4t 200°C the charred urethanes have good strength and suffer little
shrinkage in spite of extensive reaction, but by 2450C they are frail

and distorved.

pICY)



Incorporation of TCEP results in higher shrinkage =2t temperatures of

200°¢ upwards, and softening of the foan.

Fozms based on phosphorylated polyols produce a char with useful

strength up to 300°C, largely on account of the thick cellular wall

that is formed.-

The isocyanurate foam exhibited fracture of the saﬁple as a result of

thermal shocke

There is no sign of melting at all in the isocyanurate foam, and the
cellular structure is preserved in the char. At 330°C the char offers

similar strength to the virgin foam, and shows only small shrinkage.

The chars oxidise in an air stream when heated to some 30000, and the
low activation énergies confirm that the chars contain materials other

than carbon in appreciable proportions.

In 2 well formulated foam an organic tin catalyst does not accelerate

degradation of the urethane foam.

The urethane link fractures in the temperature range 250 - 300°C. The

foams based on higher functionality polyols show urethane degradation

at the higher end of this range.

An estimzte of the activation energy for the urethane fracture gives

1 1

values between 125 kJ mole ' and 460 kJ mole ',

Trimerisation of +the isocyanctie groups occurs zt temperatures ranging

o =0 . . . .
from 295°C to 355°C depending on the cabtalysing species present.

A3



rnosphorylated foams show an exothermic reaction at 120°%C due to

reorganisation of their structure.

The presence of TCEP promotes lowering of the initiel xreaction

temperature by approximately 15°C.

The products of pyrolysis of the foams do not contazin any strongly
electrophilic molecules in large enough concentrations fto be

measured by gas chromatography, but there is evidence of aldehydes

being present.

TCEP does evolve hydrogen chloride when heated, as does to a small

extent the blowing agent, Fl11.

The mass spectrograms of the pyrolysis products at 250°C are very

similar for all the foams testied.
Pyrolyses beitween 16000 znd 25000 produce similar mixtures of products.

Dissociation of the molecules in the mass spectromeier prevents
absolute identificavion of the species present, but clues to their
identities can be gained from the fragments. Among the species
indicated are the alkanes, alkenes, aldehydes, carbon dioxide, amines,

ketones and ethers expected from the fracture of the polymer chzains.

There is some evidence of phosgene, cyanides, acetonitrile and

igocyanate in the pyrolysis products.

The phosphorylated polyol does release some of iis phosphorus in the

volzatile stream.

232



The complexity of the problem prevents an anzlytical model of the
polyurethane foam being formed, but it is possible to formulate,
with the aid of experimental data, an .empirical model to describe

the behaviour of a foam when it is subjected to a variety of

environments.
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APFENDIX I

Calculation of heat flux from rediative source

Symbols:

q heat flux from furnace Wom 2

AT total area of disc m2

AR area of disc receiving heating from source m2

TA ambient temperature g

i temperature of disc '

G emissivity of surface of disc -

o Stefan-Boltzmann constant (5.73 x 10°° w o2 %)
_ C Newtoﬁian cooling coefficient

Subscripts 1; 2 represent different source apertures.

The disc receives heat from the source and by radiation from the
atmospheres, At steady state the heat received

7 4
= a7
= G.gq Ap + AT g G

Heat is lost by radiation to the surroundings and by natural convective

cooling. At steady state the heat lost

2
4 4
= Ao G Ty +ATC(TD-TA)
Completing the heat balance at steady state gives 5
4 4 4
A o~ -—
Gqhy+ 2,0 GT," = 2o GT7 + ATC(TD TA)
which simplifies to
= 4 4 c %
Ta T TPy -T) = F (Tp-Ty)
This equation contains an unknown factor %, which needs to be eliminated.
The value of g, the heat flux is kept constant, and the wvalue of AR

changed by using a different source aperture, =2nd the rew equilibrium

temperatures measured. The following eguations hold

23y



2

“r1 4 w8y _C 0 o NG
TR T Ty =Ty ) ¢ (Tpy = Tyy)
2
bro 4 4 c )
! ET'" - O (Tpy =T) = § (Tnz"TAz)
Elimination of the factor g- between these equations, and rearrangement
gives
4 4 % 4 4 %
Ap O (Tpy " =Ty (Tpp = Ty0) (Tpp = Tpo) (Tpy = Tyq)
q = , -
2 2

)4

Ay (Tpp = Ty fpp (Tpy = Tyy)
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AFTERDIX 1T

List of symbols.

a2 Constant

a  Redius of cylinder

a Activity of reacting species
a  Absorption coefficient

A Prequency factor
b Constant

C_ Specific heat at constant pressure
¢ Constant

¢ Concentration of reaciing species

d Constant

Eﬂct Activation energy

(=
H Newtonian cooling coefficient

HR Heat of reaction

hij Heat transfer coefficient between 1 andj]
I Intensity of radiation

k Constant

k Rzte constant of reacticn
1 Thickness of layer
P Consteant

g Heat Tlux

el

Rate of heat gencration / uni

o
[
f
]
6]



R Universal gas consiant (8.3 J wole ! OK~1)

Constant

S Heat of reaction

t Time

t. Time to ignition

t__ Time to establish steady state convective boundary layer
T Temperature

Ts Temperature at surface

T  Temperature, ambient

u  Absorption of radiant heaf / unit volume
v Temperature

H | Keight»of fﬁam

Distance

L]

Thermel diffusivity
Thermal conductivity

Density

Do » K

¢ Temperature zbove ambient at ignition

Cooling modulus

%

w .
2 2
erfe(x)= J& e at
vx
oo

ierfe(x)=

2%]
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Benaviour of
m%wmﬁaam foams
under conirolied heating

M. A. Boult, B.Sc.(Eng.), A.C.G.1.
D. H. Napier, M.Sc., Ph.D., G.Eng., A.R..C., M.Inst.F.*

gepartment of Ghemicai Engineering and Ghemical Technology, Imperial
oliege

%(nowledge of the behaviour of new materials is essential if engineering .
designers are to avoid unsuitable applications. To avoid undesirable
consequencss it is necessary to evaluate the properties, behaviour and hazards of
new materials at an early stage of development.

Polyurethane foams have replaced traditional materials in many applications, and whilst the
behaviour of traditional materials is comparatively well documented, that of polyurethane is
still in several ways a matter for testing and experimentation. One reason for this is that the
term “polyurethane foam’ covers a large range of materials differing widely in chemical
composition and physical properties.

The major uses of rigid polyurethane foam are in insulating apohcatlons lagging pipework,
containers and, increasingly, for filling cavity walls in brickwork. It also finds application as
major and minor components in furniture, and as packaging. The flexible foams are used
extensively in packaging, clothing, furniture, automobile and aircraft trimmings and in some
insulation situations.

In common with other organic materials, polyurethane foam burns vigorously once the
combustion is well established ; this is well illustrated by the case of the firing of a large
stack of foam. When the material is distributed in a structure and there may be local ignition
with subsequent local combustion, other criteria of assessment must be applied. This, in
effect, is the standpoint adopted in this paper where objective assessment of the behaviour in
specified environments has been attempted. Thus the concern is more with the production of
smoke ard the stability of the char than with the softening and flaming occurring in violent
large-scale combustion.

. The incorporation of fire retardants into the formulation can enhance the performance

eg smoke production may be reduced and heat penetration may be limited, but other factors
also require consideration. For example, tris (chlorcethyl) phosphate (TCEP) distils and
decomposes producing hydrogen chloride, and phosphorus polyols reduce the temperature of
initial decomposition of the foam.

*Acknowledgment
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Types of foam

All polyurethanes are based on the urethane linkage
formed when an organic compound containing a
hydroxy! group reacts with an isocyanate,

O H
i1
R—OH +R'NCO—-R—0—C—N—R’

By the reaction of alcohols cantaining more than one
hydroxyl group (polyols) with isocyanates a three-
dimensional structure can be built up.

Many formulations can be used to produce foams of
widely differing properties. The broadest classifica-
tion comprises the two classes of flexible and rigid
foams; the former is usuatly of an open cell structure
and the latter has closed cells.

Classification may also be based on the raw mate-
rials used in manufacture. The polyhydroxyl com-
pound can be a polyester-or a polyether-based
material, and the isocyanate used may commonly be
toluene di-isocyanate (TDl) or diphenyl methane
di-isocyanate (MDI). :

Flexible foams were originally all made from an
ester based compound, but this is no longer the case
as the reaction produces water that must be driven
off, making the product costly. Besides having a
wide range of molecular weights-commercial poly-
esters contain unreacted starting material which
reduces the hydrolytic stability?.

In spite of these shortcomings polyesters still com-
mand a place among urethanes because thesy are
inherently less flammable than polyethers2 and,
when halogenated compounds are used it is possible
to formulate foams having superior fire retardant
properties. Thus flexible foams are made from
polyethers with some substituted-esters added as a
fire retardant. TDI is the  most common polyiso-
cyanate for these open cell foams and the blowing
agent is usually the carbon dioxide produced by

reaction of isocyanate with the water included in the-

formulation.

Rigid foams differ from flexible foams in that there
is a high degree of crosslinking between the polymer
chains. The principal commercially available poly-
ether rigid foams are made by starting from com-
pounds of propylene oxide and materials such as
glycerol, sorbitol and sucrose. MD!} is the com-
monest isocyanate used in rigid foam manufacture as
it is safer to handle than TD! and gives desirable
chemical characteristics, and the foam is blown by
trichlorofluoromethane added as solvent.

‘Fire retardants can be divided into two classes,
the physical additives and those that are chemically
bonded in the foam. Most of the retardants used
depend upon phosphorus or halogens or both for
their effectiveness. Halogens act by inhibiting
flame reactions, and phosphorus by promoting char
formation.

Among the additives there are some solids but these

i4 Fire Prevention Science and Techrology No. 3

are rarely used in low density systems as they have
detrimental effects on the physical properties of the
foam. Liquids such as tris (chioroethyl) phosphate
(TCEP) and other halogenated alkyl phosphates are
in common use.

The chemically incorporated fire retardants can be
phosphorus-or halogen-containing isocyanates, but
by far the majority are polyhydroxyl compounds
containing these elements, The acids of phos-
phorus are frequently extended with propylene
oxide to decrease the isocyanate demand, and
chlorine or bromine is introduced cn account of the
mutually beneficial effect that exists between halo- -
gens and phosphorus in fire retardance3.

Miscellaneous methods Theintroduction of heat
resistant groups into the foam structure is gaining
importance. The most notable such group is the
isocyanurate ring formed by the joining together
of three isocyanate wmolecules. Although the
isocyanurate ring is stable to over 300°C4 5, the
friability of the foams it produces limits the extent of
its use®, :

Behaviour of foam

Heat penetration When polyurethane foam is
exposed in a fire it decomposes as do all organic
materials. Of greater interest is its behaviour under
the conditions that exist before ignition occurs.
Some investigations relating to heat penetration were
performed by subjecting one end of a cvlindrical
sample to a known intensity of thermal radiation and
measuring the temperatures along the cylinder axis at
various distances from the heated face. The inten-
sities used were 4-2 kW/m? and 21:0 kW/m2. The
lower of these values approxirnates to exposure to a
single bar electric fire at six inches distance. The
intensities received from other frequently encoun-
tered sources of radiant heat are shown in Table 7.
Typical temperature histories are shown in Fig 18.
The foams examined were rigid, of nominal
density 32 kg/m3. Values of thermal diffusivity
were calculated by assuming the system approxi-
mated to a.semi-infinite body subjected to constant
radiation®. These values and those of some typical
building materials are shown in Table 1.

The curves showing heat penetration are of the
expected shape, but there are notable differences
between the heating rates of the different foams.
The heat penetration rate was higher for the foam
containing TCEP than for that without flame retar-
dant due to the “*fluxing’ of the additive through the
material assisting heat transfer and breakdown of the
cell walls. It was also observed that a decrease in
heat penetration rate occurred in the order AB D C,
which correlates with the decreasing cell size of the
char. The surface temperatures were measured by a
shielded thermocouple at the face, and the shrinkage
of the foam away from the thermocouple caused the
drop in temperature observed. lsocyanurate foam
behaved differently from the others as shown by the
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Fig 1. Thermal penetration by irradiation, Temperature histories at
various depths below heated face.

A: Polyurethane foam, 20 parets of TCEP

B: Polyurethane foam, no additive

C: Isocyanurate foam . :

D: Phosphorylated polyurethane foam (high char)

The foarms were all rigid, of 2 nominal density of 32 kg/m?, and werse
subjected to an intensity of 42 kW/m?2,

curves in Fig 1. The foam did not shrink and the
charring was more gradual. Cracks were formed in
the exposed surface by the stresses produced in
heating. These resulted in fissures in the material at
which decompaosition continued, thus widening
them and aiding the process of heat penetration.

The results from exposure to 21-0 kW/m?2 show that
the effects of a fivefold increase of intensity are

Tablel: Radiationintansitiesin some pracrical systems
kW/m?2

Summer sunshine in England 0-67

Radiation to cause pain in 3 sec. 105

Spontaneous ignition of wood after an

extended period 29-4

TIME (minutes)

Table li: Values of thermal diffusivity of polyurethane
foams and of some building materials

Material Thermal
conductivity
(W/m°C)x10-3

A. Polyurethane foam,
20 parts TCEP in mix
B. Polyurethane foam
C. Isocyanurate foam 2341
D. Polyurethane foam '
with phosphorylated

polvol
Air 239
Crown glass 1150-0
Brick 825-0
Wood (spruce, across
grain) 1230
Ground cork 41-0

Thermal
diffusivity
(m2/s) x10-¢

0-81

17-8
0-58
0-38

024
014

Fire Prevantian Szience and Technology Ne. 3 15



minimised by the char layer formed, as the tempera-
tures at a depth of 10mm reach a value of about
440°C.

Weight loss Although not a complete index of
performance of a material resulting from the imposi-
tion of extreme thermal conditions, loss of weight
reflects the alteration in chemical and mechanical
properties of the material.

For low density foams (32 kg/m?3) it appears that the
weight loss after maintaining at a fixed temperature
for one hour is proportional to the temperature over
the range between 200 and 360 °C, the losses varying
from approximately 25 per cent to 80 per cent.
The initial rate of loss is high, three-quarters of the
weight loss occurring during the first 10 minutes of
exposure if the temperature is over 200°C. Under
the same conditions foams containing TCEP suffer
greater loss than those without by virtue of the fact
that the TCEP acts as a plasticizer thus allowing the
foam to soften and flow before decomposing.

Higher density foams suffera smallerloss, forexample
doubling the density reduces the loss in one hour at
330°C to less than 50 per cent. The greater surface
area of char produced allows a more complete
heterogeneous cracking of the volatile materials as
they are evolved from the interior of the sample. |If
the temperature is greater than 230°C the use of an
inert atmosphere greatly reduces the rate of weight
loss, which indicates the desirability of cladding any
foam panels with non-porous material. This effect
is much less noticeable in isocyanurate based foams
as the fraction of low stability urethane groups is
smaller.

Ignition When an exposed face of foam is sub-
jected to radiant heat and the temperature rises to
about 200°C, decompaosition commences and vola-
tile products are evolved from the face. In some
potential fire situations, eg overheating by close
proximity to domestic heating, pilot ignition sources
are absent and flaming combustion is therefore less

Table Il1: Surface ignition observations on thermal irradiation

Radiation Ignition
intensity Time Temp.
(kW/m?) Foam {s) {°C) Observations
63 ; :
N Chars have large cavities.
2 No ignition Considerable shrinkage, even charring
5
84 1 B 250 Black - sooty smoke. Flame extin-
guished without irradiation.
2 4 230 Grey sooty smoke. Some spread of
combustion.
3 4-5 225 Grey sooty smoke. -
4 5 225" Some spread of flame, some shrinkage.
Good char. :
5 No ignition, v
12:6 1 25 250 Combustion penetrated and spread.
2 3 240 Complete combustion of irradiated
area. Extensive spreading.
3 2 230 Extensive combustion; material sof-
tened.
4 2 240 Flame spread over whole face. Good
char.
5 75 400 Small flame, self-extinguished after
20 seconds.
16-8 1 25 . 250 Complete combustion of irradiated-
v area. Some spread of flame.
2 1-5 240 Almost complete combustion.
3 15 240 Extensive combustion. Material sof-
tened.
4 <05 250 Considerable spread of combustion.
Good char.
5 35 380 Smali transient flame. Some white
smoke.
Rigid Foam :
32 kg/m3 1: no additive.
2: 20 parts TCEP in mix.
3: 30 parts TCEP in mix.
4: phosphorylated polyol.
5: Isocyanurate, no additive incorporated.
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likely. When convective mixing of the volatile
products with air occurs the mixture temperature will
be even lower and the ignition temperature will not
be attained. The radiant absorptivity of such gas
mixtures appears to be low and the source of radiant
heat does not contribute appreciably to the heating
of the mixture. )

The convection currents induced by the heated face
rapidly dilute the evolved materials so that only a
very small region is within the flammable limits and
the whole mixture is swept away from the hot zone.
This aids circulation so that combustibtes will reach
the source of the heat, but the dilution will be so
great that there can be no ignition. By the time the
surface has reached a higher temperature the
material near the surface will have reacted to form a
carbonaceous char, which limits the penetration of
heat into the unreacted foam and so decreases the
rate of decomposition. The results of preliminary
experiments are reported in Tabie Il and the conclu-
sion has been reached that an intensity in excess of
about 8 kW/m2 appears to be needed to ignite low
density rigid urethane foams, and atout 12 kW/m?2 for
isocyanurate based material.

In the case of pilot ignition, the size and intensity of
the igniting flame determines what is likely t0 occur.
Only qualitative experiments were performed, but
these were sufficient to identify two quite different
patterns of behaviour. If a small flame is put to a
piece of foam then there-is transient ignition as flame
flashes across the surface. There is decomposition
of the area close to the point of application of the
flame and combustion of the products, but this is
only transient as an insulating layer of char quickly
forms. The fiash of flame across the surface is
probably caused by the fracture of the-surface layer of
cells by thermal shock. This throws smail particles
away from the surface which then ignite. This
rapid “action and the heat released is insufficient to
cause further reaction. If a larger or more intense
flame is used thereis enough heat input into the foam
to ensure continued decompositiorronce an initial
char has been produced.

Fires are often accompanied by strong air currents
which can, if violent enocugh, lift the char off the

burning foam and expose a fresh surface for attack.
Bonding of the surface will prevent flash of flame
which, although it does not add significantly to the
burning of the foam, acts as an excellent source of
ignition for any flammable gas mixtures it may
encounter. Cladding with a suitable material,
besides inhibiting flame spread can also prevent the
evolution of the volatiles at the face and ensure that
the protective char will not be swept away. The
volatile products will still erupt from the edges of clad
shests but they will have been modified, by passage
through foam and char, to less easily ignited species.
Toxicity When an organic material burns carbon
monoxide is formed and its concentration depends
on fire ioad, oxygen availability and ventilation. In
general it is an ever-present and major hazard in fires

“and is likely to be produced in both the devolatvhza-

tion and burn-out stages of a fire.

In addition to this hazard emphasis has often been
placed on the effect of the elements other than carbon
present in the non-traditional materials, eg chiorine
in polyvinyl chloride, and fluorine in polytetra-
fluoroethyiene.

In the case of polyurethane foam, among the carbon
compounds that have been found in the products of
decomposition are: hydrocarbons, aldehydes, alco-
hols ‘and organic acids'®. in addition to these
attention is focused on the fate of the nitrogen
and hydrogen cyanide, amines, isocyanatas® and'
oxides of nitrogen'! have been jsolated.

Woolley and Field'2 have shown that rigid and
flexible foams behave differently in their release of
nitrogen. With rigid foams the nitrogen content is
lost by a general, temperature dependent, frag-
mentation (about 90 per cent loss by 500°C)
whereas with flexible foams there is a complete and
rapid loss at low temperatures (less than 10 per cent
at 200°C, and about 80 per cent at 250°C). Using
flexible foamsWoolley and co-workers'3 have shown
that the amount of hydrogen cyanide produced
increased with increasing temperature, Again fac-
tors defined by the type of fire and stage of develop-
ment are evident.

The high toxicity of some phosphorous compounds
necessitates some assessment of the fate of phos-

Table IV: Evolution of phosphorus compounds during thermal degradation

Atmosphera

Temperature Material A -
(°C) N, 6%0 ;-94%N , Air
220 1 — + +
320 1 + +

2 + +
400 1 +

2 +
Rigid fcam 1: containing Fyrol 6 + : phosphorus present

{64 kg/m?)

2: 30 parts TCEP in mix

— : phosphorus absent

Fire Prevention Sciance and Tachnology No. 3 17



phorus-containing fire retardants. - While the major
part of the phosphorus is retained in the char, and in
some cases all of it, there are conditions where
volatile phosphorus-containing compounds are pro-
duced. Some qualitative results relating to hitherto
unidentified organic phosphorus-containing com-
pounds are shown in Table V14,

Included for convenience under this heading of
toxicity is the smoke formation, a matter of both
physiological and psychological importance in fires.
It can be seen in Table 1l 8 that the hazard from
smoke is greater at low temperatures and the most
offensive material was that without addition of fire
retardant. Smoke production when flexible foams
undergo flaming and non-flaming combustion and
the resultant gas concentrations are shown in
Table V15,

Heating effects with oil contamination Cubes
(26mm side) of flexible polyurethane foam without
fire retardants were allowed to soak up measured
quantities of mineral oil containing no antioxidant.
Their temperature was raised to values at which there
was evidence of self-heating. For purposes of
comparison similarly sized cubes of preformed
asbestos lagging were heated and the results
obtained are given in Table VI8,

The total rise and the rate of rise of temperature were
both much higher for asbestos lagging. Tha cellular
structure of the polyurethane foam prevents rapid
supply of oxygen and removal of oxidation products
of the oil. The fibrous nature:of the asbestos is
conducive to the oxidation owing to the large surface
area and the easy gas circulation.

Conclusion

Assessment of the hazards arising from the com-
bustion of polyurethane foams, in common with
all other materials, is required so that selection of
appropriate materials may be made during design.
Various types of polyurethane foams are already
available and continuing efforts by the polyurethane
foam manufacturers lead to the expectation that
further improvements will produce foams that are
suitable for use under a wider range of conditions.
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Table V: Smoke and gases produced by burning flexible polyurethane foam

Smoke Gas
r A ~ _concentrations
Specimen Max. value of Max. Time to
Sample Weight Test specific rate of rise D.=16 CO HCN HCI
optical dansity of D,
g s (min—1) (min) pPpmM ppm ppm
15 2:6 F 35 6 1-4 50 2 0
: N 158 9 0-5 50 2 0
128A 4-2 F 262 120 0-2 320 25 150
N 286 62 07 160 2 25
1288 35 F 41 15 0-6 150 2 2
N 300 54 07 190 2 2
Flexible polyether foams. 15, no additive, density 37 kg/m3. F—flaming combustion.
128A, fire retardant, density 30 kg/m3. N—non-flaming combustion.

1288, no additive, density 22 kg/m3.

Table VI: Temperature rise in flexible polyurethane foam with absorbed oil

Temperature
Material Oil Equilibrium Rise ' Time Rate
(ml/cube) (°C) (°C) ({min) (°C/min)
Asbestos (300 kg/m?3) 4 165 114 4 285
5 165 109 5 21-8
6 163 109 5 21-8
High modulus 2 157 30 17 1-8
polyurethane 3 167 31 13 2-4
foam (64 kg/m3) 4 163 10 65 0-2
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THERMAL DEGRADATION OF POLYURETHANE
FOAMS

By M. A. BOULT,t R. K. GAMADIA.+ and D. H. NAPIER+

’j SYNOPSIS

In view of the wide indusirial usage of polyurethane foams some aspects of their behaviour have been considered
under thermally extreme conditions aad in a fire emergency.

Foams with and without combustion inhibitors and a foam based on the isocyanurate ring have been

examined by heat penetration and weight loss measurements. Analysis of the products of decomposition has

. established that phosphorus compounds, cyanide, isocyanate and halogenated materials were evolved. Attention

wasalsodirected to the surface temperature at which spontaneous ignition occurred (in the range 220° to 460°C)

and to the state of the charred residue. The effect upon some of these aspects of atmospheres deficient in oxygen

e

as compared with air have been investigated.

Introduction

The rapid growth in the development of plastics has led
to their use as an improvement to, or as a substitute for,
traditiona! materials as well as to their use in applications

. for which traditional materials were not suitable.

The behaviour of traditional materials under both service
and emergency conditions is fairly well known except when
the range of operating conditions is extended or when
experience or research leads to the definition of a new hazard,
for example, the long-term effects of blue asbestos on
operatives and the toxicology of benzene. A background
of experience has not yet been built up for some of the newer
materials. It is intended in this paper to draw attention to
some aspects of the behaviour of polyurethane foams under
both fire emergency and thermally severe service conditions.
It is hoped thereby to assist in building up the background
of knowledge relating to the behaviour of this material
which is now being employed in a wide variety of industries.
Some of the important uses include the thermal insulation
of plant and pipework at both high and low temperatures,
the filling of cavities in walls of buildings both in brickwork
and in metal partitioning, and for the major or minor
components of furniture. It is also used in clothing and foot-
wear and in packing. It is therefore liable to be in use or
on-site in considerable quantities in the chemical and process
industries. Aside from these uses it may be noted that it
has been used in coal mines as well as in the domestic
appliances and automobile industries.

Examination of its behaviour under fire emergency and
thermally severe conditions involves considerations of
pyrolysis and of combustion in oxygen-deficient atmospheres.
In view of the fact that polyurethane foam is somewhat
thermally unstable and cannot be classed as a  highly
resistunt orzanic polymer,! extensive thermal damage would
be anticipated when temperatures in excess of 250°C are
cocountered. In order to assess the effect of conditions of

tDepartment of Chemical Engineering and Chemical Technolouy,
Tmperial College, Prince Consort Road, London, S.W.7.

The results obtained indicate some of the hazards liable to arise from these materials, and the degree to which
they retain their serviceability under extreme conditions.

pyrolysis and of partial combustion the following have been
studied:

{1). Heat penet'ration rates.
(2). Chemical stability.

(3). Conditions for spontaneous ignition by radiating
sources.

(4). Extent of damage to the foam and the structure of
the char remaining,.

(5). Toxicological properties of products evolved during
decomposition of the foam.

Types of Polyurethane Foam

Many formulations have been used to produce a wide range
of foams. The first broad classification of these is into
flexible and rigid foams. The former is of open-cell structure
and is used extensively in furniture; a polyester-based
material is used for insulating hot water and low-pressure
steam pipes. The latter is of closed-cell structure and such
materials are used extensively as thermal and acoustic
insulants. There is a range of foams with properties inter-
mediate to the two extremes.

Distinction may be drawn between polyurethane foams
on the basis of the raw materials used in their production.
They may be based on polyether or polyester with polyol
initiator: again tolylene diisocyanate (TDD or diphenyl-
methane  dilsocyanate (MDI) may have  been used.
Yariation may also occur in the blowing agent used although
carbon dioxide produced by decomposing isocyanate is
usually combined with a halogenated miethane.,  Such
variations alfect the properties of the foam: for example
polyesier foams arc more {tame resistant than polyether-based
foams.”

L.Chem.E, SYMPOSIUM SERIES No. 33 (1972 Instn chem. Engars, Londen)



BOULT. GAMADIA AND NAPIER.
o] a
/| Il
O——'R[‘—O—C—NH—R'——NH-—‘C“‘O—*RZ—O—C—NH

Fig. 1.—Simplest form of urcthune linkage

A further important division is into those foams that
have fire retardant added and those which do not. The
former category may be sub-divided into:

(a) those with a fire retardant mixed in as a simple
additive, e.g., rris (chlorocthyl) phosphate (TCEP),

(b) those in which part of the polyo! has been replaced
by a phosphorus-contiaining compound, which becomes
incorporated into the chemical structure of the foam.
e.g., Firemaster T 23 P (Michigan Chemical Corporation)

-

(BrCH,.CHBr.CH,0);.PO 4.4% P
(H[CH..CH;. C}{G]O)s .PO 7%P
Fyroi 6 (Staufferv Chemicals)

(C:H;0); PO.CH.N(C,H,OH),  12:6%P

Reference will also be made in this paper to a foam based
on MDI which is used to produce the isocyanurate ring with
polvols bound in as urethanes; a rigid highly cross-linked
foam results.® |

The simplest -form of urethane linkage ts shown in Fig. 1
- and the isocyanurate ring from MDI is given in Fig. 2.

Heat Penetration Measurements

The investigations relating to heat penetration were per-
formed by subjecting one end of a cylindrical sample of foam,
47 mm dia., to a known intensity of radiation and measuring
the axial temperature histories at selected distances from the
exposed. face. The intensities of radiation used were
4.2KkW/m? (0-1calfcm?®s) and 21.0kW/m?; some com-
parable values from frequently encountered systems are
shown in Table L.#

TanLe L— Radiation Intensities in Some Practical Systems

(cal/cm? s) (kW /m?)
Summer sunshine in England 0-016 (0-672)
Radiation to cause painin 3 s 0-25 (10-3)
Spontaneous ignition of weood after an
extended period 0-7 (29:4)
\ /

—N N—
/ Y
C [
/ o \
H i H
N/C\

H—C—H

N
/\

Fig. 2.—~Isocyanurate ring formad from MD!
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Typical temperature histories are shown in Fiv. 3. The
foams examined were rigid, of nominal density 32 kg/m?3
(21b.ft?). Values of thermal diffusivity were calculated by
assuming the system to approximate to a semi-intfinite body,
subjected to constant radiation:® these values and those of
some ty pical building materials are shown in Table .

Tavcr L—Values of Thermal Diffusivity of Polyuretiuune Foams
andd of some Building Materials

Thermal: Thermal
Conductivity Diffusivity
Material (W/mC) (m?/s)
(a) Pobyurethane foam, 20 :
paris TCEP in mix
(tf) P»olz'gxrcthane foam 23-1.:10-3 0-S1 x 10~
(¢} Isocvanurate foam
(d) Polyurethane foam with
phosphorylated polyol
Alr ’ 23-9.10°3 18-7x 10~
Crown glass 11500 10-3 0-58x10-°%
Brick §25-0<1073 0-38<10-%
Wood (spruce, across grain)  123-0 103 0-24x10-¢

The values for polyurethane foams were calculated from
the steeply rising part of the curves. Thermocouples were
placed at distances behind the exposed face indicated on the
curves.

The curves showing heat penetration are of the expected
shape but there are certain notable differences between the
heating rates in different foams. The heat penetration rate
was greater for foam (a) containing TCEP than for the foam
(b) without fire-retardant due to the “ fluxing ” effect of the
additive whereby the cell structure was more readily broken
down and heat transfer assisted. It was also observed that a
decrease in heat penctration rate occurred in the order (a).
(), (d), (c) (as represented in Table II); this correlates with
the decreasing cell size of the char.

Surface temperature of the samples, as measured by a
shielded thermocouple, was also recorded and that for foam
(by—without additive—and foam (d)—with phosphorylated
polvoi—showed a marked decrease after a few minutes.

This resulted from the shrinkage of the samples and

consequent movement of the exposed face from the thermo-
coupte measuring surface temperature. The fall in temperature
recorded on thermocouples close to the surface of foams
(@), (b) and (d) was probably due to the internal softening
of the foam and to the formation of a layer of char on the
thermocouples.

Isocyanurate foam behaved differently from the others
as shown by the curves in Fig. 3. The foam did not shrink
and charring was more gradual. Cracks were formed in the
exposed surface arising from the stresses produced by heating.
These resulted in fissures in the material at which decomposi-
tion continued thus widening them and aiding the processes
of heat penetration.

Heat penetration curves for high modulus and rigid
polyurethane foams of nominal density 64 kg/m? are shown
in Fig. 4. The temperature was measured one centimetre
behind ihe exposed face when the samples were exposed to
radiation of intensity 21 kW/m?® in air and in nitrogen.
Curves obtained with rigid foam in both air and nitrogen
were stmilar indicating the controliing influence ot the soften-
ing and breakdown of the structure of the foum. In respect
of heat penetration the behaviour of the foam of high
modulus was similar to rigid foam, but the finul temperature
atrained in nitrogen was some 80 degC lower. In comparing
the final temperdtures attained at 4-2KW!/m* with those
in Fig. 41t 15 noteworthy that the effect of a tive-Told increase
in intcisity was minimised by the char layer formed at the
exposad tuce: this laver will be discussed later,

LChem. L. SYMPOSIUM SERTES No. 33 (1972: Instn chem. Engrs, London)
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The foams were all rigid, of a nominal density of 32 kg /m?, and were subjected to an intensity of 4-2 kW /m?

Fig. 3.—Thermal penetration by irradiation, Temperature histaries at various depths befow heated face

Curves showing the temperature of a thermocouple
inserted into the centre of a small cylinder of foam
(height: 40 mm, diameter: 29 mm) which was heated at
300°C are given in Fig. 5; air or nitrogen was passed over the
samples at the rates mentioned. The marked difference
between the behaviour of the isocyanurate foam and the
high modulus foam is of interest. In the case of the former,
no strongly exothermic reaction occurred in air whereas
for the latter, the sample temperature in air rose rapidly.
This divergence in behaviour was observed to commence
above about 225°C; when the temperature is raised
sufficiently combustion of the isocyanurate results and the
sample temperature rises rapidly.

Measurements of Laoss of Weight

Thermal damage has been expressed in a number of ways,
for example, change in appearance, surface temperature
attained, and weight loss, Although it is not a complete
index of the performance of a material resulting from the
imposition of extreme thermal conditions, loss of weight
reflects the alteration in chemical and mechanical properties
of the marerial,

Loss of weight determinations were made by heating
samples at fixed temperatures in nitrogen and in air and in
atmospheres to which halogenated methanes were added.

Losses were recorded at 230, 270, 300,
sample (height: 40 mm, diameter: 22 or 29 mm) being
used at each temperature. Some of the results obtained are
shown in Table IIT in which they are expressed as the weight
loss after 10 minutes, by which time a steady value had been
reached.

and 330°C, a fresh

When heated in air the rigid and high modulus foams
behaved similarly, but when heated in nitrogen the rigid
foam lost more weight because of the greater breakdown
of the structure of the materials. Furthermore, products
of decomposition escape readily from the high modulus foam.
Thus they have little effect on subsequent stages of decompo-
sition and on the material yet they decompose as heat
penetrates into the sample. The effect on weight loss of
incorporation of TCEP almost certainly involves these
factors.

The effect of additions of halogenated methane to air
or to nitrogen in which polyurcthane foams are being heated
is not clear. [t seems that loss of weight of the foam may be
increased probably by chemical attack., On.the other hand,
considerable reductions in loss of weight were also recorded;
examples of both of these are given. These effects in turn
varied with the tvpe of halogenated methane used; among
other factors it seems likely that the chemical stability and
rate of decomposition of the methane derivarives is involved.

I.Chem. E. SYMPOSIUNM SERIES INo. 33 (1572 Instn chem. Engrs, London)
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4090

300
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TEMPERATURE {°C)

100

A: High modulus,
64 kg /m*, 0-3 1 /min, Air

B: Rigid,
64 kg /m3, 0-3 1/min, Air
C: Rigid, e

64 kg /m>, 0-3 /min, N,
D: High modulus,

64 kg /m?, -3 1/min, N,
The foams were both without fire
retardant additives and were sub-
jected to an intensity of 21 kW /m?

Fig. 4.—Thermal penetration by
irradiation. Temperature histories
at one centimetre below heated face

TIME (min)

From curves similar to those shown in Fig. 6, activation
energies have been calulated for the pyrolysis and comustion
of cylinders of foam. These may be compared with higher
values (165 to 200kJ/mol) determined by TGA in the same
temperature range (discussed Ref. 6). This difference in
value may be anticipated in view of the dependence of the
weight loss of the heated mass upon the rate of heat penetra-
tion. This physical process would be expected to exert a
major effect in controlling rate,

The results obtained illustrate that severe thermal damage

is to be expected under a wide variety of conditions both in

air and in oxygen-deficient atmospheres.

A loss in weight in excess of half that reached in the steady
condition at 330°C was usually experienced after heating at
270°C; for example, see the weight loss curves shown in
Fig. 6 for high modulus foam heated in air. This was also
shown by the isocyanurate foam. This degree of loss is in
accord with the temperature range for decomposition of the
urethane structure. However, rigid polyurethane foam
without. the addition of TCEP exhibits a much lower
comparable weight loss (about 30%). Breakdown of the
internal cellular structure and some softening of this material

of various foams with gas flow past
the sample

causes delay and a less easy means of escape for the volatile
pro~.icts of decomposition.

Surface Ignition

Spontaneous ignition of a flammable gas mixture depends
on the interrelation of energy, time, and size of energy
source. In the experimental arrangement e¢mployed in the
present investigation an area of foam (0-002 m?*) was exposed
to thermal radiation of various intensities and the required
time to ignition was recorded as well as the temperature
near the surface of the sample. This latter value was an
estimate of the temperature of the gases evolved rather than
that of the surface of the foam. The experiments took place
in air but without forced circulation of the air.

The results obtained are given in Table IV. In this table.
ihe relationship between rate of energy input and the time for
ignition will be noted. Higher temperatures were required
to cause ignition of isocyanurate foam and the flame was
transitory. The temperatures recorded in this work are
considerably lower than  those obtained  using
ASTM 1929-62T, viz., 420 to 450°C.” The difference arises

TaBLE IIL.—Weight Loss of Samples of Polyurethane Foam

Loss after 10 minutes

VA, £
Material Atmosphere 230°C 270°C 300°C 330°C kJ/mol
High ' Air 30 41 44 79
modul Nitrogen - 15 20 31 59
64k /fns, Air+40-5% CBM? 33 50
g Nitrogen--0- 5% CBM+ 14 25
Air o 43 67
Rigid Nitrogen 12 18 42 59
64 kg/m3 Air+0-5%; CBM{ 10 42
Nitrogen-- 0-5%, CBMt 15 33
Rigid
64 kg /m? [ Air 26 34 4 75
with 30%; { Nitrogen 43 92
TCEP .
Isocyanurate j Air 25 30
48 Kz /m? | Nitrogen 2 23 2

TCBM = Chlorobromomethane

T.Chem. . SYMPOSIUM SERIES No. 33 (1972: Instn chem. Enars, London)
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from the fact that in the present arrangement volatile
matter was allowed to collect at the irradiated surfuce,
remain hot, and not bc cooled by ““ignition air™. The
temperaturcs recorded in Table IV arc in good agreement
with that for the decomposition of the urethane structure.

While there is no hasis of direct comparison between the
work of Wilde and the present results, it appears that the
energy intensitics requircd for ignition are of the same order.
Wilde draws attention to thc rapidity of flame spread on
polyurethane foams and the marked improvement recorded
with isocyanurate foam when examined by B.S. 476 Part
Section 2.5 .

Qualitative obsgrvations were also made of some of the
combustion characteristics and thesc are included in Table IV.
Some of these will be considered later.

J ‘Charred Residue

In many instanccs it is desirable that in the event of fire
the residue of the material affected should maintain its
integrity, possess reasonable mechanical strength, and so
continue to act as a heat shield. If the char swells and still
remains sufficiently strong to withstand the air currents that
usually accompany a fire it may offer an added protection to
the substrate. In the light of the variety of uses for foamed
polyurethane the structure of the char becomes significant,
and a description is given here of the effects observed.

When subjected to thermal radiation of intensity
4.2 kW/m? none of the materials under investigation ignited
but decomposition occurred and the chars were examined.

Rigid foam without additives (32kg/m?®) yielded, after
irradiation for 16 min, a char of cell size 10 mm-to a depth of
15 mm from the exposed face followed by char of cell size
7 mm for a further 8 mm and finally 2 mm of discoloured
foam. The heated face had receded to a distance of 7 mm
from the radiant source but a layer of dense char about
half a millimetre thick formed on the surtace.

This layer was a charactcristic of the charring of all rigid
polyurethane foams; it probably arose from shrinkage and
from deposition of products from cracked volatile maiter as it
passed through the hot zone. Rigid foam with 20 parts TCEP

produced a similar char but of larger cell size. These chars’

were mechanically very weak, except for the thin dense char
layer. Similar chars were produced from higher density
(64 and 128 kg/m?) rigid foam; slight swelling occurred
instead of shrinkage. Phosphorylated rigid foam shrank
more, but yielded a stronger char of cell size of two
millimetres.

High modulus foams shrink slightly on heating but the
char, although weak, does not exhibit the softening and
breakdown of the foam structure as with rigid foams.

As previously described the isocyanurate foam formed
fissures on heating; a char was produced comparable in
strength to the original material. Continued heating led to
continuation of the decomposition, and a friable, cindery char
resulted. ]

These results were confirmed by the chars produced from
the surface ignition work; some of the observations are
recorded in Table 1V. For example, a block of foam without
additives, 30 mm thick, burned completely in the irradiated
area to a diaphanous film; spread of flame occurred for about
50 mm along the exposed face. Rigid fomns to which TCEP
had besn added suffered more severe damage with evidence
of a greater degree of softening. In contrast to this, when
phosphorylated foam was exposed, extensive combustion
travelied about 30 mm bevond the irradiated area and flame
flashed over the entice surface, but the char did not burn and
its mechanical strength was high.

THERMAL DEGRADATION OF POLYURETHANE FOAMS

TaoLe LV.—Surface Ignition Temperatures at Various Radiation
Intensities

Ignition
Radiation ——
Time Temp.

intensity
(kW/m?)  Foam (s) (°C) Observations

63 ; Chars have

3 .No_ A large cavities

4 | temition Considsrable shrinkage,

5 { even charring.

S-4 1 S 250 Black sooty smoke. Flame
extinguished without
irradiation.

2 4 230 Grey sooty smoke. Some
spread of combustion.

3 4-5 225 Grey sooty smoke.

4 5 225 Some spread of flame, some
shrinkage, Good char.

5 No ignition

126 i 2-5 250 Combustion penetrated and
spread.

2 3 240 Complete combustion of
irradiated area. Extensive
spreading.

3 2 230 Extensive combustion;
material softened.

4 2 240 ‘*lame spread ovec whole face.
Good char.

5 7-5 400 Small flame, self-extinguished
after 20s.

16-8 1 2.5 250 Complete combustion of

irradiated area. Some
spread of flame.
240 Almost complete combustion.
240 - Extensive combustion.
Material softenzd.
Considerable spread of
combustion. Good char.
380 Small transient Hame.
Some white smoke.

[N 8}
™
W W

4 <05 250

W
[P¥]
w

Rigid Foam
32kg/m* 1:no additive.

: 20 parts TCEP in mix.

: 30 parts TCEP in mix.

: phosphorylated polyol. .

: isocyanurate, no additive incorporated.

g W N =

Heating Effects with Oil Contamination

Cubes (side 25 mm) of high modulus polyurethane foam.
without additives were allowed to take up chosen amounts of
mineral oil (without anti-oxidant). Their temperature was
raised in an oven to values at which there was evidence of
self-heating. These values are given in Table V where the
steady oven temperature is designated as the equilibrium value
and the rise recorded was that of a thermocouple embedded
in the sample.

For purposes of comparison some experimants were carried
out with similar-sized cubes of asbestos lagging. When the
temperature at which heating commenced was the same for
both materials & much larger effect was observed with the
asbestos than with the polyvurethane foam. Thus in
practice oil-contaminated polyurethane foam will offer less
hazard than oil-contominated asbestos in situations were
self-heating may occur, unless the service temperature is
initially too high to justity the use of polyurethanes. This
is due to the relatively rapid consumption of the oxygen
enclosed in the foam and the restricted permeability of the
materiitl which prevents further supply of oxygen. 1o addition
as the rigidity, £.e., closed-cellcharacter, ot the foam is increased,

.Chem.E. SYMPOSIUN SERILS No, 33 (1972: Instn chemn. Engrs, London)
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the hazard is likély to be reduced even further. Addition of a
combustion inhibitor to the polyurethane foam might
improve this situation still furthier, particularly if the starting
temperature was somewhat higher.

Toxicological Aspects of Thermal Degradation

Examination of the chemical structure of polyurethanes
suggests that a variety of materials will be produced when it
decomposes. The following have been found among the
products of - decomposition:® hydrocarbons, aldehydes,
alcohols, organic acids, oxides of carbon and hydrogen.
When combustion inhibitors are added thermal degradation
is likely to yietd further compounds of less predictable
composition.

A few aspects of the toxicological. hazards likely to
arise during thermal degradation will be discussed here.
Firstly, it has frequently been stated that carbon monoxide
presents the greatest toxicological hazard during a fire
emergency involving cellulosic or plastic materials, Its
concentration depends on both the fire load and oxygen

TaBLe V.—Temperature Rise in Polyurethane Foam with Absorbed

oil
Temperature
Equili-
Material Qil brium  Rise Time Rate
(mijcube)  (°C) °C) (min)) (°C/min)
Asbestos 165 114 4 285
5 165 109 5 21-8
[ 163 109 5 21-8
Hign .
modulus 2 157 30 17 1-8
polyurethane 3 167 31 13 2-4
foam 634 kg/m?3 4 163 10 65 02

availability; alteration of these quantities alters both the
guantity and concentration of carbon monoxide produced.
These parametars often alter the nature as well as the quantity
and concentration of products, thercby rendzring a complete
assessment of toxic hazards both difficult and protracted.
Secondly, generstion of smoke presents several hazards,

sample. heated in a furnace with
gases passed over the sample

for example, physiological and psychological effects as well
as impeding firefighting and rescue operations. Organic
materials are certain to produce some carbon monoxide
during thermal degradation; in addition attention must be
paid to their smoke-forming propensity.

The fate of the phosphorus additives during thermal
degradation is a matter of some concern in view of the highly
toxic nature of some phosphorus compounds. Some
investigations'® have been made by heating polyurethane
foams to which phosphorus additions had been made in
various atmospheres and at several temperatures as shown in
Table VI. It will be noted that under only one set of the
conditions used was phosphorus mnot emitted. These
phosphorus compounds were of low volatility and could be
collected in a trap cooled in ice. Infra-red examination of
these materials indicated the presence of POC, POC.Hs,
and P ==0 groupings.

These experiments showed that other toxic materials
evolved included: hydrogen cyanide, amines, isocyanate,
and halogenated compounds. Both temperature of the foam
and the atmosphere in which it was heated determined the
concentration and nature of the materials produced.

The resulis are in agreement with those of Bott, Firth,
and Jones!! who also detected oxides of nitrogen when
polyurethane was heated in air to 600° in one case and
750°C in the other.

TasLe VI.—Evolution of Phosphorus Compounds during Thermal

Degradation
_ Atmosphere
Temperature Material

- 70) N; 6%.0,—-9142(N,; Air
220 1 — + -+
2 + + +
320 1 + +
2 -} +
400 1 + +
2 -+ +

Rigid Foam ]: containing Fyrol 6 +P present

{64 kg /o)y 2: 30 parts TCEP in mix ~-P absent

{.Chent.E. SYMPOSTUM SERIES No. 33 (19721 Instn chem. Lngrs, London)
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TasLe VIL—Odour Rating of Degradation Producis of Polyurethane

Foams
Temperature (°C): 220 © 320 400
Atmosphere: N2 69505~ Air N, Na.
94%/ N,
Foam
1 2 2 2 4 4
2 ! 2 2 2 3 4
3 i 1 1 2 3
4 0 1 1 2 3

Odour increasing ﬁroin 0 {no odour) —1 (just detectable)

—2 (definite odour)—3 (strong odour)—4 (overpowering odour)
Foam 1 Rigid polurethane 64 kg/m?, containing Fyrol 6

Foam 2 Rigid polyurethane, 64 kg/m?, containing 30 parts TCEP
Foam 3 Flexible polyurethﬁne 32 kg/m?3, without additives
Foam 4 Rigid isocyanurate 32 kg /m3

: 4

An attempt!® was made to allocate to the products from
thermal degradation an index of odour as judged by a panel
of six persons. The observations are summarised in Table VII.
While extremely unpleasant odours present a problem, they
are a warning of the presence of the materials mentioned
above. This is of undoubted value in alerting to emergency
conditions.

Discussion

Detailed analysis of the mechanism of degradation of
polyurethane foams has not been attempted here, but it is
noteworthy that the heat penetration curves given in Fig. 3
do not exhibit a downward trend in temperature. This
results from a combination of the breakdown of the structure

of the foam both at the surface and between ceils and of.

exothermic effects. These latter have been mentioned in
reporting the results shown in Fig. 5. With some materials
the phvsical factors in heat penetration outweigh the exo-
thermic effects as evidenced by the curves for isocyanurate
foam shown in Fig. 3C.

As with all organic materials, polyurethane foam under
thermal stress or in fire emergency coaditions presents a
hazard, that is, there is a fuel supply and a source of carbon
monoxide, The degree of hazard varies with the amount
of ventilation of the firc and the fire load; elemental
composition of the material also plays an important role.

Several highly toxic compounds have been detected among
the decomposition products of polyurethane foams and the
phosphorus compounds have still to be categorised. However
it is likely that the short-term hazard will depend largely on
the dilution rate. This is not dissimilar to experience with
many traditional materials which also generated highly toxic-
materials.'?> Often the full toxicological hazard of the
decomposition products of a material will only be realised
under conditions that seldom occur in practice.

It is however necessary to match the material used to
the purpose and mode of use as well as to considerations of
location of installation. The toxicological hazard depends
not only on oxygen availability but on foam type and on
additives incorporated in the foam; these factors are also
of importance in severr' aspects of thsrma! degradation
examined in this paper,

The work of Wilde® with tubes and ventilated ducts made
from rigid polyurethane foam illustrates the effect of the
combustion system on the behaviour of the material. Thus
with the former the material exhibited greater flammability
than in sheet form due to trapping of the heat in the system
and to induced air supply. With the latter the hazards of
combustion were found to be increased by the high intensity
and rapid spread of combustion.

L I e N S B E—

330 °C

WEIGHT LOSS (%)

: Air
— — —: Nitrogen

Fig. 6.—Weight loss macsurements .
The sample was hected in the furnace
at various temperdtures with gas
flow over the sample and the weight
loss wos recorded.  The results
shown are for a high modulus foum

TIME [min)

10 of density 64 kz/in® with a gas flow
of three litres per minute
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The work reported above is continuing and other techniques
will be brought to bear on the assessment of the behaviour
of polyurethane foam in service and in disaster. A longer
term aim is to set up a mathematical model based on the
experimental work, so that some aspects of the behaviour
of polyurethane foams under extreme conditions may be
predicted.
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ADDENDUIT.

Page 229, para_raph 2.
The enhanceuent of the transfer of heat through the foam by
the 'refluxing' of TCEP has the advantage of removing heat
from the surface, so reducing the teuperature there, but this
is cutweighed by the additional deconposition within the foonm

caused by the penetraﬁion of heat to greater depths.

Paragraphs 4& 7.

Piloted i1gnition 1s of major 1lmportance in consideration of
the hazard of urethane foams as most practical situations
include a pilot source of ignition. internal generation of
heat within the foam due to secondary curing is elininated
by careful curing of the foam, and there is insufficient

oxygen access to afford any degree of heat generating oxidation.

Paragraph 5.

The value of TCEP as a fire retardant additive is its ability
to release on heating speciles capable of forming chlorine
radicals which interfere with the flame processes. This is
only a temporary effect as the supply of the species is soon

depleted.

Page 230, paragravh 2.
‘The blowing agent is lost from the foam before there is any
significant production of volatile matter so there is no
advantage taken of its non-combustible nature. It could act
as a diluenit, and there is some hydrogen chloride produced on
heating which could act as a flame retardant. |
Paragraph 3,
The sections of fhe polymer matrix that are most susceptible
to thermal damage are where the polyols were extended with

propylene oxide as there are flexible ether linkages present.
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“Thus the first stage of pyrolysis is the elimination of these
extensions with production of the volatile fragments indicated

by the mass spectrometry results.

Paragraph 4.

For TCEP to be effective it must be released from the foam with
the volatile pyrolysis products. The range of 220-260°¢ for

its removal from the foam coincides with the greatest production
rate of volatiles, but TCEP tends to distill from the foam

more quickly than pyrolysis proceeds, so its advantages are
transient. To avoid this problem it would be desifable to
include in the foam some material that releases a potential
source of chlorine radicals at a controlled rate during the

whole time that volatile fragnments result from the pyrolysis.

‘As an additive TCEP has advantages in removing heat from the
hot zone and producing flame retardant speéies with the
volatile products. Against these must be weighed its
plasticising effet which gives rise to softening of the
burning material and a char of reduced size, the increased
smoke production and the higher rate of heat penetration. Cn
balance the addition of TCEP appears detrimental to the

poly—urethane foam,

Paragraph 5.

The global activation energies determined should be used with
care.as they represent activity over a wide range of temperature
and must incorporate many’chemical reactions, the relative
predominance and interaction of which are unknown. Even though
its analysis is not possible, the activation energy is the

best way of representing the weipght loss data and provides a

means of incorporating the data into a model of behaviour.



Paragraph 8.

Thé discolouration of the foam at these temperatures

indicates that there is an oxidative attack of the foam

which could result in the production of peroxy- and hydroperoxy-—
compounds. These are highly reactive and would form active

sites for further degradation as the temperature was raised.

Inclusion of a antoxidant would pbtevent this behaviour,

Page 231, paragraph 2.

By promoting the degradation reactions with carbonaceous
. products the incorporation of phosphorus by means of a

phosphorylated polyol produces a foam that gives a char with
superior properties. There is little shrinkage on exposure to
elevated temperatures and the resulting char is strong enough
to withstand physical damage without complete failure of the
insulation. Disadvantages of the phosphorus are the increased
smoke production and the presence of organo-phosphorus compbuhds
in the volatile products, but there is less volaktile matter

produced and hence less fuel for a fire.

Paragraph 4.

The absence of any melting or breakdown of the cellular
structure is beneficial as the foam continues to pravide
insulation against heat transfer even when it has suffered

degradation.

Paragraph 8.

The activation ahergy for the fracture of the urethane group
is to be regarded as a global value representing the summation
of a variety of simultaneous reactions.

The lower temperature for fracture of urethane bonds in foams
with aromatic bases is due to the greater stability of the
aryl~NH* radical, a thermodynamic effect. Likewise the

additional stability of theisocyanurate ring is due to the
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increase in entropy of the structure.

Paragraph 9.

In view of the stability of the isocyanuféte ring structure
it would appear advantageous to incorporate a catalyst in the
urethane foam to promote formafion of this structure when the
urethane bonds disociated on heating; 48 the trimerization is
endothermic there will be no heat output +to aggrevate the

damage.
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